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djudin, 1-(2,4-dichlorobenzyl)-1H-

indazole-3-carbohydrazide (formerly
called AF-2364), is a potent analog of
lonidamine [1-(2,4-dichlorobenzyl)-1H-
indazole-3-carboxylic acid] known to
disrupt germ cell adhesion, most nota-
bly elongating and elongated spermatids,
in the seminiferous epithelium of adult
rat testes and thus, leads to infertility in
rats. Since the population of spermatogo-
nia and spermatogonial stem cells (SSCs)
in the seminiferous tubules is not signifi-
cantly reduced by the treatment of rats
with adjudin, adjudin-induced infertility
is highly reversible, which enables re-
initiation of spermatogenesis and germ
cell re-population of the voided seminif-
erous epithelium. Furthermore, adjudin
appears to exert its effects at the testis-
specific atypical adherens junction (AJ)
type known as ectoplasmic specialization
(ES), most notably the apical ES at the
Sertoli cell-spermatid interface. Thus,
the hypothalamic-pituitary-gonadal axis
is not unaffected and systemic side-effects
are minimal. This also makes adjudin a
potential candidate for male contracep-
tive development. Herein, we critically
evaluate recent findings in the field and
provide an updated model regarding the
mechanism underlying adjudin-induced
apical ES disruption. In short, adjudin
targets actin filament bundles at the
apical ES, the hallmark ultrastructure
of this testis-specific junction type not
found in any other epithelia/endothelia
in mammals, by suppressing the expres-
sion of Eps8 (epidermal growth factor
receptor pathway substrate 8), an actin
capping protein that also plays a role in
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actin bundling, so that actin filament
bundles can no longer be maintained at
the apical ES. This is concomitant with
a mis-localization of Arp3 (actin-related
protein 3, a component of the Arp2/3
complex that induces actin nucleation/
branching) recruited by drebrin E, caus-
ing “unwanted” actin branching, fur-
ther destabilizing actin filament bundles
at the apical ES. Additionally, adjudin
blocks the expression of PARG (parti-
tioning defective protein 6) and 14-3-3
(also known as PARS5) considerably at
the apical ES, disrupting the homeosta-
sis of endocytic vesicle-mediated protein
trafficking, which in turn leads to an
increase in protein endocytosis. The net
result of these changes destabilizes cell
adhesion and induces degeneration of
the apical ES, causing premature release
of spermatids, mimicking spermiation.

Introduction

Lonidamine was first developed as an
anti-cancer drug in the late 1960s, and it
is a member of a new class of indazole-
based compounds." Besides suppressing
glycolysis in cancer cells by inhibiting
hexokinase in mitochondria,® most nota-
bly following radiation that sensitizes
the cancer cells,*> studies have shown
that lonidamine displays potent anti-
spermatogenic effects by depleting germ
cells from the seminiferous epithelium
in rodents and primates.®” Lonidamine
exerts its anti-spermatogenic effects, at
least in part, by perturbing the specialized
cell adhesion site at the Sertoli cell-elon-
gating/elongated spermatid interface,"
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Figure 1. A summary of effects of adjudin that impede spermatogenesis based on studies in the
rat. This figure summarizes recent findings in the field regarding the effects of adjudin on different
proteins, protein complexes or cellular structures in the seminiferous epithelium of rat testes.
While testin and actin are the molecular targets of adjudin,? it is not known at present if testin is
also involved in the adjudin-mediated effects on the homeostasis of proteases/protease inhibi-
tors and the actin-based cytoskeletal at the apical ES. This figure was prepared based on recent
reviews in references 12 and 24-29. MMP2, matrix metalloproteinase 2; a2-MG, a,-macroglobulin;

