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Gonadal-derived inhibins are essential factors in mammalian reproduction, negatively regulating
pituitary production of FSH. Interestingly, declinesin inhibin levels across the menopause transition
correlate with notonlyanincreasein FSH butalso arapid decrease in bone mass. Therefore, inhibins
have been touted as potential therapeutics for osteoporosis in postmenopausal women. However,
as heterodimeric proteins of a- and - (8, or Bg)-subunits, inhibins are difficult to produce recom-
binantly, are poorly processed to their mature bioactive forms, and their expression is always
accompanied by production of activins (8-subunit homodimers), the proteins they antagonize. In
thisstudy, we developed the methodology to circumvent most of these issues. Initially, the cleavage
sites between the pro- and mature domains of the a- and B,-subunits were modified to ensure
complete processing. These modifications led to a marked increase (9-fold) in the levels of bioactive
inhibin A and a striking decrease (12.5-fold) in mature activin A production. Next, a single point
mutation (M418A) was incorporated into the B,-subunit, which reduced residual activin activity
approximately 100-fold and, in so doing, increased inhibin bioactivity 8-fold. Finally, we showed
that inhibin A noncovalently associated with its prodomain was more potent (~20-fold) than
mature inhibin A in specific in vitro bioassays, indicating an important role of the prodomain in
inhibin bioactivity. In conclusion, the production of potent inhibin analogs in the virtual absence
of activin activity will greatly facilitate the investigation of the therapeutic potential of these

gonadal hormones on bone and other tissues. (Endocrinology 157: 2799-2809, 2016)

SH regulates spermatogenesis in males and folliculo-
Fgenesis in females. In response to FSH, testicular Sertoli
cells and ovarian granulosa cells produce inhibin A and/or
inhibin B, which target the gonadotrope cells of the pitu-
itary to down-regulate the production and secretion of
FSH in a cycle-dependent manner in females and in a tonic
pattern in males (1). Circulating inhibin levels decrease
dramatically across the menopause transition and in-
versely correlate with increased serum FSH (2).

Inhibins A and B are unique members of the TGF-8 su-
perfamily as 1) they are heterodimers composed of a- and
(Ba or Bg)-subunits, whereas most other family members are
homodimers; 2) they act as antagonists, rather than agonists,
inhibiting signaling of activin-related proteins; and 3) they
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function in an endocrine rather than autocrine/paracrine
manner. These aspects of inhibin biology are crucial for their
roles in reproduction, but they also endow these hormones
with the potential to regulate additional physiological pro-
cesses, including bone and muscle growth.

Analogous to other members of the TGF- superfamily,
inhibin a- and B-subunits are synthesized as large precursor
molecules with the N-terminal prodomains mediating the
folding and dimerization of the C-terminal mature domains
(3). Dimeric precursors are cleaved by proprotein converta-
ses and inhibins are secreted from Sertoli and granulosa cells
noncovalently associated with their prodomains (pro-ma-
ture complexes). Once localized to target tissues, the prodo-
mains are likely to be displaced, enabling mature 31-kDa
inhibins to associate with their cognate receptors.

Abbreviations: ActRIl, activin type Il receptor; ALK, activin receptor-like kinase; FCS, fetal
calf serum; HEK, human embryonic kidney; HRP, horseradish peroxidise; IMAC, immobi-
lized metal ion affinity chromatography; mAb, monoclonal antibody; SCUT, supercut;
Smad, phosphorylated mothers against decapentaplegic; TBS-T, Tris-buffered saline with
Tween-20.
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It is recognized that inhibins A and B regulate FSH
secretion from the anterior pituitary by blocking the stim-
ulatory actions of activins (4). Activins are dimers of in-
hibin B-subunits: B,-B, (activin A), Bp-Bg (activin B,) and
Ba-Bp (activin A/B). Activins initially bind to type II re-
ceptors, ActRIIA or ActRIIB, leading to recruitment,
phosphorylation, and activation of the type I receptor,
(activin receptor-like kinase [ALK]-4). Activated ALK4
phosphorylates intracellular signaling molecules, phos-
phorylated mothers against decapentaplegic (Smad)-2/3,
which in turn form a complex with the coactivator,
Smad4. The resulting Smad oligomer localizes within the
nucleus to regulate target genes (eg, Fshb) in a cell- and
context-dependent manner (5). Inhibin antagonism of ac-
tivin-related ligands is dependent on interactions with be-
taglycan, a cell-surface proteoglycan that also acts as a
TGEF-B coreceptor (6). Betaglycan binds inhibins A and B
directly and promotes the formation of a stable high-af-
finity complex involving activin type II receptors (6). Se-
questration of type II receptors in this way prevents their
interactions with signaling ligands such as activins. In the
absence of betaglycan, inhibin cannot effectively block
activin-mediated FSH secretion by pituitary gonadotrope
cells (7).

