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Abstract

Historically, 17p-hydroxysteroid dehydrogenase type 3 (HSD17B3) was thought to be the key enzyme responsible for testicular testosterone
production. In humans, loss-of-function mutations in HSD77B3 impair testosterone production during prenatal life leading to impaired
development of androgen-dependent tissues in 46,XY individuals. However, male mice with HSD17B3 deficiency exhibit normal testicular
testosterone concentrations, normal development of reproductive organs and are fertile, suggesting that mice express other hydroxysteroid
dehydrogenase enzymes capable of testicular testosterone synthesis. This study aimed to investigate whether 17B-hydroxysteroid
dehydrogenase type 12 (HSD17B12), which can convert androstenedione to testosterone in mice but not in humans, compensates for the lack
of HSD17B3 in Hsd17b3 knockout (KO) mice. We used CRISPR/Cas9 to substitute the amino acid in mouse HSD17B12 that is responsible for
its ability to convert androstenedione to testosterone with the amino acid of the human enzyme that prevents androstenedione being used as a
substrate. When this Hsd17b712 mutation was introduced into Hsd77b3 KO mice, males exhibited normal reproductive tracts but reduced
testicular testosterone production with a consequential reduction in seminal vesicle weight. This suggests HSD17B12 contributes toward
testosterone production in the absence of HSD17B3, but other enzymes must also contribute. We therefore quantified other testicular
hydroxysteroid dehydrogenases, finding that HSD17B7 mRNA and protein was markedly upregulated in Hsd77b3 KO testes. We confirmed that
mouse, but not human, HSD17B7 can produce testosterone in vitro. We conclude that compared to humans, mice exhibit increased plasticity in
testosterone production via hydroxysteroid dehydrogenase enzymes to support androgen action and male fertility.

Key Words: testosterone, male fertility, androgens, testis, hydroxysteroid dehydrogenase

Abbreviations: 3a-diol, 5a-androstane-3o,17B-diol; 3p-diol, 5a-androstane-3B,17p-diol; AGD, anogenital distance; DHT, dihydrotestosterone; DMSO,
dimethylsulfoxide; eGFP, enhanced green fluorescent protein; gDNA, genomic DNA; hCG, human chorionic gonadotropin; HSD17B12, 17B3-hydroxysteroid
dehydrogenase type 12; HSD17B3, 17B-hydroxysteroid dehydrogenase type 3; KO, knockout; PCR, polymerase chain reaction; gRT-PCR, quantitative
reverse transcriptase polymerase chain reaction; WT, wild-type.

The production and action of the androgens testosterone
and dihydrotestosterone (DHT) are essential for male sexual
development and function, including fertility (1, 2).
Hydroxysteroid 17 dehydrogenases convert 17-ketosteroids
to 17B-hydroxysteroids, and 17B-hydroxysteroid dehydro-
genase type 3 (HSD17B3), expressed in humans solely in
the testis, is the primary enzyme responsible for the con-
version of androstenedione to testosterone in the Leydig

cells of the testis, culminating in testosterone secretion.
Loss-of-function mutations to the human HSD17B3 gene re-
sults in HSD17B3 deficiency whereby individuals with XY
chromosomes exhibit androgen-deficient (hypogonadal) ex-
ternal genitalia but masculinized internal Wolffian structures
at birth (1, 3-5). In contrast, Hsd17b3 knockout (KO) mice
develop with normal testosterone production and male repro-
ductive function, including fertility when mature (6, 7). In
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Hsd17b3 KO mice, testosterone levels remain much higher in
the testes than in circulation and other peripheral tissues in-
cluding the adrenal glands, epididymis, prostate, and white
adipose tissue, suggesting that the continued testosterone pro-
duction in these mice originates from the testis (6, 7).
Although the adrenal glands contribute a small proportion
to androgen biosynthesis in human males (8), rodent adrenals
do not produce androgens due to a lack of CYP17A1 enzyme
expression (9, 10). Since steroidogenic enzyme expression in
the mouse adrenal glands can change following orchidectomy
(11), a previous study investigated whether the adrenal glands
could contribute to testosterone production in Hsd17b3 KO
mice (7). Adrenalectomized Hsd17b3 KO mice did not result
in a decrease in circulating androstenedione, testosterone or
DHT (7). These findings strongly suggest that the continued
testosterone production in the testes of adult Hsd17b3 KO
mice is due to the expression of alternative testosterone syn-
thesizing enzymes in the testis. However, the identity of these
enzyme(s) is unknown.

Other hydroxysteroid dehydrogenase enzymes can catalyze
the conversion of androstenedione to testosterone. HSD17B35
(also known as AKR1C3) can perform this conversion (12,
13) but is undetectable in the mouse testis of both wild-type
and Hsd17b3 KO adult mice (6, 14). HSD17B1 is expressed
in fetal mouse Sertoli cells and contributes to testosterone pro-
duction during fetal development (15, 16) and it can compen-
sate for a lack of HSD17B3 during fetal development (17).
However, in adulthood, Hsd17b1 is undetectable in the testis
in wild-type and Hsd17b3 KO mice and cannot compensate
for Hsd17b3 deficiency (6, 17). Therefore, HSD17B1 and
HSD17BS are unlikely to contribute to testicular testosterone
production in adult Hsd17b3 KO mice.

HSD17B12 can convert androstenedione to testosterone in
mice but not in humans (18), and produces 11-ketotestosterone,
the predominant androgen in some fish (19). Hsd17b12 encodes
an enzyme that converts the estrogenic precursor estrone to the
biologically active estrogen, estradiol (20), and catalyzes reac-
tions involved in fatty acid elongation (21, 22) which is essential
for early embryonic development (21, 23, 24). HSD17B12 was
suggested as a potential candidate to compensate for a lack of
HSD17B3 in Hsd17b3 KO mice because it is expressed by adult
Leydig cells (6).

Important functional differences exist between mouse and
human HSD17B12. The differences in substrate specificity be-
tween the mouse and human enzymes regarding testosterone
production is due to a key amino acid at position 234 on the
amino acid sequence (18). In human and primate HSD17B12,
a bulky phenylalanine amino acid at this location prevents the
entrance of C19-steroids into the active site of the enzyme (20).
In contrast, in mouse HSD17B12, the leucine amino acid at
position 234 is smaller, and allows C19-steroids to enter the ac-
tive site of the enzyme more readily than in humans (18). These
data suggest that the inability of human HSD17B12 to make
testosterone means it cannot compensate for the absence of
HSD17B3 in conditions of human HSD17B3 deficiency.
However, it is possible that HSD17B12 could maintain testos-
terone biosynthesis in the absence of Hsd17b3 in mice.

The current study aimed to investigate the mechanisms by
which testosterone production continues in adult Hsd17b3
KO mice, with a focus on HSD17B12. As the loss of
Hsd17b12 is embryonically lethal in mice (21, 23), we used
CRISPR/Cas9 to produce a novel mouse model in which we
substituted the leucine amino acid in mouse HSD17B12 that
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is responsible for its ability to produce testosterone from
androstenedione with phenylalanine, the amino acid in the
human enzyme that prevents androstenedione being used as
a substrate. We cross-bred this mutation into a homozygous
Hsd17b3 KO line to determine whether mouse HSD17B12
contributes to testosterone production in Hsd17b3 KO mouse
testes.

Materials and Methods

Transgenic Mice

Transgenic mice were generated at the MEGA Genome
Engineering Facility at the Garvan Institute of Medical
Research, Darlinghurst, NSW. CRISPR/Cas9 was used to gen-
erate a 7-base pair deletion at the end of exon 1 of Hsd17b3
resulting in a frameshift mutation. These mice exhibited a
phenotype indistinguishable from our previously generated
Hsd17b3 KO line (6, 14).

CRISPR/Cas9 was also used to generate the mutated
Hsd17b12 transgenic mouse line. Homologous repair using
a template containing the desired mutation in the DNA
sequence altered the 234th amino acid in the mouse
HSD17B12 protein sequence. At this location, the DNA cod-
ing sequence for a leucine amino acid was altered to code for a
phenylalanine amino acid to mimic the human HSD17B12
(referred as L234F).