most notably the actin-based cytoskel-
eton at the apical ES."" These findings
thus spark the interest among investiga-
tors, hoping to develop lonidamine into
a potential male contraceptive.”> This
attempt, however, was subsequently aban-
doned due to the toxicity of lonidamine
found in early stage cancer patients,'®'
making it unsuitable for healthy men.
However, lonidamine is still being used as
an anti-cancer drug in Europe and Japan
for advanced/late stage cancer patients,
and it is also being actively investigated for
late stage metastatic cancer treatment,"'¢
including prostatic disorders,” with some
promising results."?° After more than a
decade of intensive investigations in our
laboratory by screening dozens of new
analogs and derivatives of lonidamine,
we first reported findings of a potential
analog known as AF-2364, subsequently
called adjudin because of its action to
induce apical ES disruption,” in 2001.%
In short, adjudin is a potent male contra-
ceptive that induces germ cell exfoliation
by exerting its effects primarily at the
apical ES, causing transient male infer-
tility (see Fig. 1).** Since the adhesion of
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spermatogonia and SSCs at the stem cell
niche is not affected, fertility rebounds
over time when germ cells repopulate
the voided seminiferous tubules via sper-
matogenesis.”® While adjudin is less toxic
when compared with lonidamine based
on acute toxicity test, chromosomal aber-
ration test and mutagenicity study,” the
margin between its efficacy and safety
still remains too narrow based on a sub-
chronic toxicity study in rats.”! A new for-
mulation of adjudin has been developed
in our laboratory which maintains its
potency but requires >10-fold less adjudin
to exhibit its reversible anti-fertility effects
(Mruk DD, Bonanomi M, Silvestrini B
and Cheng CY, unpublished findings).
However, these latest efficacy findings are
outside the scope of this Opinion article,
which will be reported in a forthcoming
study.

Herein, we focus on recent studies
that delineate the mechanism of action
of adjudin at the ultrastructures resid-
ing at the Sertoli cell-spermatid interface
known as the apical ectoplasmic special-
ization (apical ES). Adjudin perturbs the
restricted temporal and spatial expression
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of several actin-binding and regulatory
proteins: Eps8, Arp3 % and drebrin E.*
Furthermore, adjudin also disrupts the
expression of polarity proteins, such as
PARG (partitioning defective protein 6)*
and 14-3-3 (also known as PARS5),*
whose considerable loss at the apical ES
leads to an increase in protein endocyto-
sis. The net result of these changes alters
the tightly packed actin filament bundles
at the apical ES, causing their de-bundling
and degeneration,” and the loss and/or
re-distribution of adhesion protein com-
plexes at the apical ES via an increase in
protein endocytosis further destabilizes
the apical ES function, thereby disrupt-
ing adhesion and leading to spermatid loss
from the epithelium. This is analogous to
the events during spermiation that lead to
germ cell loss from the epithelium. Since
other epithelial/endothelial cells lack the
unique features of the apical ES, namely
the tightly packed bundles of actin fila-
ments that lie perpendicular to the plasma
membrane in Sertoli cells at the apical ES,
the systemic toxicity of adjudin is thus
minimal when compared with lonida-
mine. It is also noted that adjudin does
not appear to exert its effects by affecting
Sertoli and/or germ cell cells in the testis
per se except the apical ES. Furthermore,
neither the sperm reserve nor cell adhesion
of the epithelial cells in the epididymis are
affected since fertility in adjudin-treated
rats can be maintained for up to ~2-3-wk
(without gross morphological/anatomical
changes in new born pups) even though
tubules are devoid of all germ cells in the
seminiferous epithelium except spermato-

gonia/spermatogonial stem cells.?*%

Adjudin and Apical ES

Ectoplasmic specialization (ES), a testis-
specific actin-based AJ type, is restricted
to the: (1) Sertoli-spermatid interface from
step 8—19 spermatids during spermiogen-
esis in the rat testis (known as apical ES).
It is noted that in step 1-7 spermatids, cell
adhesion is conferred by desmosome and
gap junction without ES. Once apical ES
appears, it is the only anchoring device
that anchors elongating spermatids onto
the Sertoli cell in the seminiferous epi-
thelium, and it maintains both cell adhe-
sion and spermatid polarity (orientation)
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until spermiation; (2) Sertoli-Sertoli cell
interface at the blood-testis barrier (BTB),
known as basal ES, which coexists with
both TJ and gap junction to constitute
the BTB. Thus, as opposed to apical ES,
basal ES never exists on its own.!>3%-4! This
thus explains a recent report illustrating
that the basal ES at the BTB is less suscep-
tible to adjudin treatment versus the apical
ES,30 because other coexisting junctions
(e.g., TJ, gap junction, desmosome) at the
BTB can maintain its integrity even if the
basal ES is being disrupted by adjudin.
Unlike actin-based AJ found in all other
epithelia/endothelia, ES is typified by the
presence of actin filament bundles that lie
perpendicular to the plasma membrane
and sandwiched in between cisternae of
endoplasmic reticulum and the apposing
plasma membrane of either Sertoli cell and
spermatid in the apical ES or two Sertoli
cells in the basal ES.12%4° However,
these unique actin filament bundles are
restricted only to the Sertoli cell at the
ES, and no obvious ultrastructures can be
detected in the elongating/elongated sper-
matid at the apical ES by electron micros-
copy, but they are found in both sides of
the adjacent Sertoli cells at the basal ES.
The actin filament bundles at the ES also
confer the unusual adhesive strength of
the apical ES. This is demonstrated by
the observation that the mechanical force
required to “pull” spermatids (step 8-19)
away from Sertoli cells is almost 3 time
stronger than that sufficient for detaching
pre-step 8 spermatids, which are mainly
anchored by desmosome.*> Yet desmo-
some is being considered to be one of the
strongest adhesion junction types which
uses intermediate filament for its attach-
ment.% Despite the remarkable adhe-
sive force, apical ES is highly susceptible
to adjudin since the presence of adjudin
makes the apical ES more vulnerable than
desmosome to be disrupted.* While basal
ES is structurally similar to the apical ES,
adjudin was found to have minimal effects
on the basal ES,* even when adjudin was
used at a dose 5-fold higher than its effec-
tive dose (250 vs. 50 mg/kg b.w.), it still
took at least 2-wk before basal ES at the
BTB was disrupted when apical ES was
found to be disrupted within ~6-h.?® This
is likely due to the presence of co-existing
junctions at the basal ES, namely T] and/
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or gap junction, which constitute the
BTB. Collectively, these findings illustrate
that apical ES is one of the primary cel-
lular targets of adjudin in the rat testis.?