The widespread expression of betaglycan and Ac-
tRITA/B together with the fact that activins target multiple
tissues suggest that inhibin’s actions extend beyond the
negative regulation of FSH. Indeed, serum inhibins A and
B levels correlate inversely with markers of bone forma-
tion and bone resorption in women across the menopause
transition, and it has been proposed that these decreases in
inhibin contribute to the initial bone loss during this pe-
riod (8). Significantly, when applied to in vivo models of
bone degeneration, inhibin A has been shown to rescue
bone growth (9, 10). Thus, gonadal inhibins are likely
components of the normal endocrine repertoire that reg-
ulate not only reproductive function but also bone health.

Definitively characterizing the physiological roles of
inhibin A and B, however, has proven difficult for sev-
eral reasons. First, targeted deletion of the inhibin
a-subunit in mice leads to unopposed gonadal expres-
sion of activins A and B. Because activins, in combina-
tion with gonadotropins, stimulate granulosa and Ser-
toli cell proliferation, inhibin-deficient mice develop
sex-cord stromal tumors with 100% penetrance, as
early as 4 weeks of age (11). As tumors progress, serum
levels of activins A and B increase up to 500-fold (12),
and mice die from a cachexia-like wasting syndrome
between 12 and 17 weeks (13). Thus, the phenotype
of the inhibin «-subunit knockout mouse does not
really reflect the loss of inhibin but rather the deva-
stating systemic effects of elevated circulating acti-
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vins. Second, in vivo overexpression of inhibins (a/B-
subunit heterodimers) is always accompanied by the
production of activins (B-subunit homodimers), which
have pleiotropic effects in multiple organs (14). Finally,
recombinant production of inhibins and their separa-
tion from contaminating activins is difficult, and the
resultant 31-kDa mature inhibin forms have short in
vivo half-lives (15).

Here we describe a new expression system for the pro-
duction of bioactive inhibin A, in the virtual absence of
contaminating activins. Moreover, we show that inhibin
A noncovalently associated with its prodomain (proin-
hibin A) has enhanced activity and that this complex can
be readily purified. Our new production and streamlined
purification system makes it feasible to finally explore the
therapeutic potential of inhibins A and B on bone and
other tissues.

Materials and Methods

Generation of mutant inhibins

The cleavage sites intervening the pro- and mature domains in
the inhibin - and B-subunits were modified using site-directed
mutagenesis. A pCDNA3.1 vector (Life Technologies) contain-
ing either the full-length wild type human inhibin a-subunit (se-
quence reference NM_002191.3) or the B-subunit (sequence
reference NM_002192.2) served as the templates in these reac-
tions. The native furin cleavage sites (RXXR) were replaced with
an ideal theoretical site (ISSRKKRSVSS) (16) to enhance the
processing of proinhibin forms. This was achieved by overlap
extension PCR, using designed supercut (SCUT) primers in com-
bination with primers flanking the ORFs (primer details pro-
vided in Supplemental Table 1) to enable cloning into compatible
sites of pPCDNA3.1. To aid purification, a polyhistidine tag was
inserted at a previously determined permissive site (17), imme-
diately prior to the pro- and mature domain cleavage site. This
was achieved using poly-HIS-tag primers in combination with
flanking primers as outlined in Supplemental Table 1, to enable
cloning into pCDNA3.1. Finally, the M418A (M108A in mature
region) mutation in the inhibin B8,-subunit was generated using
M418A primers (Supplemental Table 1) with the Quik Change
Lightning site-directed mutagenesis kit (Agilent Technologies).
All constructs were verified by DNA sequencing.

Inhibin variants were produced by transient transfection in
human embryonic kidney (HEK293T) cells using Lipofectamine
2000 (Life Technologies). In brief, cells were plated at § X 10°
cells/well in six-well plates. Wild-type or mutant a-subunit con-
structs were combined with B,-subunit variants, and Lipo-
fectamine 2000 was added according to the manufacturer’s in-
structions. After a 20-minute incubation, DNA/Lipofectamine
complexes were added directly to the plated cells and incubated
in serum-free Opti-MEM medium (Life Technologies) for a fur-
ther 48 hours at 37°C in 5% CO,.

Western blotting was used to assess inhibin and activin
forms in the conditioned medium from transfected HEK293T
cells. At 48 hours after transfection, conditioned medium was
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combined with 4X LDS loading dye (Life Technologies), and
nonreduced samples were separated by 10% SDS-PAGE. Af-
ter electrophoresis, samples were transferred onto ECL Hy-
bond membranes (GE Healthcare). Membranes were blocked
for a minimum of 1 hour in 1% BSA in Tris-buffered saline
with 0.05% Tween-20 (TBS-T). Inhibin forms were detected
using monoclonal antibodies (mAbs) to the inhibin B,- (E4,
binds residues 401-413 [18]), or a-subunit (R1, binds resi-
dues 233-264 [18]). The E4 antibody was obtained from
Beckman Coulter or Oxford Brookes University and requires
an antigen retrieval step during incubation (6% H,0O,). An-
tibodies were incubated in 1% BSA/TBS-T for 2 hours and
excess antibody removed by multiple washes with TBS-T.
Bound R1 and E4 antibodies were then detected by incubation
with a mouse secondary antibody conjugated to horseradish
peroxidase (mouse IgG-horseradish peroxidase [HRP]; GE
Lifesciences). After multiple washes, chemiluminescence was
measured using Lumilight substrates (Roche Applied Sci-
ences) and a Bio-Rad Chemidoc XRS system (Bio-Rad Lab-
oratories) (Table 2).