A male C57BL/6 mouse carrying the homozygous KO of
Hsd17b3 was mated to a female C57BL/6 mouse carrying
the homozygous 1.234F mutation to generate a double trans-
genic mouse line. The breeding strategy used thereafter to test
the impact of the mutated HSD17B12 protein in Hsd17b3 KO
mice involved mating mice that were homozygous Hsd17b3
KO and heterozygous Hsd17b12 mutation.

Mice were exposed to a 12-hour day/night cycle and had ac-
cess to water and soy-free chow, ad libitum. All procedures
were approved by The University of Newcastle’s Animal
Care and Ethics Committee (ACEC), approval number
#A-2018-820. All animal experiments were performed in ac-
cordance with the Australian code of practice for the care
and use of animals for scientific purposes by the National
Health and Medical Research Council of Australia.

In Vivo Treatments

Mice were injected intraperitoneally with a hyper-stimulating
dose (20IU) of human chorionic gonadotropin (hCG;
Sigma-Aldrich, Australia) 16 hours prior to tissue collection (6).

Tissue Collection

Day-80 adult mice were euthanized by CO, inhalation. Blood
was collected via cardiac puncture, centrifuged at 10 000g for
10 minutes at 4 °C, and serum was then collected and snap-
frozen. Mice were weighed and anogenital distance (AGD)
was measured using digital calipers (Adelab Scientific,
Thebarton, SA, Australia). Androgen-dependent tissues were
excised and weighed. Serum and tissues were either snap-
frozen and stored at —80 °C until used for later analysis or
fixed in Bouin’s solution for 6 hours for histological analysis.

Genotyping

Genotyping was performed on ear biopsies after weaning and
confirmation of genotype was performed again postmortem
on tail tissue. Genomic DNA (gDNA) was digested in

GZ0Z J9qWaAON {7 uo Jasn auinoq|a jo Ausiteniun Aq £//79218/8/.0+8bq/9/99 1 /0101Me/0pUd/W02 dno-dlwapese//:sdjy Wwolj papeojumoq



Endocrinology, 2025, Vol. 166, No. 6

Table 1. Details of genotyping assays

Assay Reagent

Volume per
reaction (uL)

Annealing
temperature ("C)

Product size (bp)

Hsd1763 Type-it Mastermix (2x)

Hsd1753 forward primer (20 pM)
Hsd17b3 WT-reverse primer (20 pM)
Hsd1753 del-reverse primer (20 pM)
dH,0

¢DNA

Type-it Mastermix (2x)

Hsd17612 WT-forward primer (20 pM)
Hsd17b12 WT-reverse primer (20 pM)
112 forward primer (20 pM)

112 reverse primer (20 pM)

dH,0

gDNA

Type-it Mastermix (2x)

Hsd17b12 mut-forward primer (20 pM)
Hsd17512 mut-reverse primer (20 puM)
172 forward primer (20 pM)

112 reverse primer (20 pM)

dH,0

gDNA

Hsd17612 WT

H;sd17612 Mutant

o NSNS NN

PLOOOOUN LWOOOOU LWOOoOW
O\ R

55 WT-150

Heterozygous-144 and 150

N e

Homozygous-144

63 Hsd17612 WT-436

172 Control-324

63 Hsd17b12 Mut-432

172 Control-324

Table 2. Primers used for genotyping assays

Gene Forward primer(s) Reverse primer(s)
Hsd1763 H;sd1763 forward: H;sd1763 WT-reverse:
ggagaagctctteattgetg cttacctgeceeattgteecat
H;sd1763 del-reverse:
cttacctgteecattgateg
Hsd17612 Hsd17612 WT-forward:  Hsd17512 WT-reverse:

acattagaaacctcacgetget
H;sd176b12 mut-forward:

acattagaaacctcacgcetget

172 forward:
ctaggccacagaattgaaagatct

ttgecagttttgtagetacaagg
H;sd17b12 Mut-forward:

cagttttgtcgegacgaa
Interleukin-2 (I12)
(Positive control

gene)

172 reverse:
gtaggtggaaattctagcatcatce

Tris-EDTA-Tween, pH 8, and Proteinase K for 1 hour at
55 °C, and then for 7 minutes at 95 °C to denature remaining
Proteinase K. The digested samples were diluted 1:10 in
DEPC-treated DNase- and RNase-free sterile water. The
genotype of transgenic mice was identified by transgene-
specific polymerase chain reaction (PCR) assays. PCR was
performed on gDNA extracts using a Type-it Mutation
Detect PCR Kit (QIAGEN, VIC, Australia). Details of primers
used are shown in Tables 1 and 2. PCR products were detected
using a QIAxcel DNA high resolution kit on the QIAxcel
Advanced System and analyzed by QIAxcel ScreenGel
Software (QIAGEN, VIC, Australia). [I2 primers were in-
cluded when genotyping Hsd17b12 as a positive control for
the PCR.

Transformation and Purification of Plasmids

Plasmids were transformed into NEB® Stable Competent
E. coli (C30401) cells following the NEB high efficiency trans-
formation protocol (New England BioLabs, Notting Hill,
VIC, Australia). In brief, 50 to 100 ng of plasmid DNA was
added to NEB® Stable Competent E. coli and incubated on
ice for 30 minutes, before being heat shocked at 42 °C for
30 seconds, then placed back on ice for 5 minutes. NEB®

10-beta/Stable outgrowth medium (New England BioLabs,
Notting Hill, VIC, Australia) was added to each sample fol-
lowed by incubation at 30 °C for 60 minutes, with constant
shaking at 250 rpm. Cells were then spread over ampicillin-
selective agar plates and incubated for 16 hours at 37 °C.
Transformed bacterial colonies were grown and purified
following the QIAGEN Plasmid Maxi Kit Purification
Handbook. Following purification of plasmid DNA, air-dried
pellets were resuspended in DEPC-treated DNase- and
RNase-free sterile water (Thermo Fisher Scientific, Vic,
Australia). The yield of plasmid DNA was measured using
the NanoDrop Lite Spectrophotometer (Thermo Fisher
Scientific, VIC, Australia). Plasmids were stored at —30 °C.

Site-Directed Mutagenesis

Mouse Hsd17b12 plasmid (details in Table 3) was altered by
inducing a mutation that substituted the leucine amino acid at
position 234 to a phenylalanine amino acid. The mutation and
plasmid transformation were performed using an Agilent
QuikChange II XL Site-Directed Mutagenesis Kit
(Integrated Sciences, Chatswood, NSW, Australia). Primers
were designed as recommended to induce a mutation to the
mouse Hsd17b12 (forward primer- gcagagtgtcatgccatacttcg-
tagctacaaaactggc; reverse primer- gecagttttgtagetacgaagtatgg-
catgacactctgc, with bold and underlined regions indicating the
point mutations) (Sigma-Aldrich, Australia). Manufacturer
positive control and samples were prepared following manu-
facturer guidelines and cycled on a MasterCycler XS50s.
Amplified parental (nonmutated) products were digested
with 10 U of Dpn I restriction enzyme at 37 °C for 1 hour.
Dpn I-treated DNA was then added to XL10-GOLD ultra-
competent cells and incubated on ice for 30 minutes, followed
by heat-shock at 42 °C for 30 seconds, then placed back on ice
to transform the cells with plasmid DNA. Cells were grown
briefly in NZY* broth at 37 °C for 1 hour before being spread
onto  LB-ampicillin-selective ~ agar plates containing
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside  (X-gal)
and isopropyl B-D-1-thiogalactopyranoside (IPTG). Plates
were incubated for 16 hours at 37 °C and single colonies
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Table 3. Details of plasmids used to transfect HEK-293T cells
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Plasmid Developer Product ID Tag/Reporter Antibiotic resistance
eGFP control GeneCopocia EX-NEG-M61 N/A Ampicillin

Mouse Hsd1753 GeneCopoeia EX-Mm33978-M61 IRES2-eGFP Ampicillin

Mouse Hsd17512 GeneCopoeia EX-Mm07555-M61 IRES2-eGFP Ampicillin

Human HSD17B12 GeneCopoeia EX-V1191-M61 IRES2-eGFP Ampicillin

Mouse Hsd1767 GeneCopoeia EX-Mm30153-Mé61 IRES2-eGFP Ampicillin

(variant 2)

Human HSD17B7 Vector Builder pDNA(VB220915-1259dkg) eGFP Ampicillin

(variant 1)

containing the mutated plasmid were grown. The mutated
plasmid was grown and purified following the QIAGEN
Plasmid Maxi Kit Purification Handbook.

