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Low testosterone (T), a major cause of male hypogonad-
ism and infertility, is linked to mood changes, fatigue, 
osteoporosis, reduced bone-mass index, and aging. The 
treatment of choice, T replacement therapy, has been 
linked with increased risk for prostate cancer and lutein-
izing hormone (LH) suppression, and shown to lead to 
infertility, cardiovascular diseases, and obesity. Alternate 
methods to induce T with lower side effects are desir-
able. In search of the mechanisms regulating T synthesis 
in the testes, we identified the 14-3-3ε protein adaptor 
as a negative regulator of steroidogenesis. Steroido-
genesis begins in mitochondria. 14-3-3ε interacts with 
the outer mitochondrial membrane voltage-dependent 
anion channel (VDAC1) protein, forming a scaffold that 
limits the availability of cholesterol for steroidogenesis. 
We report the development of a tool able to induce 
endogenous T formation. Peptides able to penetrate tes-
tes conjugated to 14-3-3ε site of interaction with VDAC1 
blocked 14-3-3ε-VDAC1 interactions while at the same 
time increased VDAC1-translocator protein (18 kDa) 
interactions that induced steroid formation in rat tes-
tes, leading to increased serum T levels. These peptides 
rescued intratesticular and serum T formation in adult 
male rats treated with gonadotropin-releasing hormone 
antagonist, which dampened LH and T production.

Received 31 January 2014; accepted 16 June 2014; advance online  
publication 22 July 2014. doi:10.1038/mt.2014.116

INTRODUCTION
Reduced serum testosterone (T) is common among subfertile 
and infertile young men, including most men diagnosed with 
idiopathic infertility. Reduced T is also common in aging men, 
with T levels declining at age 40 and been low in the majority of 
men older than 60.1,2 Reduced T is often associated with mood 
changes, fatigue, depression, decreased lean body mass, reduced 
bone mineral density, increased visceral fat, metabolic syndrome, 

decreased libido, and reduced sexual function.1,3 T replacement 
therapy (TRT) is used clinically to restore T levels. TRT can treat 
symptoms associated with low T.2,4,5 However, TRT may increase 
the risk and aggressiveness of prostate cancer,2,6,7 augment the 
incidence of adverse cardiovascular events, favor obesity and 
depression and even increase the rate of mortality in patients.3,4,8,9 
Therefore is not recommended for patients at high risk of such 
diseases. Moreover, long-term TRT can suppress luteinizing hor-
mone (LH) production, making this approach inappropriate for 
men who wish to have children. Fluctuating T levels, skin irrita-
tion, and T transfer to others through skin contact are additional 
disadvantages of TRT.10 The molecular mechanisms that govern 
androgen formation in testicular Leydig cells remain unclear. 
Identification of these mechanisms will facilitate the development 
of new approaches for inducing endogenous T synthesis voiding 
exogenous T treatment.

T production is regulated by LH and its secondary mes-
senger, cyclic adenosine monophosphate (cAMP). Cholesterol 
import from cytosolic sources into mitochondria is a hormone-
sensitive and rate-limiting step of steroidogenesis. Cholesterol is 
cleaved into pregnenolone by CYP11A1 in mitochondria, and 
steroidogenesis begins. Cholesterol import into mitochondria 
is mediated by a hormone-induced multiprotein complex called 
the transduceosome, which is composed of cytosolic and outer 
mitochondrial membrane (OMM) proteins that control the rate 
of cholesterol entry into the OMM.11 These proteins include the 
cytosolic mitochondria-targeted, hormone-induced steroido-
genic acute regulatory protein (STAR),12 the OMM high-affinity 
cholesterol-binding protein translocator protein (TSPO),13 which 
contains a cholesterol recognition/interaction amino acid consen-
sus (CRAC),14 and the OMM voltage-dependent anion channel 
protein (VDAC1).14,15 Recent studies shed light on the importance 
of interactions between STAR, TSPO, and VDAC1, suggesting 
that cholesterol import into mitochondria relies on the function 
and physical interactions between components of the transduceo-
some.16–18 The nature and dynamics of transduceosome protein–
protein interactions remain unknown.
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The 14-3-3 family of adaptor proteins were recently shown 
to have binding motifs on important functional sites on STAR, 
TSPO, and VDAC1 and 14-3-3γ was identified as a regulator of 
STAR activity.19 However, this hormone-induced 14-3-3 isoform 
was shown to function in a transient manner at the initiation of 
steroidogenesis, to delay the maximum STAR activity. Indeed, 
the function of 14-3-3γ is terminated as it dissociates from STAR, 
allowing for maximal steroid production. In these studies, the lev-
els of the 14-3-3 family ε isoform, were found to be increased in 
Leydig cell mitochondria during steroidogenesis.19 This isoform 

mediates in a tissue/target-specific manner, cell functions such as 
neural development,20 adipocyte differentiation,21 protein traffick-
ing, cell cycle, apoptosis,22 and cell signaling.23 Levels of 14-3-3ε, 
formerly known as mitochondrial import stimulating factor,24 are 
also high in human testes (http://biogps.org), but its function in 
this tissue is unknown. Herein, we report that 14-3-3ε serves as a 
scaffold protein regulating interactions between the transduceo-
some proteins, resulting in T formation. Pharmacological manip-
ulation of these interactions leads to in vivo LH-independent 
T formation.