Quantification of inhibin

Inhibin A levels were determined based on the method of
Groome et al (18) with modification (17). This ELISA uses the
Ba-subunit mAb (E4) as a capture antibody and a-subunit
mAb (R1) as the label. Samples and standards were first di-
luted in a low-Triton assay buffer (10 mM Tris-HCI, 154 mM
NaCl, 0.1% Triton X-100, 1% BSA) and then oxidized using
1% H,O, (final concentration). The samples were loaded into
E4 coated 96-well plates and incubated overnight at room
temperature. Bound inhibin was labeled using biotinyl-
ated-R1 antibody diluted in the low-Triton assay buffer. After
R1 labeling, plates were treated with streptavidin-HRP and
then washed and developed with 3,3’,5,5'-tetramethylbenzi-
dine substrate (Life Technologies). The ELISA was stopped
using 0.1 M H,SO,, and absorbance determined at 450 nM on
a SpectraMax plate reader (Molecular Devices). Assay sensi-
tivity was 6 pg/mL. Purified 34-kDa inhibin A generated by
our laboratory was used as a reference standard (19).

Quantification of activin

Activin A standard and samples (diluted in 5% BSA in PBS,
pH 7.4) were treated with sodium dodecyl sulfate (final concen-
tration 3 %) and boiled for 3 minutes. Once cooled, samples were
treated with H,O, (final concentration 2%) and incubated for
30 minutes at room temperature. Samples were added to E4
antibody-coated plates and incubated for 1 hour at room tem-
perature. Bound activins were detected by probing with biotin-
ylated-E4 antibody and incubated overnight at room tempera-
ture. After washing, a streptavidin-HRP conjugate was added to
the wells and incubated at room temperature for 1 hour. After
further washes, HRP activity was detected as described above.

Production and purification of inhibins by
immobilized metal ion affinity chromatography
(IMACQ)

Proinhibin forms were produced by transient transfection in
HEK293T cells using Lipofectamine 2000 (Life Technologies).
In brief, cells were plated at 11 X 10° cells/plate on 15-cm plates
and then transfected with 3:2 ratio of inhibin «- and B-subunit
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DNA constructs using Lipofectamine 2000 and Opti-MEM me-
dia (according to the manufacturer’s protocol; Life Technolo-
gies). Proinhibin was then isolated from conditioned media by
IMAC immunoaffinity. Conditioned media (100 mL) was first
concentrated (twice) using centricon devices with a 5-kDa mo-
lecular mass cutoff (EMD Millipore) and resuspended in phos-
phate buffer (10 mM PO,; 0.5 M NaCl, pH 8.0). Concentrated
media were applied to a HisPur cobalt-resin (Thermo Fisher Sci-
entific) and incubated overnight at 4°C. Unbound protein was
collected, and the resin washed four times with phosphate buffer.
Bound inhibins were eluted with 150 mM imidazole in phos-
phate buffer. Imidazole was removed by buffer exchange on a
PD-10 column (GE Healthcare), and PBS (pH 7.4) with 0.1%
BSA was applied to the preparations. IMAC purification was
performed twice to enrich inhibins and deplete contaminating
activin forms. The recovery and yield of proinhibin preparations
were determined by Western blot analysis (using R1 MAb) and
an inhibin A ELISA, as described above.

Separation of inhibin and activin forms by gel
filtration

The final inhibin preparations were found to contain low
levels of activin. To establish the contribution of activin toward
inhibin bioactivity, the activins were first removed using gel fil-
tration. In brief, 1-2 ug of IMAC purified protein was applied to
a HiLoad 16/60 Superdex 200 size exclusion column (GE
Healthcare), and the proteins were eluted in 0.1 M phosphate
(pH 7.4). Inhibin A and activin A ELISAs (described above) were
used to identify the fractions containing predominantly inhibins
along with Western blots using antibodies directed toward the
inhibin a-subunit (R1) and BA-subunits (E4). These fractions
were pooled and concentrated using Centricon devices prior to
bioactivity assessment in the LBT2 bioassay.