DNA Sequencing

The successful mutation of a leucine to a phenylalanine amino
acid at site 234 in the Hsd17b12 plasmid and in the human-
ized mouse line was confirmed by Sanger sequencing by the
Australian Genome Research Facility (Westmead, Sydney,
Australia). The desired point mutation was confirmed
(Figs. 1A, 2A). Two separate point mutations were also in-
duced in the mouse line; however, neither of these altered
the amino acid sequence (Fig. 2A).

Cell Culture

HEK-293T cells were cultured in DMEM/F12 (Thermo Fisher
Scientific, VIC, Australia) supplemented with 10% FCS
(CellSera Australia, Rutherford, NSW, Australia) and 1%
penicillin-streptomycin (Sigma-Aldrich, Australia). Cells re-
ceived fresh culture medium approximately every 2 to 3
days and were incubated at 37 °C with 5% CO,.

Transfections and Cell Treatments

HEK-293T cells (ATCC, Manassas, Virginia, USA) were
transfected with plasmids to test the function of genes
(Table 3), using a Lipofectamine™ 3000 transfection reagent
kit (Thermo Fisher Scientific, VIC, Australia) as per manu-
facturer guidelines. One day prior, cells were seeded at 65%
confluency in a 96-well plate, and 30 minutes prior to trans-
fection, cells were washed and medium was replaced with
Opti-MEM™ medium (Thermo Fisher Scientific, VIC,
Australia) supplemented with 1% penicillin-streptomycin
(Sigma-Aldrich, Australia), and incubated at 37 °C with 5%
CO;. A mastermix containing 0.1 pg plasmid DNA, 0.15 pL
Lipofectamine™ 3000 reagent, 0.2 pL. P3000™ Reagent (2
uL/ug DNA), and 10 uL Opti-MEM™ medium, per well
was added to each well. Culture plates were placed on an or-
bital shaker for 5 minutes at 100 rpm to ensure plasmids were
spread evenly across cells, followed by incubating at 37 °C
with 5% CO,. Transfection was confirmed after 24 hours
by the presence of enhanced green fluorescent protein
(eGFP) using the EVOS M5000 Imaging System (Thermo
Fisher Scientific, Vic, Australia).

After transfection, cells were washed and medium replaced
with phenol red free DMEM/F12, supplemented with
10% FCS and 1% penicillin-streptomycin. At 72 hours
post transfection, cells were treated with either diluted

dimethylsulfoxide (DMSQ; Sigma-Aldrich, Australia) as a ve-
hicle control or with 150 ng/mL of androstenedione (Cayman
Chemical Company, Ann Arbor, ML, USA). Androstenedione
was initially prepared as a 10 mg/mL stock concentration in
DMSO. Stock androstenedione was then diluted in complete
phenol red free DMEM/F12 medium. DMSO vehicle controls
were diluted by the same factor. Each treatment group was
performed in triplicate. Treated cells were incubated for
24 hours at 37 °C with 5% CO, followed by media being col-
lected from cells and stored at —80 °C until steroid analysis.

Histology

Testis and epididymis tissues fixed in Bouin’s solution were
processed and embedded in paraffin wax. Then 5-um sections
were prepared, dewaxed in xylene (Sigma-Aldrich, Australia),
and rehydrated through a decreasing gradient of ethanol.
Tissue sections were stained with hematoxylin and eosin
(Sigma-Aldrich, Australia). Light microscopy images of tis-
sues were captured using a Zeiss AXIO Imager.A2 microscope
(Carl Zeiss AG, Germany) with Olympus cellSens imaging
software (Olympus, Macquarie Park, NSW, Australia).

Quantitative Reverse Transcriptase PCR

RNA was extracted from whole testis tissue using the RNeasy
Mini kit (QIAGEN, VIC, Australia) as per manufacturer’s in-
structions, incorporating RNase-free DNase on-column di-
gestion (QIAGEN, VIC, Australia). An external Luciferase
RNA control (Promega, Alexandria, NSW, Australia) was
added at 1 ng/20 mg tissue to the homogenized tissue during
the RNA extraction. RNA concentration was measured using
a NanoDrop Lite Spectrophotometer (Thermo Fisher
Scientific, VIC, Australia). Extracted RNA was reverse tran-
scribed to cDNA wusing the SuperScipt VILO c¢DNA
Synthesis Kit (Thermo Fisher Scientific, VIC, Australia) as
per manufacturer instructions. Water (no template) and re-
verse transcriptase negative (-RT) controls were included in
all reverse transcriptions. For quantitative reverse transcript-
ase (qRT)-PCR, target-specific primers and corresponding
specific probes were identified and selected using the online
Roche Universal Probe Library (UPL) Assay Design Centre.
The qRT-PCR was performed on the LightCycler 96 system
(Millenium Science, Mulgrave, VIC, Australia). Primers used
to assess mouse Hsd17b7 include: forward- gctcactgtgacaccg-
tacaa, and reverse- ctceggtttttggtggaag, along with UPL probe
81. Luciferase external control was detected using the pri-
mers: forward- gcacatatcgaggtgaacatcac, and reverse-
gccaaccgaacggacattt, and a TagMan Probe (tacgcggaatacttc).
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Figure 1. The presence of a leucine residue at amino acid position 234 in mouse HSD17B12 enables the conversion of androstenedione to
testosterone. (A) Site-directed mutagenesis was performed on plasmids containing the genetic sequence of mouse (m)Hsd17b12 to alter a single
leucine amino acid to a phenylalanine (L234F). Plasmids containing the genetic sequence for human (h) HSD17B12, mHsd17b12, and mutated
mHsd17b12 (L234F) were sequenced by Sanger sequencing. Created with BioRender.com. (B) HEK-293T cells were transfected with plasmids
carrying the e GFP reporter gene and steroidogenic enzyme genes, and testosterone in the culture media was quantified by mass spectrometry. Cells
were transfected and treated with either DMSO (vehicle, open bars) or 150 ng/mL androstenedione (blue bars) for 24 hours. Representative images of
HEK-293T cells that were transfected with plasmids expressing eGFP (green) alone (eGFP), or plasmids expressing eGFP, and either mHsd17b3,
hHSD17B12, mHsd17b12, or a mutated mHsd17b12 which had a leucine amino acid substituted with a phenylalanine amino acid (L234F). Scale bar:
150 um. TRANS: transillumination (C) Testosterone produced by cells transfected with mHsd77b3 were used as a positive control for the conversion of
androstenedione to testosterone. (D) Testosterone produced by cells transfected with wild-type mHsd17b12, hHSD17B12, and mHsd17b12 carrying
the L234F mutation. Testosterone limit of detection =0.98 pg/mL and is denoted by the dotted black line on the y-axis. Technical triplicates were
averaged and plotted as biological replicates (n =4). Two-way ANOVA, Tukey's multiple comparisons test, data shown as mean + SEM. Significant
differences between groups are indicated as *** = P<.001, **** = P<.0001.
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Figure 2. Generation and validation of Hsd77b3 knockout (KO) mice expressing HSD17B1252%4F with a mutation in amino acid position 234 that
prevents its ability to convert androstenedione to testosterone. (A) Sanger sequencing of mouse Hsd77b12 in wild-type and mutated animals. Point
mutations in the DNA sequence were made to change the leucine (Leu) amino acid to a phenylalanine (Phe) amino acid, altering the amino acid
sequence to replicate that seen in the human protein sequence. The mutated sequence is referred to as L234F. Created with BioRender.com. (B)
Mutated Hsd17b12 mice (Hsd17b12-234F) were cross-bred with Hsd17b3 KO mice to generate a mouse line incorporating both the Hsd17b3 null allele
and the Hsd17b12 mutation. Created with BioRender.com. (C, D) Genotypes of mice were determined using standard PCR. (C) Presence of the
Hsd17b3** (wild-type) allele was indicated by a 153-base pair (bp) band. The Hsd17b37~ (Hsd17b3KO) allele was indicated by a 7-bp deletion which
showed a 146-bp band. (D) The presence or absence (+ or —) of the Hsd717b12 wild-type gene and the mutated Hsd77b72 (L234F) gene was identified
by PCR products that were 436 and 432 bp, respectively. Interleukin-2 (IL-2) was used as a positive control in amplified samples, shown by a 324-bp
band.