Figure 1  14-3-3ε is a negative regulator of steroidogenesis. (a) Immunocytochemistry indicates that 14-3-3ε is present in MA-10 cells (green) and 
that this protein partially localizes with mitochondria (red). MA-10 nucleus is shown in blue. (b) Immunoblot results of MA-10 cells stimulated with 
8-Br-cAMP for indicated time points show 14-3-3ε expression and quantification relative to GAPDH control protein. (c) Immunoblot analysis indicat-
ing the levels of 14-3-3ε protein compared to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in MA-10 cells in the absence of siRNA (mock), 
transfected with scrambled or HPRT siRNA as negative and positive control, respectively, or transfected with a mixture of 14-3-3ε specific siRNA at 
different concentrations (20, 10, or 5 nmol/l). (d) MA-10 cells were transfected with 10 nmol/l 14-3-3ε siRNA and further stimulated with 8-Br-cAMP 
for 0, 30, 60, and 120 minutes, and progesterone levels were measured at each time point. *P < 0.05; **P < 0.01; ***P < 0.001.
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RESULTS
14-3-3ε negatively regulates steroidogenesis
The hormone-responsive MA-10 mouse Leydig tumor cells 
were used to study the role of 14-3-3ε in steroidogenesis. 
Immunocytochemistry indicated that 14-3-3ε was present and 
partially colocalized with mitochondria in MA-10 mouse tumor 
Leydig cells (Figure 1a). Immunoblot analysis indicated that 

the cAMP analog 8-Bromo-cAMP (8-Br-cAMP), which triggers 
maximal steroidogenesis, did not alter 14-3-3ε levels in MA-10 
cells after 120 minutes of treatment, which is a time point at which 
the increase in the rate of steroidogenesis is highest (Figure 1b), 
However, Blue-Native polyacrylamide gel electrophoresis fol-
lowed by immunoblot of isolated mitochondrial complexes from 
hormone-treated MA-10 cells showed a fivefold induction in 

Figure 2 TSPO, STAR, and voltage-dependent anion channel (VDAC1) are targets of 14-3-3ε. (a–d) In cell immunoprecipitation (Duolink technol-
ogy) indicates the dynamics of the interactions between 14-3-3ε with TSPO, STAR, and VDAC1. Images show the cell nucleus (blue), mitochondria 
(green), and endogenous protein–protein interactions (red) between 14-3-3ε-TSPO (a), 14-3-3ε-STAR (b), and 14-3-3ε-VDAC1 (c) the background 
signal (d) of the Duolink assay in MA-10 cells, and the merge of the three previous columns (e–g).
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14-3-3ε levels compared to control; a finding confirmed by mass 
spectrometry of the isolated protein complexes.19

To understand the physiological role of 14-3-3ε in steroido-
genesis, 14-3-3ε was knocked down with specific small inter-
fering RNA (siRNA) (Supplementary Figure S1). Scrambled 

and hypoxanthine-guanine phosphoribosyl transferase (HPRT) 
siRNAs served as negative and positive controls, respectively. 
MA-10 cells were transfected with 5, 10, or 20 nmol/l siRNA 
to optimize knockdown (K/D). Ultimately, 10 nmol/l siRNA 
achieved 55–75% K/D of 14-3-3ε and was selected for transfection 
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(Figure 1c). After transfecting 14-3-3ε siRNA, cells were treated 
with 8-Br-cAMP. Media were collected, and progesterone pro-
duction was measured by radioimmunoassay. Treatment with 
8-Br-cAMP for 120 minutes increased progesterone formation by 
threefold in cells with 14-3-3ε K/D compared to controls, suggest-
ing that 14-3-3ε negatively regulated steroidogenesis (Figure 1d). 
These results suggest that, unlike 14-3-3γ, 14-3-3ε levels are not 
induced by hormone treatment and this protein may act as a nega-
tive regulator, blocking maximal steroid formation.