Determination of inhibin bioactivity using FSH in
vitro bioassays

Animal experiments were conducted under the Monash Med-
ical Centre Animal Ethics Code (MMCB 2012/37). The ability of
the inhibin preparations to suppress activin-induced FSH release
was examined in cultured rat pituitary cells (20) and in a mouse
pituitary gonadotrope cell line (LBT2). For the rat pituitary cul-
ture bioassay, the anterior pituitary glands of adult male Sprague
Dawley rats (12 wk) were enzymatically dispersed with trypsin
and plated at 50 000 cells/well in 48-well plates in DMEM-FI2
(Life Technologies) containing 10% fetal calf serum (FCS). After
incubation at 37°C in §% CO, for 48 hours, cells were washed
with DMEM-F12 containing 0.1% BSA and incubated for a
further 4 hours. Cells were then treated with increasing doses of
inhibin A (5-800 pM) diluted in DMEM-F12 media with 0.1%
BSA. After 48 hours, the cell media were assayed for rat FSH by
a specific rat FSH immunofluorometric assay (21) using reagents
kindly provided by A. Grootenhuis and J. Verhagen (N.V. Or-
ganon). The sensitivity of the in vitro bioassay was 75 pg/well
using the highly purified 31-kDa inhibin A preparation (19).

For the LBT2 cell in vitro bioassay, cells were plated in 48-
well plates at a density of 2.5 X 10° cells/well. The cells were
allowed to recover for 24 hours in DMEM supplemented with
10% FCS and then treated with 150 pM activin A in the presence
of increasing concentrations of inhibin (0.1-90 nM). After 24
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hours of incubation, the media were collected for the FSH assay,
as described above.

Smad phosphorylation

The ability of proinhibin A to suppress activin-induced
Smad2 phosphorylation, relative to mature inhibin A, was de-
termined in LBT2 cells. Cells were seeded at 2 X 10° cells/well in
polylysine coated six-well plates. The following day, the media
were changed to DMEM, 0.2% FCS, and 50 mM HEPES, con-
taining 150 pM activin A with increasing concentrations of in-
hibin (0.3-3 nM). After 30 minutes of treatment, cells were
washed with PBS and lysed in 100 wl radioimmunoprecipitation
assay buffer (50 mM Tris; 0.9% NaCl, pH 8.0; 1% Nonidet
P-40; 0.5% deoxycholic acid; 0.1% sodium dodecyl sulfate),
containing protease inhibitor cocktail tablets (Roche Applied
Sciences) and phosphatase inhibitors. Lysates were collected,
clarified by centrifugation, and combined with reducing sample
buffer (Life Technologies) and analyzed by Western blot. Phos-
pho-Smad2 and Smad2 (Cell Signaling Technologies) antibodies
were used at 1:2000 dilutions. Bound primary antibodies were
detected using goat antirabbit or sheep antimouse horseradish
peroxidise conjugates (GE Healthcare Life Sciences). These stud-
ies were undertaken on duplicate cultures.

Assessment of inhibin binding to betaglycan

The ability of proinhibin A to displace inhibin binding to
betaglycan was determined by a binding assay in HEK293T cells.
In brief, HEK293T cells were plated at 10° cells/well in DMEM
and 10% FCS in 24-well plates coated with poly-D-lysine and
incubated for 48 hours at 37°C. The following day, cells were
transfected with 10 ng/well of a truncated form of betaglycan
(BG 576-853 [22]) using Lipofectamine 2000 (Life Technolo-
gies) and incubated overnight. Cells were then washed in binding
buffer (DMEM and 0.1% BSA) and incubated for 4 hours at
room temperature with '**I-inhibin A (40 000 cpm/well) (23)
together with increasing concentrations of inhibin forms (1-40
nM). The cells were washed in 10 mM PBS (pH 7.4) and solu-
bilized in 1% Triton X-100. Radioactivity was measured using
a vy counter (Laboratory Technologies, Inc). The binding data
were analyzed using the Prism program (version 6.0; GraphPad
Software).

Data analysis

One-way ANOVAs were used to assess statistical differ-
ences relative to wild-type inhibins/activins, with the Dunnett
test used for comparisons between the specific group means,
using GraphPad Prism version 6 (GraphPad Software). Sig-
nificance is represented as follows: *, P < .05 and **, P <.01.
Data are presented as the means * SD.

Results

Enhanced processing of the a-subunit favors
inhibin production over activin

The inhibin a- and B-subunits comprise an N-terminal
prodomain and a C-terminal mature domain, separated by
a proprotein convertase cleavage site (Figure 1A). After
dimerization, the mature inhibin ligand is enzymatically
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released from its prodomains, enabling bioactivity. How-
ever, recombinant production of inhibin A indicates that
processing by members of the proprotein convertase fam-
ily is inefficient because significant amounts of unpro-
cessed inhibin A and full-length, 50-kDa a-subunit are
present in conditioned media, with relatively little mature
31- to 34-kDa inhibin A (Figure 1B, lane 1). Further con-
founding inhibin production/purification are the high lev-
els of mature activin A that are coproduced when
HEK293T cells are transfected with wild-type a- and B,-
subunits (Figure 1C, lane 1). To improve enzymatic pro-
cessing of the a-subunit, we replaced the endogenous
cleavage site (**’RARR?*?) with an ideal proprotein con-
vertase cleavage site (**’ISSRKKRSVS?*®) (Figure 1A) and
expressed this supercut variant (SCUTg,) in HEK293F
cells. The SCUT form of the inhibin a-subunit resulted in
amarked increase in the levels of inhibin A (Figure 1B, lane
2) and a surprising decrease in mature activin A produc-
tion (Figure 1C, lane 2). Specific ELISAs identified similar
changes in total inhibin and activin levels (Figure 1, D
and E).