Quantification of mRNA expression was calculated using the
27AC method. Gene expression was determined relative to
the external housekeeping Luciferase gene in adult tissues
(Roche, AU). Each sample was run in triplicate and an average
of the Ct value was taken.

Measurement of Testosterone in Cell Culture Media

Testosterone produced in vitro was quantified by liquid chro-
matography—-mass spectrometry (LC-MS) using a QTRAP®
6500 LC-MS/MS System (SCIEX, Toronto, Canada) by the
Central Analytical Facility at The University of Newcastle.
Testosterone (Cayman Chemical Company, Ann Arbor,

MI, USA) used for standards was resuspended in DMSO
(Sigma-Aldrich, Australia) to make a stock concentration of
1 mg/mL. A testosterone working concentration of 1000 pg/
pL was made using stock testosterone and fresh culture media
(DMEM/F12 +10% FBS). A 1:2 serial dilution was per-
formed and used to make a standard curve with the lowest
standard being 0.98 pg/mL.

Circulating and Intratesticular Steroid Analysis

Circulating and intratesticular steroids were quantified by
LC-MS. Fragments of adult mouse testes (20-40 mg) were ho-
mogenized in 50mM Tris pH 7.4, 0.01% SDS, 1%
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deoxycholate, containing cOmplete Mini Protease Inhibitor
Cocktail  (Sigma-Aldrich, Australia) and PhosSTOP
(Sigma-Aldrich, Australia) at a concentration of 20 ul./mg of
tissue. Samples were homogenized using a TissueLyser II
(QIAGEN, VIC, Australia) for 4 x 30-second intervals at
25 Hz. Samples were placed on ice for 1 minute after each
30-second interval to avoid samples overheating. LC-MS ana-
lysis was performed at the ANZAC Research Institute,
Concord Hospital, NSW.

Proteomics

Sample preparation

Proteomics was performed on fragments of whole testes from
adult (day 80) wild-type and Hsd17b3 KO mice that were
generated in a previous study (14). The Hsd17b3 KO mice
used for proteomics were also heterozygous for a null allele of
the Srd5al gene (14); however, these mice showed an identical
endocrine and reproductive phenotype as previously generated
Hsd17b3 KO mouse lines (6, 7, 14). Testis fragments were ho-
mogenized as described above in ice cold lysis buffer containing
0.1M Na3CO; pH 11 (Sigma-Aldrich, Australia), 10mM
Na3VOy (Sigma-Aldrich, Australia), 2.5% Protease inhibitor
cocktail (Sigma-Aldrich, Australia), and one tablet of
PhosSTOP (Sigma-Aldrich, Australia) per 10 mL (25-27).
Samples were sonicated for 4 x 10-second intervals, with sam-
ples incubated on ice for 20 seconds between each interval to
prevent protein denaturation. Total protein was quantified by
the Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific,
Vic, Australia) and 500 pug of protein from each sample was
mixed 1:1 with urea/thiourea to reach a final concentration of
6M urea/2M thiourea. Proteins were reduced by the addition
of dithiothreitol (DTT) (Sigma-Aldrich, Australia) to a final con-
centration of 10 mM and incubated at room temperature for
30 minutes, shaking at 400 rpm. Proteins were then alkylated
by adding iodoacetamide (Sigma-Aldrich, Australia) to a final
concentration of 20mM and incubated in the dark at room tem-
perature for 30 minutes with 400 rpm shaking. Protein samples
were subsequently digested with a 1:12.875 ratio of 1 pg/uL
trypsin/Lys-C Mix (Promega, Alexandria, NSW, Australia), in-
cubated at room temperature for 3 hours with shaking at
400 rpm. Urea concentration was diluted to below 1M using
50mM of triethylammonium bicarbonate (TEAB) buffer
(Sigma-Aldrich, Australia), pH 7.8, and incubated at 37 °C
for 16 hours with shaking at 1000 rpm. Lipids were precipitated
by adding formic acid (Sigma-Aldrich, Australia) to make a final
concentration of 2%, and then centrifuged at 14 000g for 10 mi-
nutes at room temperature. The supernatant containing the pep-
tides was stored at —80 °C until samples were desalted.

Peptide samples were cleaned and desalted using commer-
cial desalting columns (Oasis, Waters Corporation, Milford
MA, USA). Clean peptides were eluted through the equili-
brated desalting columns using a vacuum pump. Peptides
were quantified using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Vic, Australia) and 10 ug of sample peptides
were lyophilized usinga RVC 2-25 SpeedyVac (Martin Christ,
Gefriertrocknungsanlagen GmbH, Germany) set at 45 °C for
2.5 hours. Lyophilized peptides were stored at —80 °C until
required for mass spectrometry analysis.

Nano-liquid chromatography-mass spectrometry

Lyophilized clean peptides were resuspended in 2% acetonitrile
(Thermo Fisher Scientific, VIC, Australia), 0.1% TFA to a final

concentration of 1 pg/ul.. Reverse phase nano-LC-MS was per-
formed using an Orbitrap Eclipse Tribrid MS equipped with a
front-end field asymmetric ion mobility spectrometry (FAIMS),
coupled to a Vanquish Neo ultra high-performance liquid chro-
matography system UHPLC System (Thermo Fisher Scientific,
Waltham, MA, US). Samples were loaded onto an Acclaim
PepMap 100 C18 75 umx20 mm trap column (Thermo
Fisher Scientific, Vic, Australia) for pre-concentration and on-
line de-salting. Separation was then achieved using an
EASY-Spray PepMap C18 75 um x 250 mm column (Thermo
Fisher Scientific, Vic, Australia), employing a linear gradient
of acetonitrile (2%-40%) over 85 minutes. Full MS/data de-
pendent acquisition MS/MS mode was utilized on Xcalibur
(Thermo Fisher Scientific; version 4.6.67.17) with an automatic
cycle between 3 compensations voltages (CV; =50, —65, and
—80). The Orbitrap mass analyzer was set at a resolution of
1200000, to acquire full MS with an m/z range of
375-1500, with a normalized automatic gain control target
set to standard and maximum fill times set to auto. The 20
most intense multiply charged precursors were selected for
higher-energy collision dissociation fragmentation with a colli-
sional energy of 35%. MS/MS fragments were measured using
the Ton Trap, with the scan rate set to rapid, using standard
mode for automatic gain control target and automatic max-
imum fill times.