Identification of targets of 14-3-3ε negative 
regulation
In silico analysis of mouse TSPO, VDAC1, and STAR confirmed 
14-3-3 binding motifs (mode I, RSXpSXP; mode II: RXXXpSXP) 
on TSPO adjacent to the CRAC domain,19,25 on VDAC1 at its 
dimerization and lateral sites,26 and on STAR at its cleavage and 
activation sites12 (Supplementary Figure S2a). All motifs varied 
by one to two amino acids from the classic 14-3-3 motif, leading to 
high affinity but transient binding to 14-3-3 proteins.27 To identify 
isoform-specific targets of 14-3-3ε, in vitro coimmunoprecipita-
tion (co-IP) was performed using magnetic beads coupled with 
14-3-3ε isoform-specific anti-sera28 (Supplementary Figure S2b). 
MA-10 cells were treated with 8-Br-cAMP. Transient interactions 
between 14-3-3ε and target proteins27 were strengthened by cross-
linking with photo-activatable amino acids and ultraviolet (UV) 
light. Protein lysates precipitated with 14-3-3ε anti-sera were sep-
arated by sodium dodecyl sulfate–polyacrylamide gel electropho-
resis, and interactions of 14-3-3ε with TSPO, STAR, and VDAC1 
were assessed. Dimerization of 14-3-3ε was reduced by 8-Br-cAMP 
and reached a minimum after 120 minutes. Interactions between 
14-3-3ε and TSPO were triggered by 8-Br-cAMP but were not 
time-dependent. In contrast, interactions between 14-3-3ε and 
STAR or VDAC1 peaked after 15–30 and 120 minutes, respec-
tively (Supplementary Figure S2b). Co-IP did not appear to be 
sufficiently sensitive to capture 14-3-3ε targets, therefore, in cell 
IP29 was performed. Interactions between 14-3-3ε and TSPO were 
triggered within 15 minutes of 8-Br-cAMP treatment and were 
maintained (Figure 2a,e). Interactions between 14-3-3ε and STAR 
increased at earlier time points but decreased after 120 minutes 
of 8-Br-cAMP treatment (Figure 2b,f). This pattern was opposite 
to that observed for 14-3-3ε and VDAC1, as these proteins had 
reduced interactions at earlier treatment times and significantly 
increased interactions at 120 minutes (Figure 2c,g). Interestingly, 
the negative regulatory function of 14-3-3ε in steroidogenesis was 
also observed at 120 minutes. Thus, VDAC1 appears to be a 14-3-
3ε target and mediator of 14-3-3ε effects. The background signal 
is shown in Figure 2d.

Identification and manipulation of 14-3-3ε—VDAC1 
interactions
To identify the 14-3-3ε-specific site of interaction with VDAC1, 
part of HIV transcription factor 1 (TAT) was fused with each 
of the in silico-predicted 14-3-3-binding motifs on VDAC1 to 
create TAT-VDAC1 Ser35 (TVS35) and TAT-VDAC1 Ser167 
(TVS167) (Supplementary Figure S3a). The TAT sequence eas-
ily penetrates the cell membrane30 and shuttles the conjugated 
peptide. Serine residues are important for 14-3-3 binding23 and 
were mutated to create TAT-VDAC1 Gly35 (TVG35) and TAT-
VDAC1 Gly167 (TVG167) control peptides. TVS167 was fluo-
rescently labeled. Confocal microscopy indicated that 250 nmol/l 
TVS167 penetrated into all of the MA-10 cells within 90 minutes 
(Supplementary Figure S3b). MA-10 cells were then incubated 
in media with TV peptides. Maximal l4-3-3ε-VDAC1 interactions 
were induced by 120 minutes of 8-Br-cAMP treatment. Cells were 
fixed, and in cell IP studies were performed to measure interac-
tions between 14-3-3ε and endogenous VDAC1 in the presence 
of each peptide. TVS35 and TVS167 competed with VDAC1 
for binding 14-3-3ε, resulting in reduced interactions between 
endogenous 14-3-3ε and VDAC1 (Figure 3a,b). TVG35 also 
interacted with 14-3-3ε. However, TVG167-14-3-3ε interactions 
were much lower, allowing endogenous VDAC1 and 14-3-3ε to 
interact (Figure 3a,b).

Disruption of 14-3-3ε-VDAC1 interaction at S167, but not 
S35, induced steroid formation similar to that observed by 14-3-
3ε K/D (Figure 3c). The interactions between 14-3-3ε-STAR and 
TSPO-VDAC1 were measured in the presence of TVS167 and 
8-Br-cAMP. Disruption of VDAC1-14-3-3ε interaction inhibited 
binding of STAR to 14-3-3ε (Figure 3d,e), suggesting that VDAC1 
and STAR interact with 14-3-3ε at the same site, explaining the 
opposite patterns of interactions between these proteins and 14-3-
3ε (Figure 2b,c,f,g). Interestingly, TSPO-VDAC1 interactions 
were increased in the presence of TVS167. These data suggest 
that the 14-3-3ε scaffold intercalates between TSPO and VDAC1, 
blocking interactions that mediate cholesterol import across the 
OMM. Therefore, 14-3-3ε buffers cholesterol import to mito-
chondria (Figure 3f,g). TVS167 increased interactions between 
14-3-3ε and TSPO by 1.6-fold (Figure 3h,i). Cholesterol bind-
ing to TSPO was blocked with 19-Atriol, a drug that targets the 
CRAC domain and decreases steroidogenesis.31 The stimulatory 
effect of TVS167 was blocked by 19-Atriol, suggesting that inter-
actions between 14-3-3ε and TSPO affected cholesterol binding 
to TSPO (Figure 3j). The binding of PK 11195, the most promi-
nent TSPO drug ligand,32 was altered showing increased affinity 
and reduced binding capacity (Supplementary Figure S4). Thus, 
14-3-3ε appears to regulate the microenvironment of TSPO. 