Eps8, Arp2/3 Complex and Drebrin
E in the Seminiferous Epithelium
of Rat Testes during the
Seminiferous Epithelial Cycle of
Spermatogenesis

Eps8 is a multifunctional actin regula-
tory protein known to regulate actin bun-
dling,47’48
actin filament bundles at the apical ES.

thereby maintaining the unique

On the other hand, Arp3 is a component
of the Arp2/3 complex. In the presence of
nucleation promoting factors such as cor-
tactin and WASP (Wiskott-Aldrich syn-
drome protein) family proteins, including
N-WASP (neuronal WASP) and SCAR/
WAVE (suppressor of cAMP receptor/
WASP family verprolin homologous),
activated Arp2/3 complex induces actin
748 perturbing the
actin’ filament bundles at the apical ES.

nucleation/branching,

Interestingly, drebrin E (developmentally
regulated brain protein E), is an actin-
binding protein without any intrinsic
catalytic function on the actin filament
network per se.”” However, recent studies
have shown that the pattern of stage-spe-
cific expression of drebrin E and its local-
ization in the seminiferous epithelium
mimic closely to that of Arp3.*** More
important, drebrin E was found to have
high affinity for Arp3, but not Eps8, and
it structurally interacted with Arp3 and
co-localized with Arp3 at the apical ES.*

In the normal testis, Eps8 was found
to be highly expressed at the apical ES in
stage V to early stage VIII, which appears
to play a role in maintaining the actin fila-
ment bundles, but it became considerably
diminished to a level virtually undetect-
able by late stage VIII, perhaps preparing
the apical ES for spermiation.*? For Arp3,
its expression is low at the apical ES in
stage V tubules, apparently it is being used
to allow restricted temporal and spatial
actin branching to occur at the apical ES
to facilitate the transit of elongating sper-
matids across the epithelium.” However,
Arp3 became highly expressed at the api-
cal ES at stage VII, but it was restricted
exclusively to the concave side of the
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spermatid head,” at the site where endo-
cytic vesicle-mediated protein trafficking
is known to occur, and this ultrastruc-
ture was formerly designated tubulobul-
bar complex (apical TBC),*#>*! and its
expression dropped to an undetectable
level at stage VIII of the epithelial cycle.”
Interestingly, the pattern of stage-specific
expression and localization of drebrin E
was found to closely mimic Arp3, and
since drebrin E was found to structurally
interact with Arp3,** it seems that drebrin
E recruits Arp3 to the apical ES site to
execute its actin branching activity.

The highly restricted temporal and
spatial expression of these three actin
regulatory and/or binding proteins in the
seminiferous epithelium during the epithe-
lial cycle appear to regulate the actin fila-
ment bundles at the apical ES, from their
bundling to their branched conformation
and vice versa. This thus confers “plastic-
ity” to the apical ES to facilitate the transit
of elongating spermatids across the semi-
niferous epithelium during spermiogenesis
and to prepare fully developed spermatids
(i.e., spermatozoa) to be released from the
epithelium at spermiation.