Proteomic data processing and analysis

As per previous proteomic studies (25, 28, 29), database
searching of raw files were performed using Proteome
Discoverer 2.5 (Thermo Fisher Scientific), utilizing SEQUEST
HT to search against the UniProt Mus musculus database
(25444 sequences, downloaded November 29, 2022).
Database searching parameters included up to 2 missed clea-
vages, a precursor mass tolerance set to 10 ppm and fragment
mass tolerance of 0.02 Da. Trypsin was designated as the diges-
tion enzyme. Cysteine carbamidomethylation was set as a fixed
modification while acetylation (K, N-terminus) and oxidation
(M) were designated as dynamic modifications. Interrogation
of the corresponding reversed database was also performed
to evaluate the false discovery rate (FDR) of peptide identifica-
tion using Percolator based on g-values, which were estimated
from the target-decoy search approach. To filter out target pep-
tide spectrum matches over the decoy-peptide spectrum
matches, a fixed FDR of 1% was set at the peptide level.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism soft-
ware, versions 8.4.3 and 10.2.3 (GraphPad Software, San
Diego, CA, USA). Gaussian distribution was assessed by the
Shapiro-Wilk normality test to determine if downstream ana-
lyses would be performed using appropriate parametric or non-
parametric statistical testing. Datasets which passed normality
testing underwent parametric statistical tests including unpaired
t tests, one-way ANOVA with Tukey’s post hoc test, or two-way
ANOVA with Tukey’s post hoc test. Datasets which did not pass
the normality test underwent nonparametric statistical testing
including Kruskal-Wallis test with Dunn’s post hoc test.
Significance testing and comparisons associated with the
proteomic analysis of testis tissue were calculated by
Proteome Discoverer 2.5 using a non-nested pairwise ratio ap-
proach, whereby the program calculates the peptide group
ratios as the geometric median of all combinations of ratios
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from all the replicates for each group. Protein ratios were sub-
sequently calculated as the geometric median of the peptide
group ratios and statistical testing was completed using a
Student’s ¢ test. Proteomic data was considered significantly
different when the P value <.05.

Results

Replacement of Leucine With Phenylalanine at
Position 234 Inhibits Testosterone Biosynthesis in
Mouse HSD17B12

We first aimed to confirm that mouse HSD17B12, but not hu-
man HSD17B12, can use androstenedione as a substrate to
produce testosterone, and this is due to the reduced size of
the amino acid at position 234.

Substitution of the leucine (Leu) amino acid with a phenyl-
alanine (Phe) amino acid at position 234 (L234F) was con-
firmed through Sanger sequencing (Fig. 1A). The Hsd17b12
sequences in both the mouse and human Hsd17b12 plasmids
matched exactly to previously published data (18). To assess
the ability of mouse and human HSD17B12 to synthesize tes-
tosterone, we transfected HEK-293T cells with plasmids ex-
pressing GFP reporters and steroidogenic enzymes (Fig. 1B).
Non-transfected cells and eGFP controls produced low levels
of testosterone upon addition of androstenedione, suggesting
some endogenous hydroxysteroid dehydrogenase activity in
HEK-293T cells (Fig. 1C and 1D). Transfection with mouse
Hsd17b3 induced a >15-fold increase in testosterone com-
pared to controls (Fig. 1C), indicating that these cells can be
used to assess 17B-hydroxysteroid dehydrogenase activity.

The inability of human HSD17B12 to utilize androstene-
dione as a substrate (18) was confirmed by the unchanged
amount of testosterone produced by cells transfected with
human HSD17B12 compared to controls (Fig. 1D). In contrast,
transfection of cells with mouse Hsd17b12 caused a significant
increase in testosterone production (Fig. 1D), confirming
species-dependent 17B-hydroxysteroid dehydrogenase activity.

Introduction of the L234F mutation into mouse Hsd17b12
transfected cells significantly reduced its ability to produce tes-
tosterone compared to the nonmutated mouse Hsd17b12
transfected cells (Fig. 1D). Testosterone concentrations in
androstenedione-treated cells transfected with the mutated
mouse Hsd17b12 were not different to cells transfected with
human HSD17B12 (Fig. 1D). These results confirm the func-
tional differences between the mouse and human HSD17B12
enzymes in their ability to convert androstenedione to testos-
terone (18) and demonstrate that the ability of mouse
HSD17B12 to produce testosterone can be inhibited by the
introduction of a phenylalanine amino acid at residue 234.

The Generation of Hsd17b3-Deficient Mice
Expressing a Mutated Hsd17b12

We hypothesized that the maintenance of masculinization and
fertility in Hsd17b3 KO male mice could be due to the ability of
endogenous HSD17B12 to maintain testicular testosterone
concentrations. Complete deletion of Hsd17b12 in mice is em-
bryonically lethal (23) so CRISPR/Cas9 technology was used to
generate a mouse line in which Hsd17b12 was mutated from a
leucine amino acid to a phenylalanine amino acid to mimic the
human HSD17B12 (denoted Hsd17b125%3*F mice). The L234F
mutation was confirmed by Sanger sequencing (Fig. 2A). This
mutation prevents the ability to convert androstenedione to
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testosterone (Fig. 1D) but is unlikely to prevent HSD17B12’s
ability to convert estrone to estradiol (18). If HSD17B12 is
the sole enzyme producing testosterone in Hsd17b3-deficient
adult mice, then the introduction of this mutation should cause
a phenotype of androgen insufficiency in adult males.
Hsd17b125%3* mice were cross-bred with Hsd17b3 KO
mice to generate a mouse line incorporating both mutations
(Fig. 2A and 2B). Genotyping confirmed mice were homozy-
gous for the Hsd17b3 KO (Hsd17b37~) by a single band
that contained a 7-bp deletion (146 bp) compared to wild-type
(WT; Hsd17b3*"*) and heterozygous (Hsd17b3*'~) which had
a single 153 bp band or 2 bands, respectively (Fig. 2C).
Separate PCRs were used to assess the presence or absence of
the Hsd17b12 WT and mutated genes for each mouse
(Fig. 2D). The genotype of mice with a KO of Hsd17b3 and ex-
pressing a mutated Hsd17b12 with a L234F amino acid substi-
tution is referred to as Hsd17b37'~; Hsd17b121234F/L234F

Male Hsd17b3-Deficient Mice Expressing Mutated
Hsd17b12 Have Smaller Seminal Vesicles but
Remain Fertile

The impact of the Hsd17b12 1.234F mutation on the phenotype
of Hsd17b3 KO male mice was characterized in adult (day 80)
mice. Both males and females were examined to investigate
whether a phenotype of under-virilization or disordered sexual de-
velopment was evident (Fig. 3). All male reproductive tissues were
present, including the testes, epididymides, vas deferens, seminal
vesicles and prostate (Fig. 3A). All females had ovaries and uteri
present in all genotypes (Fig. 3B). These results indicate that an-
drogen bioactivity in male Hsd17b3 KO mice expressing a mu-
tated Hsd17b12 continues during development. No change in
body weight was observed between Hsd17b37'~; Hsd17b12%"
VT Hsd17b37~; Hsd17b12%"234F  and  Hsd17b37;
Hsd17b12-23#L23%F o1.0ups (Fig. 3C). While there was no change
in the anogenital distance (AGD) between any group (Fig. 3D),
there was a decrease in the anogenital index (AGI), which is a
standardized assessment of AGD (30), in Hsd17b37;
Hsd17b12E23#7123% compared to Hsd17b3™~; Hsd17b12%"
YT (Fig. 3E). There was a significant reduction in seminal vesicle
weight in Hsd17b37'~; Hsd17b12"23*123%F mice compared to
Hsd17b37'=; Hsd17b12% "7 controls (Fig. 3F), which is known
to be sensitive to reductions in androgens (31). There was a slight
but significant reduction in testis weight of Hsd17b37;
L234Fl23 #2345 compared to  Hsd17b37~; L234FYTL234F
mice, but not compared to Hsd17b37'=; L234FV VT controls
(Fig. 3G). No significant differences were detected in the weight
of the epididymis (Fig. 3H), kidney (Fig. 31), or spleen (Fig. 3]).
There was also a significant increase in gonadal fat weight in
Hsd17b37'~; Hsd17b12523#234F mice  compared to the
Hsd17b3~~; Hsd17b12% YT controls (Fig. 3K).

Gross testis histology was unchanged in Hsd17b37;
Hsd17b12-23#F/1234F mice. with seminiferous tubules and inter-
stitial cells resembling other genotypes (Fig. 4A) and the cauda
epididymis contained abundant sperm (Fig. 4B). In a small num-
ber of test matings between Hsd17b3™'~; Hsd17b12-23#/L234F
males and control females, live viable offspring were obtained.