Figure 3 Blocking the interaction between 14-3-3ε and voltage-dependent anion channel (VDAC1) negates the regulatory role of 14-3-3ε 
in steroidogenesis. (a,b) The Duolink assay was performed to measure protein–protein interactions between 14-3-3ε and endogenous VDAC1 in 
untreated MA-10 cells (control) or cells treated with the TVS35, TVG35, TVS167, or TVS167 peptides, after 8-Br-cAMP (120 minutes) treatment, 
which induces maximum 14-3-3ε-VDAC1 interaction (red). Staining of nucleus (blue) and mitochondrial (green) are also shown. (c) Progesterone 
levels in control MA-10 cells or cells treated with TVS35, TVS167, or TVS167 were measured after 8-Br-cAMP (120 minutes) treatment. Levels of 
progesterone were normalized to protein content and further compared to the levels in control cells, as fold increase. (d–g,i,j) The impact of block-
ing interactions between 14-3-3ε-VDAC1 on other transduceosome protein–protein interactions was studied in the presence of TVS167. MA-10 cells 
were treated with TVS167 and 8-Br-cAMP (120 minutes). The interactions between 14-3-3ε-STAR (d,e), TSPO-VDAC1 (f,g), and 14-3-3ε-TSPO (h,i) 
were measured, as endogenous protein–protein interactions. Histograms show the sum of protein–protein interactions in Z-stacks as signal/cell ratio. 
(j) The physiological impact of the increase in 14-3-3ε-TSPO interactions on cholesterol binding to TSPO was studied. Progesterone levels in control 
(untreated), TVS167-treated, and combination 19-Atriol/TVS167-treated MA-10 cells were measured after 8-Br-cAMP stimulation (120 minutes).
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Therefore, the interaction between 14-3-3ε and TSPO is critical 
for steroidogenesis.

TV peptides penetrate rat testes and induce 
T production ex vivo and in vivo in an LH-independent 
manner
Testes from adult Sprague-Dawley rats were collected and cultured 
ex vivo to assess the potential of the TAT-VDAC1 fusion (TV) 
peptides to penetrate the testes and induce Leydig cell androgen 
formation. Testes were maintained in media with 250 nmol/l TV 
peptides for 90 minutes followed by treatment with or without 
hCG for 120 minutes. TV peptides penetrated the rat testes, and 
TVS167 treatment induced T production (Figure 4a). Interestingly, 
testes treated with TVS167 produced significantly more T than 
hCG-treated controls. Rats were then injected in one testis with 
water, 150 ng TVG167, or 15, 150, 300, or 1,500 ng TVS167. The 
contralateral testis was used as a control. Blood and testes were 
collected 2 hours after injection, and T levels were measured in 
the intratesticular fluid and serum by radioimmunoassay. T levels 
increased in a dose-dependent manner in testes treated with TV 
peptides, whereas the contralateral testes of the same animals used 
as control, had reduced T levels. This trend began at 300 ng dose 
and reached significance with 1,500 ng TVS167, suggesting that 
LH negative feedback is triggered at these doses (Supplementary 
Figure S5a). Therefore LH levels were measured, showing that 
in the presence of 300–1,500 ng TVS167 increased T production 

led to the suppression of circulating LH levels (Supplementary 
Figure S5b). Thus, 150 ng TVS167, the highest dose that does 
not affect LH levels was further used. To induce and maintain T 
production over longer periods of time, a 150-ng bolus of T was 
injected into one testis of each rat. Alzet mini-osmotic pumps 
containing water (TV peptide diluent), TVG167, or TVS167 were 
surgically implanted in the abdomen and directed to the injected 
testis with a small catheter. The contralateral testis served as a con-
trol. Pumps released 75 ng TVS/G167 (250 nmol/l) over 24 hours. 
T levels in interstitial fluid and serum and also circulating LH lev-
els were measured. Animals treated with TVS167 had significantly 
higher levels of T in interstitial fluid and serum, whereas LH levels 
were significantly reduced compared to controls (Figure 4b–d). In 
vivo VDAC1-14-3-3ε interactions were studied through in cell IP 
in the testes of control and rats implanted with water- or TVS167-
releasing pumps. TVS167 treatment blocked 14-3-3ε-VDAC1 
interactions (Figure 4e). No morphological differences were seen 
between rat testis from controls or from animals implanted with 
water or TVS167-releasing pumps (Supplementary Figure S6).

The in vivo induction of T by TVS167 is 
LH-independent
We examined if TVS167 triggers T production in animals with 
very low LH levels. The gonadotropin-releasing hormone antago-
nist Cetrorelix was intraperitoneally (i.p.) injected into 60–64-day-
old rats at 0.4 mg/day for 4 days as previously described.33 T levels 

