© The American Society of Gene & Cell Therapy

no approved technologies for turning it off
should it prove deleterious.

In the study by Spencer et al., the target
of the human antibody fragment is an ab-
normal misfolded species, and the transport
component has been optimized to match a
normal human process. Any anti-idiotypic
response would be to the hypervariable re-
gion, which is unique to the antibody frag-
ment, limiting damage to only the novel
scFv fusion protein. Advantages to delivery
of the therapeutic as a protein include a po-
tentially shorter path to clinical trial approval
because there might be tighter control of the
final dosage, with brain levels to some extent
dependent on the status of the blood-brain
barrier, as noted above. Also, no further
product will be present once the adminis-
tered dose has been degraded in vivo. Data
on the effective or permissible range of dos-
ing for antibody fragments are not yet avail-
able. (In the cancer studies, the fragments are
generally conjugated to toxins so as to kill the
cells to which they bind, making those data
irrelevant to the questions here.) However,
the quantities of purified protein that would
be required for frequent infusions would be
substantial and costly, whereas a gene ther-
apy virus should need to be delivered only
once. Economic considerations of develop-
ment and administration of this class of bio-
logics are complex.

There will be an increasingly critical
need for therapeutics that can counteract
effects of dysregulated proteostasis for neu-
rological disorders in aging populations.’®
Spencer et al. offer insights into testing for
specific pathogenic species and proof of con-
cept for using a systemic delivery protocol of
a bispecific fusion engineered antibody frag-
ment to clear this species from the neuronal
vicinity. This can form the basis of future
neuroimmunotherapy approaches for mul-
tiple important diseases.
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Peptide Targeting of Mitochondria
Elicits Testosterone Formation

Michelangelo Campanella'~?

doi:10.1038/mt.2014.171

estosterone (T) is the principal sex

hormone responsible for growth and
development of the reproductive system in
male vertebrates.! It has historically received
much attention not only from the medical
and scientific communities* but also from
the general public, owing to its psycho-
logical and behavioral effects.’ T drives the
asymmetry of several biological processes
spanning virilization to anabolism, disease
prevention,' and aging.* In this issue of Mo-
lecular Therapy, Aghazadeh et al.® describe a
novel fusion peptide, TVS167, that can in-
duce T formation in rat testes and increase
its serum level as well as rescue its synthesis
in adult male rats exposed to antagonists of
the gonadotropin-releasing hormone, which
constitutes the initial step in the hypotha-
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lamic-pituitary-gonadal axis governing T
production. This peptide acts by exploiting
the interaction between the voltage-depen-
dent anion channel 1 (VDACI1) and the
18-kDa translocator protein (TSPO) within
the mitochondrial transduceosome, a mul-
ticomponent molecular machine that con-
trols lipid import and steroidogenesis. This
peptide reveals a regulatory mechanism
in the mitochondrial pathway of steroid
anabolism that could provide a new target
for therapeutic intervention (see model in
Figure 1).

T is produced in testicular Leydig cells,
but the molecular mechanisms underlying
this process remain unclear. Our poor un-
derstanding of the mechanisms governing
T production limits the design of agonistic
therapeutics, despite the pressing need to
treat patients affected by reduced serum T
levels. Conditions such as hypogonadism
or castration lead to health issues that go be-
yond infertility and include fatigue, depres-
sion, as well as decreased lean body mass
and bone mineral density. These clinical
manifestations also occur in aged subjects
for whom T availability is greatly limited."*”
Currently, interventions to restore T levels
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Optimization of TSPO-VDAC1 binding and mitochondrial steroidogenesis via the fusion peptideTVS167. (a) The mo-

lecular cooperation among the steroidogenic acute regulatory program (STAR), the voltage-dependent anion channel 1 (VDAC1), and the 18-kDa
translocator protein (TSPO) is core to the transduceosome complex and drives steroidogenesis. (b) During hormone stimulation, the mitochondrial
recruitment of 14-3-3¢ prevents the functional interaction between VDAC1 and TSPO, thereby perturbing steroidogenesis. (c) TAT-VDACT1 Ser167
(TVS167) prevents the interaction between 14-3-3e and VDACT, facilitating TSPO-VDACT binding and steroidogenesis. ANT, adenine nucleotide
translocase; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane.

are based on testosterone replacement ther-
apy (TRT),S a direct successor to the organ-
otherapy-based approach that originated
almost two centuries ago. In 1889, Charles-
Edouard Brown-Séquard announced that
he had rejuvenated after injecting himself
with testicular extracts from guinea pigs and
dogs, which he dubbed a “rejuvenating elix-
ir”® However, it was later shown that the self-
administered formulation contained little if
any androgen, and the effects were therefore
prevalently placebo-dependent.
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The interest in T encouraged chemists
to develop protocols to synthesize it in the
laboratory, for which the Nobel Prize was
awarded to Butenandt and Ruzicka in 1939.2
The availability of synthetic T enabled TRT
without the need to isolate it from animals
or tissues. Despite advancements in delivery
formulations, TRT is associated with many
side effects, warranting the development of
alternative therapeutic strategies.