Testicular Testosterone Production Is Reduced in
Hsd17b3-Deficient Mice Expressing Mutated
Hsd17b12

We next investigated the impact of the L234F mutation in
mouse HSD17B12 on testicular testosterone production in
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Figure 3. Characterization of the reproductive tract in adult (day 80) male Hsd17b3 knockout (Hsd17b377) mice expressing the mutant
Hsd17b12-234FL234F qliele. (A) Representative images of male and (B) female reproductive tracts of Hsd17b37~; Hsd17b12V"™WT, Hsd17b37;
Hsd17b12NT239F and Hsd17b37/~; Hsd17b12-234F/-234F mice. Scale bars: 10 mm. (C) Total body weight, (D) anogenital distance, (E) anogenital index
(AGI) (standardization of anogenital distance relative to body weight), (F) seminal vesicle, (G) testis, (H) epididymis, () kidney, (J) spleen, and (K) gonadal
fat weights of male mice. One-way ANOVA, Tukey's test where P< .05, data shown as mean + SEM with n=9-16. Significant differences between
groups are indicated as * =P<.05, **=P<.01.
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Figure 4. Testis and cauda epididymis histology in adult (day 80) male Hsd17b3 knockout (Hsd17b37) mice expressing either the mouse Hsd17b12
wild-type allele (Hsd17b12V"WT) heterozygous for the mutant allele (Hsd17b12V7-234F) or homozygous for the humanized Hsd17b72 mutant allele
(Hsd17b12-234F/L234F) (A) Representative hematoxylin and eosin (H&E) staining of adult the testis and (B) cauda epididymis. Scale bars: 50 um.

Hsd17b3 KO mice in vivo. Adult mice were treated with hCG
to stimulate maximal androgen production and intratesticular
steroids were measured by LC-MS.

Within the canonical pathway of androgen biosynthesis, pre-
gnenolone, progesterone, 17-OH progesterone, dehydroepian-
drosterone (DHEA), androstenedione, and androstenediol
concentrations were unchanged in the testis (Fig. SA, 5B, SE,
5G, 5H, and 5K). Increased concentrations of 17-OH pregne-
nolone were observed in Hsd17b37~; Hsd17b121-234F/1.234F
compared to Hsd17b3™~; Hsd17b12% YT (Fig. 5D), pointing

to other roles for the 1234 residue in steroid metabolism.
Importantly, Hsd17b3 KO mice with the Hsd17b12 1234F
mutation showed a significant (~16%) reduction in intratestic-
ular testosterone concentrations compared to Hsd17b37';
Hsd17b12%"¥T mice (Fig. SL). These data suggest that
HSD17B12 contributes to testosterone biosynthesis in the tes-
tes of Hsd17b3 KO mice, but it is not solely responsible for
the continued testosterone production. While there was a re-
duction in testosterone concentration, no changes in DHT
were observed (Fig. SM).
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Figure 5. Intratesticular steroid concentrations in adult (day 80) male Hsd17b3 knockout (Hsd17b3~'~) mice expressing the mutant Hsd17b12-234F
allele(s). Mice were treated with human chorionic gonadotrophin (hCG) to stimulate maximal steroidogenesis. Androgens and androgen precursors
include (A) pregnenolone, (B) progesterone, (C) 5a-dihydroprogesterone (5a-DHP) (D) 17-OH pregnenolone, (E) 17-OH progesterone (F)
allopregnanolone (G) dehydroepiandrosterone (DHEA), (H) androstenedione, (I) androsterone, (J) 5a-androstane-3a, 17f-diol (3a-diol), (K)
androstenediol, (L) testosterone, (M) dihydrotestosterone (DHT), and (N) 5a-androstane-3p, 17p-diol (3f-diol). The arrows indicate the direction of the
canonical and alternate androgen production pathways. Dotted arrows indicate an indirect conversion. Biological replicates that were below the limit of
detection were recorded as 0 ng/mL. Limit of detection ranged from 0.01 ng/mL to 0.05 ng/mL depending on the analyte and is indicated by a dotted
black line on y-axis. One-way ANOVA, Tukey's test (for parametric data) or Kruskal-Wallis test (for nonparametric data), where P< .05, data shown as
mean = SEM with n=9-16 per group. Significant differences between groups are indicated as * = P<.05, ** = P<.01. (O) Intratesticular estradiol
levels. Limit of detection = 2.5 pg/mL and is indicated by the dotted black line on y-axis, One-way ANOVA, Tukey's test where P< .05, data shown as
mean + SEM with individual values for n = 9-16 biological replicates per group.
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We also measured the impact of the L234F mutation in
HSD17B12 on intratesticular androgen precursors within
the alternate pathway of androgen biosynthesis, including
So-dihydroprogesterone (5a-DHP), allopregnanolone, andro-
sterone, So-androstane-3a,17B-diol (androstanediol
[3a-diol]) and Sa-androstane-3B,17p-diol (3B-diol) (Fig. 5C,
SF, 51, 5], and 5N). No significant changes were seen in these
steroids except for an increase in 3p-diol in both Hsd17b37';
Hsd17b12"234FL234F and Hsd17b37'~; Hsd17b12W1L234F
testes (Fig. SN), perhaps suggestive of alterations in 3B-diol
production in mice with the mutated Hsd17b12 allele.

Intratesticular concentrations of the estrogens estrone (E1)
and estradiol (E2) were also quantified. While estrone was un-
detectable in all samples, no changes were observed in intra-
testicular estradiol between all genotypes (Fig. 50O).

Taken together, the results suggest that mouse HSD17B12
can contribute to testicular testosterone biosynthesis in
Hsd17b3 KO mice; however, it is not the sole enzyme respon-
sible for the maintenance of adult testicular testosterone pro-
duction in the absence of HSD17B3.

Circulating Testosterone Concentrations Are
Unchanged in Hsd17b3-Deficient Mice Expressing
a Mutated Hsd17b12

We also investigated circulating steroids in hCG-treated adult
Hsd17b3 KO male mice expressing the L234F mutation, as
Hsd17b12 is ubiquitously expressed (18). Within the canonic-
al pathway of androgen biosynthesis, no significant changes
were observed in pregnenolone, progesterone, 17-OH
pregnenolone, androstenedione, or androstenediol (Fig. 6A,
6B, 6D, 6H, and 6K). 17-OH progesterone concentrations
were significantly increased in Hsd17b37~~; Hsd17b12%*3*
L234F - compared to Hsd17b37~; Hsd17b12%"™YWT mice
(Fig. 6E). Dehydroepiandrosterone (DHEA) was undetectable
(Fig. 6G) suggesting that the A4 canonical pathway remains
the preferred route for androgen biosynthesis in mice lacking
Hsd17b3. Importantly, no differences were observed in circu-
lating concentrations of testosterone or DHT among any of the
genotypes (Fig. 6L and 6M).

In the alternate pathway of androgen biosynthesis,
Hsd17b37™=; Hsd17b12"*3* 234 mice showed reduced con-
centrations of So-dehydroepiandrosterone (5a-DHP) in cir-
culation compared to Hsd17b37'~; Hsd17b12% "33 mice
(Fig. 6C). Both Hsd17b37~; Hsd17b12% 234 and
Hsd17b37'~; Hsd17b12 *3%L234F mjce exhibited reduced con-
centrations of allopregnanolone compared to Hsd17b37;
Hsd17b12%"YT mice (Fig. 6F). Interestingly, Hsd17b37;
Hsd17b12M3*L23%F mice showed a statistically significant re-
duction in circulating concentrations of allopregnanolone com-
pared to controls (Fig. 6F), suggesting that the mutated
HSD17B12 may impact on the biosynthesis of allopregnanolone
in peripheral tissues, but not in the testis (Fig. SF). No differences
were observed in the other alternate androgen precursors, includ-
ing androsterone, 3a-diol, and 3B-diol (Fig. 61, 6], and 6N).