Figure 4 TVS167 administration modulates in vivo T production. (a) Testes dissected from adult Sprague-Dawley rats were cultured in media sup-
plemented with or without TVG167 or TVS167 and/or hCG (120 minutes). T levels were measured. (b–d) Adult Sprague-Dawley rats were injected 
in one testis with water or 150 ng TVG167 or TVS167. A pump releasing H2O, 75 ng/24 hours TVG167, or 75 ng/24 hours TVS167 was connected to 
the injected testis. Animals were dissected after 24 hours. Intratesticular T levels were measured in treated and control testes (b). Serum T levels (c) 
and serum LH levels (d) were also measured. (e) Duolink assay was performed on the testes sections. Immunofluorescence images show the merge of 
nucleus channel (blue) and protein–protein interaction channel (red) indicating that in the presence of TVS167 peptide, the interactions of 14-3-3ε 
and VDAC1 in rat testes are removed.
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were completely suppressed in the testes and serum 4 days after 
injection (Figure 5a,b; no pump). Next, Cetrorelix was injected 
i.p. for 0–4 days while on day 3 animals were injected in one testis 
with 150 ng TVS167 and implanted with TVS167-releasing pump. 
Animals were sacrificed after 24 hours. T levels increased by 12-, 
8-, or 20-fold, respectively, in testes connected to a TVS167 pump, 
testes not connected to a pump (due to diffusion) and in both tes-
tes together (Figure 5a +, −, total). TVS167 treatment increased 
circulating T by fivefold (Figure 5b).

To further assess the link between VDAC1 and TSPO function 
in vivo, the acute effect of TVS167 was compared to that of a the 
well characterized high affinity TSPO drug ligand, N,N-dihexyl-
2-(4-fluorophenyl)indole-3-acetamide (FGIN-1–27),34 in the 
absence of LH signaling. Sprague-Dawley rats of 68–72 days old 
were given an i.p. injected of either H2O or 0.4 mg Cetrorelix for 
0–4 days. On day 4, a bolus intratesticular injection of 8.5 μg FGIN-
1–27 or its solvent (control) was given to one testis per animal. To 
assess the acute effect of this TSPO drug ligand on steroidogen-
esis, intratesticular and circulating T levels were measured after 
2 hours. The results obtained showed a significant increase in 
intratesticular T levels in both control and Cetrorelix-treated rats 

(Figure 5c), whereas plasma T levels were increased only in the 
Cetrorelix-treated animals (Figure 5d). It should be noted that a 2 
hours bolus intratesticular injection of TVS167 peptide to control 
Sprague-Dawley rats also resulted in an increase in circulating T 
levels (Supplementary Figure S5a).

Prediction of TVS167 binding to 14-3-3ε in different 
species
Sequence alignment showed high (>99%) homology between 
Mus musculus, Homo sapiens, and Rattus norvegicus 14-3-3ε 
and VDAC1 proteins. The VDAC1 14-3-3ε binding motif that 
contains S167 was conserved across species (Supplementary 
Figure S7). The three-dimensional (3-D) structures of human, 
mouse, and rat VDAC1 and 14-3-3ε were also highly conserved 
(Figure 6a). Protein–protein docking predicted the binding site 
of 14-3-3ε on VDAC1. Surface mapping of electrostatic potential 
in 14-3-3ε indicates that the VDAC1 binding site is involved in 
protein–protein interaction (Figure 6b). These data also indi-
cate that S167 is in the mitochondrial membrane suggesting that 
the interactions of 14-3-3ε with this residue might decrease the 
conductance of VDAC1 which in turn could affect cholesterol 

Figure 5 The effect of TVS167 in vivo is LH-independent. (a,b) Adult Sprague-Dawley rats were given i.p. injections of H2O or Cetrorelix (0.4 mg/
day). Animals were either dissected on day 4 (no pump) or treated with H2O (if given H2O i.p.) or TVS167 (if given Cetrorelix i.p.) through a bolus 
injection and pump installation to one testis and dissected 24 hours after pump installation. T levels in the intratesticular fluid (a) of testis connected 
to a pump (+), not connected to a pump (−), or both testes (no pump and Total) and in serum were measured (b). Adult Sprague-Dawley rats were 
injected i.p. with either H2O or Cetrorelix for 0–4 days and on day 4, one testis per animal was given a bolus injection of 8.5 μg FGIN-1–27 to induce 
acute steroidogenesis in the absence or presence of LH signaling. T levels in intratesticular (c) and plasma (d) were measured 2 hours postinjection, 
showing a significant increase.

100

a b

c d

H2O IP injection

H2O IP injection

Cetrorelix IP injectionCetrorelix IP injection

Cetrorelix

TVS167 pumb

H2O pumb

Te
st

os
te

ro
ne

 (
ng

/m
l)

Te
st

os
te

ro
ne

 (
ng

/m
l)

Te
st

os
te

ro
ne

 (
ng

/m
l)

Te
st

os
te

ro
ne

 (
ng

/m
l)

80

60

40
30

20

10

4

3

2

1

00

100

85

70
15

10

5

0

No pumb No pumb H2O pumb

H2O

Cetrorelix

H2O
2.5

2.0

1.5

1.0

0.5

0.0
Control FGIN-1-27 Control FGIN-1-27 Control FGIN-1-27 Control FGIN-1-27

No pumb TVS167 pumb

*

*

*

*

No pumb+ − + −Total Total

Molecular Therapy  vol. 22 no. 10 oct. 2014� 1785



© The American Society of Gene & Cell Therapy
14-3-3ε-VDAC1 Interactions in Androgen Formation