PARG6 and 14-3-3
in the Seminiferous Epithelium
of Rat Testes during the
Seminiferous Epithelial Cycle
of Spermatogenesis

PARG and 14-3-3 (also known as PARS)
are two polarity proteins initially identi-
fied in C. elegans, which work together
with the Crumbs and the Scribble polar-
ity protein complexes to confer apico-
basal cell polarity in non-mammalian
and mammalian tissues, including the
seminiferous epithelium of rat testes.**
Subsequent studies have shown that
14-3-3 is a multi-protein binding protein
with at least 7 isoforms in mammals, and
each 14-3-3 protein has as many as 200
partner proteins.” Thus, 14-3-3 serves as a
critical adaptor to recruit multiple proteins
to a specific cellular site and/or domain in
an epithelial cell, such as a Sertoli cell,
to exert important cellular functions. In
the seminiferous epithelium of rat testes,
the expression of PARG is stage-specific.”
PARG was prominently localized to the
apical ES, surrounding the entire heads
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Figure 2. Adjudin disrupts the restricted temporal and spatial expression of Eps8 and Arp3 in the rat testis. Dual-labeled immunofluorescence analysis
was used to assess changes in the adjudin-mediated disruption of the highly restricted spatial and temporal expression of Eps8 (green) and F-actin
(red) shown in (A) vs. Arp3 (green) and F-actin shown in (B) in the seminiferous epithelium of rat testes as earlier described in reference 32 and 33.In (A
and B), the control (Ctrl) cross-sections illustrate a stage VIl tubule from normal rat testes. By 12 h (hour) following adjudin treatment, a considerable
loss of Eps8 was detected at the apical ES, and by 1D (day), Eps8 was virtually not detected, and this loss of Eps8, an actin bundling protein at the apical
ES, was found to associate with a truncation of F-actin due to the loss of the organized actin filament bundles at the apical ES (see d-f and g-i vs. a-c
in A). For Arp3, it displayed a distinctive different pattern vs. Eps8 following adjudin treatment. While both Eps8 and Arp3 were prominently expressed
at the apical ES at stage VIl in control rats (see a—c in B vs. a—cin A), however, Arp3 was highly restricted to the concave side of the spermatid head
where endocytic vesicle-mediated protein trafficking is known to occur.®° By 12 h following adjudin treatment, Arp3 became mis-localized and this
mis-localization was more obvious by 1D after adjudin treatment. For instance, by 1D, Arp3 was found to become truncated (see “white” arrowheads
in the enlarged inset in B:g). Additionally, Arp3 was also found to be mis-localized, surrounding other parts of the spermatid head, instead of restricted
to the concave side of the spermatid head (see “yellow” arrowheads in the enlarged inset in B:g). Thus, the actin filament bundles at the apical ES were
transformed to a branched network because Arp3 induces actin nucleation/branching. The combined changes of these two actin regulatory proteins
induced by adjudin thus led to the degeneration of the actin filament bundles at the apical ES. These changes coupled with changes in drebrin E, PAR6
and 14-3-3 as described in the main text destabilizes the apical ES, rendering a loss of adhesion at the apical ES which leads to spermatid loss from the

epithelium. Bar in A:a or B:a =40 wm, which applies to b-iin A or B; bar in inset in B:a = 20 wm, which applies to insets in b-c and g-i.

of elongating spermatids in stage V to
early VIII tubules, but diminished rapidly
thereafter and it was virtually undetect-
able at the apical ES by late stage VIIL.® It
was shown that in rats treated with adju-
din, the induced premature loss of sper-
matid was associated with a significant
loss of PARG at the apical ES, and these
PARG-depleted spermatids also lost: (i)
their polarity/orientation with their heads
no longer pointing toward the basement
membrane and (ii) their adhesion,® indi-
cating that besides conferring polarity to
spermatids, PARG may also confer cell
adhesion at the apical ES. Interestingly,
the expression and localization of 14-3-3
was found to closely mimic the pattern
of PARG in the rat testis.*® Studies have
shown that both proteins are important
to maintain the homeostasis of endocytic
vesicle-mediated protein trafficking in the
Sertoli cell blood-testis barrier (BTB),
since a knockdown of either PAR3 or
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14-3-3 was found to accelerate the kinet-
ics of integral membrane protein internal-
ization at the BTB, such as JAM-A and
N-cadherin.*3 Collectively, these find-
ings illustrate the possibility that PARG
may work in concert with 14-3-3 to regu-
late apical ES function via their effects on
the kinetics of protein endocytosis.