Subsequently, we introduced the same enhanced cleav-
age site into the B,-subunit and showed that in combina-
tion with the wild-type a-subunit, this modification also
increased mature inhibin A production (Figure 1B, lane 3),
although mature activin A levels were not altered (Figure
1C, lane 3). The apparent increase in mature inhibin A
production was not accurately represented in the inhibin
ELISA (Figure 1D), as a result of this assay capturing both
mature and precursor inhibin A forms. Combining SCUT
versions of both the a- and B ,-subunits led to nearly com-
plete processing of precursor proteins and the greatest
proportional ratio of inhibin to activin production (69:1)
(Table 1). These results support the concept that process-
ing of the a-subunit is the limiting step in inhibin produc-
tion, relative to activin.

Overexpressing the a-subunit greatly increases
inhibin production

In our initial experiments, HEK293T cells were trans-
fected with an equal ratio of SCUT «a- and B,-subunit
DNA. Varying this ratio (from 4:1 to 1:4) had interesting
effects on inhibin and activin production (Supplemental
Figure 1). At a 4:1 or 3:2 ratio of a:8,-subunit, mature
inhibin A levels were relatively high (Supplemental Figure
1, A and C), whereas mature activin A levels were negli-
gible (Supplemental Figure 1, B and D). Interestingly,
when the transfection ratio favored 8 ,-subunit expression
(2:3 or 1:4 ratio of a:85-subunit) 3- to 4-fold higher levels
of mature inhibin A were actually produced (Supplemen-
tal Figure 1, A and C). However, increased B,-subunit
expression was also accompanied by significant activin
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Figure 1. Effect of enhanced subunit processing on inhibin/activin production in mammalian cells. A, The native cleavage sites (RXXR) in the inhibin a-
and B-subunits were enhanced by site-directed mutagenesis. B and C, Wild-type (WT) or supercut (SCUTs;, where ST refers to cleavage site, intervening
the promature domains) inhibin a- and B-subunits were cotransfected into HEK293F cells, and the resultant inhibin and activin forms produced were
assessed by Western blot, using antibodies to the a- and B,-subunits (R1 and E4, respectively). D and E, Specific ELISAs were used to quantitate inhibin
and activin produced by HEK293F cells. Results are representative of three experiments. *, P < .05; **, P < .01, ns, not significant.

production (Supplemental Figure 1, B and D). Therefore,
we chose a 3:2 ratio of a:B,-subunit for all subsequent
experiments.

Table 1. Ratio of Inhibin to Activin Produced After
Transient Transfection of HEK293F Cells With Wild-Type
and SCUT Constructs

Ratio Inhibin to Activin

a-Subunit BA-Subunit (Mean = SD)
WT WT 1.5*+07
SCUT WT 248 = 0.3
WT SCUT 22+03
SCUT SCUT 68.7 £7.3

Abbreviation: WT, wild type.

Modifying the secondary cleavage site in the a-
subunit further enhances inhibin A production
When we commenced large-scale production of inhibin A
using the modified a- and 8 5-subunit constructs, we noted an
increase in the free 50-kDa a-subunit (Figure 2B) relative to
the earlier small-scale transfections (Figure 1B). The a-sub-
unit prodomain has a second cleavage site at the N terminus
(Figure 2A), which we have previously shown is critical for
inhibin production (24). Here we replaced this secondary
cleavage site (**RRLPRR®!) with an improved proprotein
convertase cleavage site (C°RRRRRR®!) (Figure 2A) and ex-
pressed this supercut-2 (SCUTy,) variant together with the
modified B,-subunit in HEK293T cells. Western analysis
showed that these modifications abrogated expression of the
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Figure 2. Enhanced processing within the inhibin a-subunit prodomain favors the production of mature inhibins. A, The inhibin a-subunit
uniquely contains a second processing site (site,) within its prodomain. This cleavage site was enhanced by targeted mutagenesis alongside site;,
which intervenes the pro- and mature domains. B and E, Wild-type (WT) or SCUT inhibin a- and B,-subunits were cotransfected into HEK293T
cells, and the resultant inhibin and activin forms produced were assessed by Western blot (SCUTs, refers to a-subunit with both processing sites
enhanced). C and F, Densitometry was used to determine the relative expression of mature (31 kDa) inhibin A and activin A, and total inhibin and
activin forms were quantified by ELISAs (D and G). Results are average of three experiments. *, P < .05; **, P < .01.