14-3-3ε-VDAC1 Interactions in Androgen Formation

transport. Molecular docking of 14-3-3ε with TVS167 shows the 
peptide binding within the binding groove with −5.9 kcal/mol 
affinity (Figure 6c) and to the right “shoulder” of the 14-3-3ε, 
the same site as VDAC1 binding site, with −5.8 kcal/mol affinity, 
(Figure 6d). Similar molecular docking studies indicated that if 
S167 is mutated to G, the TVG167 peptide falls out of the binding 
groove, indicating that the mutated peptide is not the favorable 
ligand of the protein (Figure 6e). As the most favorable binding 
site of 14-3-3 proteins to their targets occurs mostly at phosphory-
lated serine residues, docking studies were performed using the 
phosphorylated TVS167 peptide (Ph-S167) indicating that the top 
9 conformations are all within the binding groove, with –5.5 kcal/
mol affinity (Figure 6f). Therefore, the most favorable peptide 
ligand for 14-3-3ε is Ph-TVS167.

Specificity of TVS167 effects on testicular 
steroidogenesis
TAT peptides pass through all cell types,30 and 14-3-3ε is ubiq-
uitously expressed in mammalian tissues. However, expression 
levels and function of 14-3-3ε are tissue-specific. To gain insights 
into the effects of TVS167 in other steroid-synthesizing tissues, 
such as the adrenal gland, 14-3-3ε expression was studied in three 
mammalian species. Immunohistochemistry was performed on 

adult mouse testes and adrenals. Testicular interstitial cells were 
enriched with 14-3-3ε, whereas the levels and concentrations of 
14-3-3ε were lower in the steroidogenic adrenal cortex (Figure 
7a). In adult rats, levels of 14-3-3ε were significantly higher in 
testes than adrenals (Figure 7b). The effect of TVS167 on corti-
costerone production was examined in sera from rats implanted 
with TVS167-releasing pumps for 24 hours. Significantly higher 
intratesticular and circulating T levels were found compared to 
control rats implanted with water-releasing pumps (Figure 4d,e). 
Circulating corticosterone levels were not significantly changed 
by TVS167 (Figure 7c). Microarray data (http://biogps.org) indi-
cated that 14-3-3ε mRNA levels were higher in human testes than 
human adrenals (Figure 7d). Similar to MA-10 cells, human adre-
nocortical NCL-H295R cells were treated with or without TVS167 
followed by in cell IP to examine 14-3-3ε-VDAC1 interactions. 
Interactions between 14-3-3ε and VDAC1 were decreased by 
TVS167. However, this decrease was not significant, possibly 
because 14-3-3ε levels are lower in NCL-H295R cells (Figure 7e).

DISCUSSION
T contributes to quality-of-life and well-being.1,2,35 Male devel-
opment, virilization, sexual differentiation, and fertility rely 
on T production throughout life.2,36 A progressive decline in T 

Figure 6 Modeling the human voltage-dependent anion channel (VDAC1) 14-3-3ε motif containing S167. (a) Putative models 14-3-3ε and 
VDAC1 were mapped in indicated species showing a high degree of homology. (b) Macromolecular docking among two proteins. The docking site 
of 14-3-3ε in the VDAC1 structure in Mus musculus was predicted. TVS167 was shown to dock onto open and non-ligand-bound 14-3-3ε at the site 
to which VDAC1 also bound to this protein, suggesting that TV167 can block this interaction. Due to a high percentage of homology between the 
3-D structures of human 14-3-3ε and VDAC1, the same docking sites were predicted in these species. The ribbon representative of each protein 
and surface mapping of electrostatic potential of mouse 14-3-3ε are shown. The red, blue, and white on the molecular surface are corresponding to 
negative, positive, and neutral charged regions, respectively. (c,d) The molecular docking studies show TVS167 targets the 14-3-3ε binding groove 
as well as the right shoulder that interacts with VDAC1(6b). (e) Mutation of S167 to G167 removes the ability of the TV peptide to dock outside the 
binding groove. (f) The phosphorylated TVS167 docked within the binding groove.
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begins at age 40 (andropause) and continues in aging males.1,35 
This decline is due in part to an age-related reduction in ste-
roidogenesis by testicular Leydig cells, i.e., primary hypogonad-
ism.37 A low level of T has been linked with several chronic and 
life-threatening diseases and is also a major cause of male infer-
tility.2,5,6 TRT shows clinical benefit in patients with andropause 

in order to ameliorate muscle mass and strength, bone density, 
libido and quality of erection. However, TRT is not recom-
mended for patients with non-treated or at high risk of pros-
tate cancer, breast cancer, sleep apnea, infertility, cardiovascular 
problems, and hematocrit over 50%.1,6,8,35,38 Therefore, alterna-
tive therapies with fewer side effects are needed. We examined 