Mitochondria are central to the health
of cells and tissues and act as decisional

“hubs” for cellular responses by integrating
different physiological and pathological in-
put signals.’ They are tightly linked to basic
energy-dependent functions as well as to
more specialized cellular activities, such as
maintenance of ion homeostasis, reactive
oxygen and nitrogen species signaling, and
apoptotic/necrotic cell death. They possess
the ability to fuse or divide, move along
microtubules and microfilaments, and un-
dergo active turnover as a consequence of
autophagy-related organelle quality control.
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Furthermore, they determine the quality
and pace of androgen formation.'

Surprisingly, steroidogenesis has re-
ceived relatively little attention compared
to the many other symbiotic, tissue-specific
functions performed by mitochondria. The
principal regulatory mechanism of steroid
hormone biosynthesis is the control of
transfer of cholesterol from the outer to in-
ner mitochondrial membrane. Hormonal
stimulation of steroidogenic cells promotes
this lipid import through a multiprotein
complex, termed the transduceosome,
spanning the two membranes. Choles-
terol is thereby trafficked from cytosolic
sources to be cleaved into pregnenolone by
the product of the CYPI1AI gene." This
gene encodes a member of the cytochrome
P450 superfamily, which catalyzes many
reactions involved in drug metabolism and
synthesis of cholesterol, steroids, and other
lipids. The CYP11A1 protein localizes to
the mitochondrial inner membrane and
catalyzes the first and rate-limiting step in
the synthesis of the steroid hormones.

The rate of cholesterol import
itself depends on the transduceosome,
which comprises cytosolic and outer
mitochondrial membrane-based proteins:
the hormone-induced steroidogenic acute
regulatory protein (STAR), the high-affinity
cholesterol-binding protein TSPO that con-
tains a cytosolic cholesterol 64 recognition/
interaction domain, and VDAC1."! A pre-
cise physical interaction between TSPO,
VDACI, and STAR is essential to the func-
tion of the transduceosome, and interfer-
ence in their homeostasis compromises the
synthesis of steroids and overall mitochon-
drial physiology.'> Aghazadeh et al. dem-
onstrate that the isoform € of the 14-3-3
family of adapter proteins, located in the
cytosol at resting conditions, is recruited
to mitochondria following cell stimulation
with human chorionic gonadotropin. This
leads to reduced cholesterol import due to
competition between 14-3-3 and TSPO for
binding to VDACI, which is dependent on
amino acid Ser167 of the latter. By fusing
part of HIV transcription factor 1 (TAT)
to the in silico-predicted 14-3-3e-binding
motif of VDACI, the authors created a
fluorescence-labeled TAT-VDACI Serl67
(TVS167) peptide that easily penetrates
cells and membranes and gives rise to
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effects on de novo synthesis or recovery of T
formation in vitro and in vivo. TVS167 acts
by limiting the interaction of the & isoform
of the 14-3-3 adapter protein with VDACI,
which increases the interaction between
VDACI and TSPO, which in turn results in
increased uptake of cholesterol and stimu-
lation of steroidogenesis.

Such a discovery primes mitochondria
as a therapeutic target site to treat T defi-
ciencies, as well as providing further insight
into the role of 14-3-3¢, as a scaffold protein
that regulates the interplay between core
components of the transduceosome during
steroidogenesis. Notably, TSPO, which is an
established biomarker in clinical diagnos-
tics," emerges as the downstream effector of
this cascade, because 19-Atriol—a chemical
blocker of its cholesterol-binding capac-
ity—abrogates the effects of TVS167. More-
over, the effects of TVS167 are independent
from the luteinizing hormone, which is a
major effector of the side effects of TRT,
thus implying a greater safety profile for
systemic use. TVS167 therefore represents
a promising lead agent for the development
of medical treatments of hypogonadism or
conditions currently treated with the exog-
enous administration of T. The high degree
of cross-species homology of both 14-3-3¢
and VDACI, which are the molecular tar-
gets for TVS167, provides hope for its pos-
sible efficacy in humans.

TVS167 applications could also be ex-
tended to aging subjects whose health and
quality of life is jeopardized by T deficiency.
The age-related decline of the endocrine
system, known as endocrinosenescence,
notably affects the production of sex ste-
roids with an increased production of in-
flammatory cytokines that contribute to
chronic inflammation underlining cellular
and tissue senescence,' in which malfunc-
tioning mitochondria play an important
role. The mitochondrial theory of aging
entails progressive oxidative damage to mi-
tochondrial DNA that results in dysregula-
tion of cell and organ function leading to
overall system decline.'” The mitochondrial
DNA mutations that have been reported are
likely to underlie loss of function in the tes-
tis, but this as yet remains poorly defined.
TVS167 could therefore represent a thera-
peutic aid for this as well as a much-needed
tool to study this aspect of senescence.
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In summary, the identification of the
lead peptide TVS167 brings to light a criti-
cal step in androgen biosynthesis focused on
a functional interplay between TSPO and
VDACI. It further established a possible
curative strategy to advance an organelle-
targeted therapy for androgen equilibrium.
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