free a-subunit and further increased mature inhibin A ex-
pression (Figure 2B, lane 3). Densitometry indicated that im-
proving processing at both sites in the a-subunit increased
mature inhibin production 9-fold relative to wild type and
2-fold relative to the initial SCUT variant (Figure 2C). Den-
sitometric analysis proved to be a more accurate represen-
tation of mature inhibin levels in these samples because the
ELISA failed to identify a clear significant trend (Figure 2D)
(likely owing to the interference of multiple inhibin precursor
forms in this assay). Mature activin A levels were 12.5-fold
lower than wild type (Figure 2, E-G). Thus, improving both
processing sites in the a-subunit results in a significant in-
crease in mature inhibin A production and a corresponding
decrease in activin A. The inhibin a-subunit SCUTg, and
BA-subunit SCUTg,; mutations were incorporated into all
subsequent inhibin preparations in this study.

Elimination of contaminating activin bioactivity by
a single point mutation in the B,-subunit

By improving the processing capacity of the inhibin
a-subunit and optimizing the transfection ratio of « to

Ba-subunit DNA, we greatly favored inhibin production
over that of related activins. However, any residual activin
A produced would retain bioactivity and therefore have
the potential to counteract inhibins’ effects. To eliminate
contaminating activin bioactivity, a single-point mutation
(M418A, or M108A in the mature region) was incorpo-
rated into the B,-subunit at the type I receptor (ALK4)
binding epitope (Figure 3A) (25). The M418A mutation
did not affect the amounts of inhibin and activin produced
by HEK293T cells (Figure 3, Band C); however, it resulted
in an 8-fold increase in inhibin-like activity, as measured
by the suppression of activin-induced FSH release by
LBT2 mouse gonadotrope cells (Figure 3D). Two possi-
bilities existed for the increased inhibin-like activity of the
preparation: 1) loss of activin A activity after introduction
of the M418A mutation or 2) gain of activin A (M418A)
antagonistic activity, as previously described (25). To ad-
dress the loss of activin activity, we transfected HEK293F
cells with an activin-responsive luciferase reporter and
treated cells with the inhibin A preparations. This assay
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Figure 3. Inactivation of residual activin A improves inhibin bioactivity. A, An M418A mutation was incorporated into the B,-subunit to inhibit
activin binding to its type | receptor (ALK4). B and C, The effect of the M418A mutation on inhibin and activin biosynthesis was assessed by
Western blot, using antibodies to the a- and B,-subunits (R1 and E4, respectively). D, The ability of inhibin M418A to suppress activin bioactivity
was determined using an LBT2 gonadotrope FSH bioassay. The LBT2 cells were stimulated with 150 pM activin A and treated with increasing
doses of either inhibin A-SCUT or inhibin A-SCUT (M418A). E, Activin bioactivity within the inhibin preparations was assessed using an activin-
responsive luciferase reporter assay (A3-Luc). Transfected HEK293T cells were treated with increasing doses of inhibin preparations, and activity
determined by measuring luciferase activity. Results are average of three experiments.

system is extremely sensitive to activin stimulation but
does not respond to inhibin due to low betaglycan expres-
sion. Inhibin A-SCUTs, induced a dose-dependent in-
crease in luciferase activity, confirming the presence of
active activin A in this preparation, whereas inhibin A-
SCUTy, (M418A) exhibited a 100-fold lower activin re-
sponse (Figure 3E). Thus, a single-point mutation in the
Ba-subunit further increases inhibin A-like activity by sup-
pressing the ability of residual activin A to signal. We have
previously shown, however, that activin (M418A) can act
as an antagonist at high concentrations (25). Therefore,

we used gel filtration chromatography to separate activin
A (M418A) from inhibin A-SCUTg, (M418A) (Supple-
mental Figure 2). There was no change in inhibin-like ac-
tivity following activin (M418A) removal (Supplemental
Figure 2C), suggesting that the 8-fold increase in inhibi-
tory activity of the preparation was primarily due to the
loss of activin A activity.

Purification of mature inhibin A
Recently numerous studies have shown that mature
TGEF-B proteins are secreted from cells noncovalently as-
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sociated with their prodomains (26-28). To determine
whether proinhibin A was secreted as a noncovalent com-
plex, a HIS tag was incorporated at the C terminus of the
a-subunit prodomain immediately preceding the SCUT-
processing site. Conditioned media from HEK293T cells
transfected with HIS-tagged SCUT a-subunit (SCUTy,)
and SCUT B,-subunit (M418A) was purified by IMAC
affinity chromatography and analyzed by Western blot.
More than 90% of mature inhibin A present in the starting
material was copurified with the HIS-tagged prodomain
(Figure 4, A and B), confirming that most inhibin A re-
mains noncovalently associated with its prodomain upon
secretion from the cell. Low levels of activin (M418A)
were copurified with inhibin using this procedure (Figure
4,Band C), but this contaminating activin could be readily
removed by gel filtration chromatography (Supplemental
Figure 2). Interestingly, a silver-stained gel indicated that
the eluate from the cobalt column was also very pure,
containing almost entirely inhibin/activin precursor and
mature forms (Supplemental Figure 3).