Figure 7 Comparison of 14-3-3ε protein profile in adrenal gland versus testis. (a) Immunofluorescence images illustrates the nucleus (blue) and 
14-3-3ε expression (green) in sections of adult mice adrenal gland and testes indicating higher levels of protein expression in interstitial cells of testes 
compared to adrenal glands. (b) Immunoblot analysis shows that the expression levels of 14-3-3ε compared to GAPDH are significantly higher in 
protein lysate extracted from interstitial testes compared of adrenal glands of adult rats. (c) Adult rats were implanted with H2O and TVS167 releasing 
pumps abdominally, this pump was directed to one testis and induces T levels in rat testes and plasma (Figure 4d–f). Corticosterone levels produced 
by the adrenal gland cortex were measured in these rats indicating insignificant changes compared to control. (d) Public microarray data compar-
ing mRNA levels of 14-3-3ε in human tissues indicates higher mRNA in human interstitial cells compared to adrenal gland. (e) Duolink assay was 
performed to study the protein–protein interactions between 14-3-3ε and voltage-dependent anion channel (VDAC1) in NCL-H296R human adre-
nocortical cell line. Immunofluorescence images illustrate the nucleus (blue), mitochondria (green), and protein–protein interactions (red) indicating 
that the protein–protein interaction signal is not as high as in MA-10 cells and rat testes sections and that despite a decrease in the interactions of 
14-3-3ε and VDAC1 in these cells in the presence of TVS167, this effect is not significant.
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endogenous mechanisms to develop an approach to induce ste-
roid formation, ideally in an LH-independent manner.

The transduceosome mediates the rate-limiting step of ste-
roidogenesis, which is cholesterol import from the cytosol to the 
mitochondria.11,16 Defects in aging Leydig cells involve this rate-
limiting step.39 We speculated that a scaffold protein at the OMM 
allows spatial and temporal regulation of protein–protein inter-
actions, leading to cholesterol import and steroid formation. We 
previously reported that 14-3-3ε is present in the mitochondria of 
steroidogenic cells.19 Induction of steroidogenesis triggered move-
ment of 14-3-3ε from the cytosol to the OMM. K/D studies indi-
cated that 14-3-3ε is a negative regulator of steroidogenesis and a 
potential target for inducing T biosynthesis. 14-3-3ε is primarily 
in the cytosol associated with STAR at the beginning of steroido-
genesis. VDAC1 then competes with STAR to bind to 14-3-3ε. This 
promotes relocalization of 14-3-3ε to mitochondria and intercala-
tion between TSPO and VDAC1, resulting in reduced cholesterol 
import into mitochondria. We believe that competition between 
STAR and VDAC1 for 14-3-3ε binding balances the interactions 
between TSPO and 14-3-3ε. Disruption of this balance affects 
the TSPO microenvironment, which disrupts the binding of cho-
lesterol to this protein. Negative regulation by 14-3-3ε occurs in 
response to interactions with VDAC1. S167 on VDAC1 was the 
critical amino acid for these interactions. Analyses of in cell pro-
tein–protein interactions indicated that TVS167 competed with 
endogenous VDAC1 to reduce interactions with 14-3-3ε, lead-
ing to increased steroidogenesis. Consequently, serum levels of T 
were elevated. However, this increase was not as pronounced as 
that observed in testes. Thus, this approach did not jeopardize the 
ability of testes to retain T and allowed a controlled amount of T 
to be released into circulation.

Gonadotropin-releasing hormone antagonists induce chemi-
cal castration by removing LH signaling and blocking T produc-
tion. Cetrorelix blocked LH release and T production in adult rats. 
Testicular infusion of TVS167 to the testes of Cetrorelix-treated 
rats increased T by 20-fold despite a lack of LH. Thus, protein–
protein interactions are critical for the production of T by Leydig 
cells in the absence of LH. These results suggest that TVS167 is 
a potential therapy for treating primary hypogonadism and for 
maintaining physiological T levels during situations, such as 
aging, without requiring exogenous administration of T.

The data presented point to TSPO as the downstream target 
of the 14-3-3ε-VDAC interactions mediating cholesterol delivery 
into mitochondria for steroidogenesis. Indeed, TVS167 affected 
the 14-3-3ε-TSPO interactions, increased the TSPO drug ligand 
affinity while reducing its binding capacity, and the stimulatory 
effect of TVS167 on steroid formation was blocked by 19-Atriol, 
a drug blocking cholesterol binding to TSPO. Moreover, FGIN-
1–27, a high affinity TSPO drug ligand induced acute T forma-
tion in vivo both in control and Cetrorelix-treated rats, although 
to a lesser extent than TVS167, in agreement with recent find-
ings in aged Brown-Norway rat Leydig cells, a model of male 
hypogonadism.40

Although the signal transduction mechanisms mediating 
the effect of LH on Leydig cell steroidogenesis are well known, 
this work suggests that alternative mechanisms via intracellular 
peptide mediators may be involved in the production of T. The 

presence of such natural intracellular peptides able to regulate 
protein–protein interactions and cell signal transduction was 
recently demonstrated.41,42

Homo sapiens, Mus musculus, and Rattus norvegicus 14-3-3ε 
and VDAC1 proteins showed high degrees of homology. In addi-
tion, the VDAC1 14-3-3ε binding motif that contains S167 had a 
100% across-species homology. Thus, it is highly probable that the 
bioactive peptides that we developed will also induce T forma-
tion in humans. In fact, surface mapping of 14-3-3ε indicated that 
TVS167 binds to the open structure of 14-3-3ε and blocks dock-
ing of 14-3-3ε to VDAC1 in all species.