Androstenedione and testosterone are aromatized to estrone
and estradiol, respectively, and mouse HSD17B12 can convert
estrone to the more potent estrogen, estradiol (18). No signifi-
cant differences were observed in estrone concentrations
among the groups; however, there is high variability in the
data of the Hsd17b37'=; Hsd17b12% T 234F and Hsd17b37';
Hsd17b12"#3%123% cohorts (Fig. 60). Circulating estradiol
concentrations were increased in Hsd17b3 KO mice expressing
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either the heterozygous or homozygous 1.234F Hsd17b12
allele compared to Hsd17b3 KO mice expressing wild-type
Hsd17b12 (Fig. 6P); however, whether this is a direct result
of altered enzyme activity in converting estrone to estradiol,
or via another mechanism remains to be established.

Identification of HSD17B7 as Another Mouse
Hydroxysteroid Dehydrogenase Enzyme that Can
Synthesize Testosterone

The above results suggest that other enzyme(s) contribute to
testosterone synthesis in the adult testis of mice lacking
HSD17B3. We therefore investigated other hydroxysteroid
dehydrogenase family proteins in the testes of Hsd17b3 KO
mice by LC-MS. HSD3B1, HSD3B6, HSD17B4, HSD17B7,
HSD17B8, HSD17B10, and hydroxysteroid dehydrogenase-
like 2 (HSDL2) were detected and the protein abundance be-
tween WT and Hsd17b3 KO testes was compared (Fig. 7A).
HSD17B7 was detected at low levels in 2 of the 3 WT samples
and was undetectable in a third (Fig. 7A) but showed a
~20-fold increase in Hsd17b3 KO testes (Fig. 7A and 7B).

We then interrogated testicular Hsd17b7 mRNA expres-
sion and showed that it was significantly increased in adult
Hsd17b3 KO mice (Fig. 7C), as previously observed (7).
These results suggest that increased Hsd17b7 mRNA and pro-
tein in the testis is a feature of Hsd17b3 deficiency.

Next, we investigated the ability of HSD17B7 to convert
androstenedione to testosterone. Two earlier studies sug-
gested it does not utilize androstenedione as a substrate under
different experimental conditions (32, 33); however, we
sought to re-assess these observations using LC-MS to meas-
ure testosterone production.

HEK-293T cells were transfected with plasmids ex-
pressing GFP reporters and steroidogenic enzymes, and 17-
hydroxysteroid dehydrogenase activity was assessed as
the ability to convert androstenedione to testosterone.
Successful transfection was confirmed by eGFP expression
(Fig. 8A). Cells were treated with either DMSO (vehicle) or
with androstenedione, and testosterone in the media was
quantified. Cells transfected with mouse Hsd17b3 were used
as a positive control for testosterone synthesis, and a signifi-
cant increase in testosterone production was observed in
androstenedione-treated cells transfected with Hsd17b3
compared to non-transfected or eGFP controls (Fig. 8B).
Importantly, androstenedione-treated cells transfected with
mouse Hsd17b7 showed a significant increase in testosterone
concentrations compared to androstenedione-treated, non-
transfected and eGFP control cells (Fig. 8C). These data dem-
onstrate that mouse HSD17B7 can synthesize testosterone
from androstenedione under these conditions.

Finally, we examined the ability of human HSD17B7
to produce testosterone. Cells transfected with human
HSD17B7 had unchanged testosterone concentrations com-
pared to non-transfected and e GFP controls and were signifi-
cantly lower than the amounts produced by cells transfected
with mouse Hsd17b7 (Fig. 8C).

Discussion

HSD17B3 has long been thought to be the canonical enzyme
responsible for testicular testosterone production. In humans,
loss-of-function mutations in HSD17B3 cause disordered pre-
pubertal testosterone production with consequent effects
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Figure 6. Circulating steroid concentrations in adult (day 80) male Hsd17b3 knockout (Hsd17b37'~) mice expressing the mutant Hsd 17612234 allele.

Mice were treated with human chorionic gonadotrophin (hCG) to stimulate maximal steroidogenesis. Androgens and androgen precursors include (A)
pregnenolone, (B) progesterone, (C) 5a-dihydroprogesterone (5a-DHP) (D) 17-OH pregnenolone, (E) 17-OH progesterone (F) allopregnanolone (G)
dehydroepiandrosterone (DHEA), (H) androstenedione, (I) androsterone, (J) 5a-androstane-3a, 17p-diol (3a-diol), (K) androstenediol, (L) testosterone,
(M) dihydrotestosterone (DHT), and (N) ba-androstane-3p, 17B-diol (3p-diol). Steroids were quantified from the serum collected from mice. The arrows
indicate the direction of the canonical and alternate androgen production pathways. Dotted arrows indicate an indirect conversion. Biological replicates
that were below the limit of detection were recorded as 0 ng/mL. The limit of detection ranged from 0.01 ng/mL to 0.05 ng/mL depending on the
analyte and is indicated by a dotted black line on y-axis. One-way ANOVA, Tukey's test (for parametric data) or Kruskal-Wallis test (for nonparametric
data), where P< .05, data shown as mean + SEM with n =9-16 per group. Significant differences between groups are indicated as * = P<.05, **** =
P <.0001. (O) Quantification of estrone and (P) estradiol concentrations in serum. Limit of detection = 2.5 pg/mL and is indicated by the dotted black line
on y-axis, One-way ANOVA, Kruskal-Wallis test where P< .05, data shown as mean + SEM with individual values for n = 9-16 biological replicates per
group.
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Figure 7. Upregulation of HSD17B7 protein and mRNA in HSD17B3-deficient mice. (A) Heat map representing the protein abundance of all
hydroxysteroid dehydrogenases detected in wild-type and Hsd77b3 knockout (KO; Hsd17b3~/~) mice. The color scale indicates protein abundance. (B)
Scaled abundance values of HSD17B7 in wild-type and Hsd77b3 KO mice. Data shown as scaled in relation to whole abundance of proteins detected.
Scaling of data was performed on Proteome Discoverer 2.5 software for interpretation. Limit of detection on mass spectrometer was 0.2 (scaled).
Biological replicates that were below the limit of detection were recorded as 0. One-way ANOVA, Tukey's test where P < .05, data shown as mean +
SEM with n =3 biological replicates per group. Significant differences between groups are indicated as * = P<.05. (C) Hsd77b7 mRNA transcript
levels in adult testes of wild-type (Hsd17b3*/*), heterozygous (Hsd17b3*'~) or homozygous (Hsd17b3~/~) mice. One-way ANOVA, Tukey's test where
P< .05, data shown as mean + SEM with n = 5-8 biological replicates per group. Significant differences between groups are indicated as * = P< .05,

*¥*¥* = P<.0001.

impairing reproductive organ development, with 46,XY indi-
viduals exhibiting impaired masculinization of external geni-
talia with internal male reproductive structures at birth (1,
3). However, mice with HSD17B3 deficiency exhibit normal
male sexual development and fertility and continue to pro-
duce testosterone in the testis (4, 6, 7, 14), suggesting the ex-
istence of other enzymes that can produce testosterone in the
absence of Hsd17b3.

HSD17B12 is a multifunctional enzyme which can utilize
androstenedione as a substrate in mice to produce testosterone
(18). We previously demonstrated that the HSD17B12 enzyme
is expressed by the adult Leydig cells and there is a small but sig-
nificant upregulation in testicular expression of Hsd17b12 in
Hsd17b3 KO mice (6) and HSD17B12 has been hypothesized
to contribute to testicular testosterone production in the ab-
sence of HSD17B3 (4, 6). Studies introducing mutations into
residue 234 of the HSD17B12 enzyme showed that the pres-
ence of a phenylalanine amino acid blocks C19 steroids into
the active site, preventing testosterone biosynthesis, however,
smaller amino acids at position 234, such as alanine or leucine,
enable testosterone biosynthesis (18, 20).