Proinhibin A is a more potent activin antagonist
than mature inhibin A in specific settings

Using FSH release assays in both primary rat pituitary
cells and the LBT2 cell line, we compared the biological
activity of IMAC-purified proinhibin A and HPLC-puri-
fied mature inhibin A (19). In primary pituitary cells, pro-
inhibin A induced a dose-dependent decrease in FSH re-
lease (ICs, 75 pM), which was similar to that observed
with mature inhibin A (ICs, 65 pM) (Figure 5A). Any
possible influence of the prodomain in this assay system
may have been masked by the very potent activity of in-
hibin A. Therefore, we repeated the comparison of the pro-
and mature inhibin forms on activin-induced FSH release
by LBT2 pituitary gonadotrope cells, which are less sen-
sitive to inhibins, potentially as a result of lowered beta-
glycan expression (29). Remarkably, proinhibin A (ICj,,
45 pM) was 22-fold more potent than mature inhibin A
(IC5o 1 nM) in this assay system (Figure 5B). These dif-
fering activities were mirrored intracellularly in which ma-
ture inhibin A only partially blocked activin-induced
Smad2 phosphorylation, whereas proinhibin A com-
pletely inhibited this response (Figure 5C). Mechanisti-
cally, it was found that proinhibin A (ICs, 400 pM) was
5-fold more effective than mature inhibin (IC5, 2 nM)
at displacing '**T-inhibin A from cells transfected with
betaglycan, suggesting that the prodomain increases in-
hibin’s affinity for its coreceptor. Together these results
indicate that in less responsive systems, inhibin A activity
is significantly enhanced when noncovalently associated
with its prodomain.
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Figure 4. Purification of Inhibin A-SCUT (M418A) by affinity
chromatography. Proinhibin A (comprising mutations a-SCUTs,,
BA-SCUT,,/M418A) was purified using cobalt IMAC and recoveries
assessed by Western blot using antibodies to the a- (A) and B,-
subunits (B). C, Inhibin A and activin A ELISAs were used to quantify
the recoveries. Results are representative of three experiments; error
is SD. SM, starting material; F/T, flow through; EL1-3, elutions 1-3.

Discussion

The production and purification of inhibin in therapeutic
amounts has proven difficult due to the inefficient pro-
cessing of the heterodimeric precursor to the bioactive ma-
ture form and to the effort required to remove contami-
nating activins (19). To improve processing, we focused
our attention on the inhibin a- and B,-subunit prodo-
mains. It is generally accepted within the TGF-8 super-
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Figure 5. Analysis of proinhibin bioactivity. The ability of proinhibin A to suppress activin-induced FSH release was compared with mature inhibin
A in both rat pituitary cell cultures (A) and mouse gonadotrope LBT2 cells (B). C, The ability of proinhibin A to suppress activin-induced SMAD2
phosphorylation was also assessed in LBT2 cells. Cells were treated with 150 pM activin A in the presence of increasing doses of proinhibin A or
mature inhibin A. D, The ability of proinhibin and mature inhibin A to displace '2*I-inhibin A binding to betaglycan was assessed in transfected
HEK293T cells. Results are average of two to three experiments (Western blots are representative).

family that prodomains govern the correct folding of di-
meric precursors within the endoplasmic reticulum (30).
TGF-B precursors then acquire complex carbohydrate
modifications during exocytosis, indicating transit
through the trans-Golgi network. Once the correct tertiary
structure is achieved, TGF-B precursors are proteolyti-
cally matured by proprotein convertases, either in a late
Golgi compartment or extracellularly (30). For inhibin
and activin, proprotein convertase-5/6 and furin have
been identified as the processing enzymes (31, 32). How-
ever, the high levels of unprocessed inhibin and the
low amounts of mature inhibin relative to activin, pro-
duced by HEK293T cells, suggested that a-subunit pro-

cessing is less efficient than that of the 8,-subunit. There-
fore, we replaced the endogenous a-subunit cleavage site
(**?RARR?*?) with an ideal proprotein convertase cleav-
age site (**’ISSRKKRSVS?*®) (16). As anticipated, this
modification significantly increased the amount of mature
inhibin produced by HEK293T cells; however, it also re-
sulted in a dramatic decrease in activin production. Be-
cause dimerization preceeds processing, this finding sug-
gests that the SCUT site introduced into the a-subunit
induced a conformational change, which favored inhibin
A production, relative to activin A.

Improved inhibin A production was accompanied by a
substantial increase in the amount of a-subunit precursor.