Adjudin Alters the Highly
Restricted Temporal and Spatial
Expression of Eps8, Arp3,
Drebrin E, PAR6 and 14-3-3
in the Seminiferous Epithelium

Following treatment of rats with adju-
din, this male contraceptive was found
to modulate the restricted temporal and
spatial expression of Eps8,** Arp3 3 and
drebrin E** in the seminiferous epithe-
lium. For instance, as shown in Figure
2A, Eps8 was found to be restricted to
the apical ES, co-localizing with F-actin
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at the site in normal rat testes. However,
the expression of Eps8 considerably
diminished within 12-h following adju-
din treatment; by 1-d, Eps8 was almost
undetectable at the apical ES, which was
associated with truncation and mis-local-
ization of F-actin, with apparent degen-
eration of actin filament bundles (Fig.
2A). For Arp3, it was also found to be
restricted to the apical ES, most notably
the concave side of the spermatid heads
in stage VII tubules in normal rat testes
as earlier reported (Fig. 2B).** By 12-h
after adjudin treatment, Arp3 was found
to become truncated and fragmented;
and by 1-d, Arp3 was no longer highly
restricted to the concave side of the
spermatid heads and became even more
truncated and fragmented (Fig. 2B).
Interestingly, this pattern, again, is anal-
ogous to drebrin E as recently reported,**
suggesting drebrin E recruited Arp3 to

these sites so that it become mis-localized,
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Figure 3. A hypothetical model that summarizes the mechanism by which adjudin induces spermatid loss from the seminiferous epithelium of adult
rat testes. In a normal rat testis (A), apical ES adhesion is maintained by the apical ES adhesion protein complexes (e.g., a6B1-integrin-laminin-a333+v3,
N-cadherin-B-catenin, nectin-2/3-afadin) using the highly organized actin filament bundles for attachment. The actin filament bundles at the apical
ES are maintained by the Eps8, PAR6 and 14-3-3. However, following exposure of rats to adjudin, this drug disrupts the highly restricted temporal and
spatial expression of Eps8, Arp3, drebrin E, PAR6 and 14-3-3 in the seminiferous epithelium as detailed in the text. In short, Eps8 considerably dimin-
ishes at the apical ES with a concomitant mis-localization and truncation of Arp3, the actin filament bundles thus become disrupted and replaced
with actin branched network. At the same time, PAR6 and 14-3-3 also become diminished, accelerating endocytic vesicle-mediated internalization of
integral membrane proteins (e.g., integrins, cadherins, nectins), thereby destabilizing the apical ES (B), which eventually leads to the premature loss of
spermatids from the epithelium, mimicking spermiation as shown in (C).

and to induce actin branching, facilitat-
ing degeneration of the actin filament
bundles at the apical ES.

More interesting, the adjudin-induced
disappearance of Eps8 and mis-localiza-
tion and/or truncation of Arp3 and dre-
brin E were also found to associate with
a loss of PARG * and 14-3-3 * proteins
at the apical ES. Earlier studies have also
demonstrated that PARG and 14-3-3 are
necessary to maintain proper endocytic
vesicle-mediated trafficking in Sertoli
cells at the basal ES since their knock-
down by RNAIi was found to induce an
acceleration of integral membrane protein
internalization.’>*¢ Taken collectively, we
speculate that the adjudin-induced loss
of PARG and 14-3-3 at the apical ES also
accelerates endocytic  vesicle-mediated
protein internalization, thereby further
destabilizing cell adhesion at the apical
ES. The net result of these changes leads
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to spermatid loss from the epithelium as
depicted in Figure 3.

Concluding Remarks
and Future Perspectives

The model depicted in Figure 3 sum-
marizes our latest findings regarding the
likely mechanism of action by which adju-
din induces spermatid loss from the semi-
niferous epithelium. Adjudin exerts its
effects by disrupting the highly restricted
temporal and spatial expression of actin
regulatory proteins: Eps8, Arp3 and dre-
brin E; as well as polarity proteins: PARG
and 14-3-3. While these two groups of
proteins are not thought to be physiologi-
cally related, adjudin somehow exerts its
effects via these two groups of proteins
as partners to modulate the most critical
component, namely the actin filament
bundles, at the apical ES. It is our belief
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that these findings not only provide the
mechanistic insights on the action of adju-
din in the seminiferous epithelium, they
will enhance our understanding in the
intricate interactions of polarity proteins
and actin binding/regulatory proteins,
and how these two seemingly unrelated
groups of proteins regulate spermato-
genesis, in particular spermiogenesis and
spermiation.’**®>” Furthermore, multiple
targets are revealed based on the infor-
mation depicted in Figure 3, which can
serve as candidates for male contraceptive
development.
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