Transfection of HEK-293T cells confirmed that mouse
HSD17B12 was able to produce testosterone in vitro but the
human enzyme was not. Following substitution of the leucine
amino acid at residue 234 in mouse HSD17B12 to a phenyl-
alanine amino acid, as in human HSD17B12, we confirmed
previous observations that the L234F substitution in mouse
HSD17B12 reduced testosterone production to basal levels
in HEK-293T cells (18, 20). Therefore, the L234F mutation
in the mouse HSD17B12 enzyme provides an opportunity to
inhibit HSD17B12’s ability to use androstenedione as a

substrate to produce testosterone but preserving expression
of this enzyme throughout development.

We therefore used this mutation strategy to investigate
whether HSD17B12 contributes to the maintenance of testicu-
lar testosterone production in the absence of HSD17B3 in mice.
We generated a “humanized” 1234F-mutated HSD17B12
mouse line and cross-bred this line with Hsd1763 KO mice.
All male and female Hsd17b3 KO mice expressing the mutated
Hsd17b12 developed the appropriate male and female repro-
ductive tracts, respectively.

As Hsd17b3 and Hsd17b12 are expressed by the fetal testis
during development (17, 34), the ablation of the androgenic
function of these proteins in the context of continued normal
development indicates the presence of one or more additional
testosterone synthesizing enzymes during fetal development,
with a recent publication indicating that a key contributor
to this is HSD17B1 (17). Our observations are consistent
with this previous study demonstrating that HSD17B1 is the
predominant enzyme able to compensate for HSD17B3 defi-
ciency during mouse fetal development (17). However, the
testes of Hsd17b1 + Hsd17b3 double KO mice continue to
produce lower but detectable levels of testosterone at birth
(17). As HSD17B12 is expressed in the fetal testis (34), we
propose that HSD17B12 activity could also contribute to
the continued testosterone production observed in Hsd17b1 +
Hsd17b3 double KO mice (17).

The alternate pathway of androgen biosynthesis can synthe-
size DHT independently of testosterone (14). Alternate path-
way precursors including androsterone, 3a-diol and 3B-diol
are increased in the circulation of adult Hsd1763 KO mice,
but not in the testes (14). Similarly, DHT and alternate
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Figure 8. Mouse HSD17B7 can synthesize testosterone from androstenedione whereas human HSD17B7 cannot. (A) Representative images of
HEK-293T cells transfected with either no plasmid (Neg), eGFP alone, or plasmids containing mouse (m) Hsd77b3, mouse mHsd17b7, or human
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(blue bars). Testosterone limit of detection = 0.98 pg/mL and is denoted by the dotted black line on the y-axis. Technical triplicates were averaged and
plotted as biological replicates (n = 3). Two-way ANOVA, Tukey's test, data shown as mean + SEM. Significant differences between groups are
indicated as * = P<.05, *** = P<.001, **** = P<.0001.
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pathway precursors were unchanged in the testes of Hsd17b3
KO mice expressing the mutated HSD17B12 enzyme compared
to Hsd17b3 KO mice expressing the WT HSD17B12, suggest-
ing that the Hsd17b12 mutation does not impact the ability of
DHT production via the alternate pathway in the testes.

In adult Hsd17b3 KO mice, introduction of the mutated
HSD17B12 enzyme caused a small but significant decrease
in testicular, but not circulating, testosterone and suggested
that HSD17B12 contributes to ~16% testicular testosterone
synthesis in Hsd17b3 KO mice. Significant decreases in sem-
inal vesicle and testis weights were also observed, suggesting
a small reduction in androgen bioactivity. However, testis
and epididymal histology was unchanged with abundant
sperm in the cauda epididymis, indicating that the loss of
HSD17B12’s ability to produce testosterone does not have a
major impact on androgen bioactivity, sexual development,
and adult reproductive function in male mice. Thus, we con-
clude that HSD17B12 does contribute to testicular testoster-
one production in mice, but it is not the sole enzyme
responsible for the continued testicular testosterone produc-
tion in Hsd17b3 KO mice.

Therefore, the protein abundance of other 17-ketosteroid re-
ductase enzymes in the testes of wild-type and Hsd17b3 KO
adult mice were investigated. HSD17B1 was not detected in
the testes, aligning with previous studies demonstrating that
HSD17B1 is down-regulated postnatally (35) and cannot com-
pensate for HSD17B3 deficiency in adulthood (6, 17).
HSD17B7 was deemed to be a strong candidate because both
mRNA (7) and protein are significantly increased in Hsd17b3
KO testes compared to wild-type, with the protein showing a
particularly marked (~20 fold) increase. HSD17B7 is a multi-
functional enzyme that can utilize estrone, DHT and zymoster-
one as substrates (36-38). The mouse enzyme was first cloned in
1998 (32) and can convert the less active estrone to estradiol, a
potent estrogen (32, 33). It also converts DHT into 3a-diol and,
to a lesser extent, 3B-diol (33). However, previous studies sug-
gested that the mouse enzyme is unable to convert androstene-
dione into testosterone (32, 33).

Our results revealed that, in transfected HEK-293T cells,
mouse HSD17B7, but not human HSD17B7, can convert
androstenedione to testosterone. Two earlier studies con-
cluded that mouse HSD17B7 did not perform this conversion
(32, 33); however, those studies employed reduced concen-
trations of substrate and shorter incubation times, which
may have influenced the observed outcomes. Extrapolating
from our findings, we suggest that HSD17B7 is unlikely to
contribute to androgen bioactivity in 46,XY individuals
with HSD17B3 deficiency (1, 3-5) but the mouse enzyme
may be able to contribute to testosterone biosynthesis in
Hsd17b3 KO mice (6, 7, 17) in both fetal and postnatal
life (34, 39). The KO of Hsd17b7 in mice is embryonically
lethal due to a defect in de novo cholesterol biosynthesis
(36, 40). Because HSD17B7 is a multifunctional enzyme
with various roles in steroidogenesis (36-38), future studies
on its ability to contribute to testosterone biosynthesis in
Hsd17b3 KO mice would first require the identification of
the specific amino acid residues responsible for the conver-
sion of androstenedione to testosterone, as has been defined
for HSD17B12 (18). Once such residues are defined,
site-directed mutations and CRISPR/Cas9 technology could
be used to produce mice carrying mutated Hsd17b7 that
is unable to produce testosterone. Introduction of the mu-
tated Hsd17b7 into Hsd17b3 KO mice homozygous for
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Hsd17b12%%3* could then be used to determine the contri-
bution of HSD17B7 to testosterone synthesis.

We conclude that in the absence of the testosterone-
biosynthetic enzyme HSD17B3, mice continue to produce basal
testicular testosterone (6, 7), facilitated through the activity of
other 17-ketosteroid reductase enzymes which contribute to
the maintenance of testosterone biosynthesis. Our results
show that mouse HSD17B12 can convert androstenedione to
testosterone and, in mice lacking HSD17B3 function,
HSD17B12 contributes to ~16% of testicular testosterone pro-
duction. However, testosterone production continues in mice
lacking androgenic functions of both HSD17B3 and
HSD17B12, suggesting that one or more further 17-ketosteroid
reductase enzyme also contributes. Our results also show a
marked increase in the testicular expression of HSD17B7 in
the absence of Hsd17b3, and demonstrate that HSD17B7 can
convert androstenedione to testosterone in vitro, suggesting
that HSD17B7 may contribute to testosterone production in
HSD17B3-deficient mice. The identification of 2 additional hy-
droxysteroid dehydrogenase enzymes that can synthesize tes-
tosterone in mice, but not humans, contributes toward a
clearer understanding of the phenotypic differences between
mouse and human HSD17B3 deficiency, where sexual develop-
ment and fertility is preserved in mice, but disordered sexual de-
velopment is seen in humans. These results suggest that the
existence of multiple hydroxysteroid dehydrogenase enzymes
capable of testosterone synthesis in mice is a safeguard for
male sexual development and fertility in this species. These
findings are consistent with the hypothesis that mice have in-
creased plasticity in steroidogenic enzymes and multiple redun-
dancies within steroidogenesis pathways. However, human
orthologs have lost this plasticity, making humans more vulner-
able to disordered sexual development following the loss of
HSD17B3 function.
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