Species Raised

Table 2. Antibody Table
Peptide/Protein Antigen Sequence Name of
Target (if Known) Antibody

Manufacturer, Catalog Number, and/or Name of
Individual Providing the Antibody

(Monoclonal or
Polyclonal)

Dilution Used

Inhibin BA-subunit
Inhibin a-subunit

Binds residues 401-413 E4
Binds residues 233-264 R1

Beckman Coulter/Oxford Brookes University (Oxford, UK)
Beckman Coulter/Oxford Brookes University (Oxford, UK)
Beckman Coulter/Oxford Brookes University (Oxford, UK)

Mouse, monoclonal
Mouse, monoclonal

Specified in text
Specified in text
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This 50-kDa species represents free a-subunit that has not
dimerized with B,-subunit and therefore has not been pro-
cessed by proprotein convertases. Interestingly, the in-
hibin a-subunit is one of a small subset of TGF-f precur-
sors that are cleaved at two distinct proprotein convertase
motifs (33). The second cleavage site (*’RLPR®°) within
the a-subunit precursor releases a 43-amino acid fragment
that can limit inhibin activity (24). Recently we showed
that processing at site, was absolutely required for the
synthesis and secretion of inhibins A and B (24). Incorpo-
rating enhanced proprotein convertase cleavage sites at
both site; and site, of the a-subunitled to a 9-fold increase
in mature inhibin A production, ostensibly due to com-
plete dimerization and processing of the a-subunit. Re-
markably, enhanced inhibin production was accompa-
nied by a 12.5-fold decrease in activin A levels. The
production of inhibin B, relative to activin B, was similarly
enhanced by the introduction of the supercleavage site in
the a-subunit (data not shown). Thus, by incorporating
improved cleavage sites within the a- and B-subunits, we
have developed a regimen to produce high levels of bio-
active inhibins.

Although our modifications had greatly improved the
ratio of inhibin A to activin A produced by HEK293F cells,
the remaining activin retained biological activity. There-
fore, we incorporated a secondary mutation within the
Ba-subunit (M418A). Met418 resides at the type I recep-
tor (ALK4) interface of activin A, and we had previously
shown that mutating this residue to alanine disrupted ac-
tivin activity without affecting binding to ActRITA/IIB
(25). In the context of inhibin, the M418A B,-subunit
mutation did not affect expression of the SCUT variant but
enhanced activity 8-fold. Because there was no change in
inhibin-like activity after activin (M418A) removal, the
increase in inhibitory activity of the inhibin preparation
was primarily due to the inactivation of activin A. Thus,
we can now produce inhibin A in the virtual absence of
contaminating activin activity, which has long been the
major obstacle to the use of inhibin as a therapeutic. Ad-
ditionally, because the ALK4 binding site is conserved on
the inhibin BB-subunit, this methodology will likely also
aid the production of bioactive inhibin B.

The final modification incorporated into inhibin A was
a HIS tag at the C terminus of the a-subunit prodomain.
Mature inhibin A (M418A) was copurified using HIS af-
finity chromatography, indicating that it is secreted by
HEK293F cells in a noncovalent complex with its prodo-
main (termed proinhibin A). This brings the number of
TGF-B proteins shown to remain associated with their
prodomains extracellularly to 13 (26-28, 33-35), sug-
gesting this is the default manner in which these proteins
are secreted from cells. For most family members, prodo-
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mains localize mature growth factors near target cells;
however, the affinity of the interaction is not sufficient to
suppress biological activity (26, 28). In contrast, the
TGF-B isoforms, myostatin and growth differentiation
factor-11, bind their prodomains with high affinity and
are secreted from the cell in a latent form (33). In highly
sensitive primary rat pituitary cells, proinhibin A had com-
parable activity to HPLC-purified mature inhibin A.
However, in the less responsive LBT2 gonadotrope cell
line, the presence of the prodomain increased inhibin ac-
tivity greater than 20-fold. This correlated with an in-
creased affinity of proinhibin A for betaglycan, suggesting
that the prodomain facilitates inhibin binding to betagly-
can. Mechanistically, we propose that the prodomain
presents mature inhibin A to betaglycan (thereby increas-
ing activity) but is then displaced, allowing the inhibin/
betaglycan complex to bind and sequester activin type II
receptors. The prodomain of cumulin (bone morphoge-
netic protein 15: growth differentiation factor-9 het-
erodimer) was recently shown to be indispensable for this
growth factors positive effects on oocyte quality (34). Fu-
ture studies will consider the effects of the prodomain on
inhibin activity and half-life in vivo.

In conclusion, we have introduced a series of mutations
into the a- and B,-subunits that have increased mature
inhibin A expression, dramatically decreased and inacti-
vated contaminating activin A, and streamlined the puri-
fication process. It should now be possible to generate
sufficient quantities of recombinant inhibin A to fully ex-
plore the considerable therapeutic potential of this mole-
cule on bone and other tissues.
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