The adrenal is second only to the gonads as a major site of 
steroid synthesis. Although these tissues share common signal-
ing mechanisms for regulating steroid formation, there are some 
differences. For example, different lipoproteins supply cholesterol 
for steroidogenesis, and the adrenal has a rapid stress response to 
hormones.43 Tissue-specific roles of 14-3-3ε are well-established,  
14-3-3ε levels were much lower in the adrenals than in the testes. 
In addition, interactions between 14-3-3ε and VDAC1 were lower 
in human adrenocortical cells compared to testes. Moreover, 
TVS167 significantly increased circulating T levels in rats but 
failed to induce corticosteroid levels. These results demonstrate 
the specificity of TVS167 for maintaining testicular function and 
T formation without affecting the adrenal steroidogenesis.

Taken together, the results presented herein not only unveiled 
a novel mechanism regulating androgen biosynthesis but also 
identified a novel therapeutic target which upon activation allows 
for the recovery of the ability of the testis to form androgens. 
Thus, the identified lead peptide TVS167 offers a new potential 
means for treating primary hypogonadism and for maintaining 
physiological T levels when needed, without requiring exogenous 
administration of T. Considering that in addition to androgens, 
the testis makes a number of other physiologically important ste-
roids, it is obvious that activating the endogenous mechanism of 
steroid production in testis may offer additional benefits to the 
administration of a testosterone analog.

Materials and methods
Cell culture, treatments, and steroid measurement. MA-10 mouse Leydig 
tumor cells (kindly provided by Dr M Ascoli, University of Iowa, Ames, 
IA) were maintained in Dulbecco’s modified Eagle’s medium/Ham’s nutri-
ent mixture F12 (Gibco, Burlington, ON) supplemented with 5% fetal 
bovine serum, 2.5% hoarse serum, and 1% penicillin and streptomycin 
at 37 °C, and 3.7% CO2. Cells were incubated in serum-free cell culture 
media supplemented with 1 mmol/l 8-Bromo-cAMP (Enzo Biosciences, 
Farmingdale, NY) or 1.36 μmol/l (50 ng/ml) hCG (kindly provided by Dr 
AF Parlow, the National Hormone & Peptide Program, Harbor-UCLA 
Medical Center, Los Angeles, CA) for 15, 30, 60, and 120 minutes or as 
indicated. Human NCL-H295R cells (kindly provided by Dr William E 
Rainey, Department of Physiology, Medical College of Georgia, Augusta, 
GA) were maintained in Dulbecco’s modified Eagle’s medium/F12 media 
supplemented with 2.5% Ultroser G (Pall Biospera, Mississauga, ON), 1% 
penicillin/streptomycin (Invitrogen, Carlsbad, CA), and 1% ITS+ Premix 
(BD Biosciences, Franklin Lakes, NJ) in a humidified chamber at 37 °C 
and 5% CO2.

Experiments involving the TV peptides included 1 × 103 MA-10 or 
NCL-H295R cells, which were initially cultured for 24 hours. Serum-free 
media were supplemented with 250 nmol/l TV fusion peptides, and cells 
were incubated for 90 minutes after optimization. For the experiments 
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with 19-Atriol, 1 × 103 MA-10 cells were cultured for 24 hours. Serum-free 
media were supplemented with 10 µmol/l 19-Atriol and, and cells were 
treated for 120 minutes.39

In the siRNA transfection studies, 4 × 105 MA-10 cells were plated in 
gelatin-coated 100-mm cell culture dishes and incubated for 24 hours. 
Cells were transfected with 5, 10, or 20 nmol/l of a mixture of three 
predesigned siRNA (IDT, San Jose, CA) sequences (Supplementary 
Figure S1) using Lipofectamine RNAiMAX (Invitrogen) and Opti-
MEM transfection medium. Dulbecco’s modified Eagle’s medium/F12 
culture media without antibiotics was added to reach 5 ml for the 72-hour 
incubation period. HPRT siRNA and scrambled siRNA were transfected 
at 10 nmol/l each and served as positive and negative control, respectively 
(IDT). The optimum concentration of 14-3-3ε siRNA, which was used for 
further studies, was 10 nmol/l siRNA (Supplementary Figure S1), which 
achieved 55–75% K/D (Supplementary Figure S1).

Progesterone or testosterone levels were measured with specific 
radioimmunoassays in triplicate using commercial anti-sera from rabbit 
and sheep, respectively (MP Biomedicals, Santa Ana, CA). Protein levels 
in MA-10 cell lysates were determined with the Bradford dye assay (Bio-
Rad, Hercules, CA). LH and corticosterone levels were measured with rat-
specific ELISA kits (CUSABIO, Wuhan, China).

Animals studies. Animals were handled according to protocols approved 
by the McGill University Animal Care and Use Committees. Sixty- to 
64-day-old male Sprague-Dawley rats were purchased from Charles River, 
Senneville, QC. Rats were provided standard diets and tap water ad libi-
tum and were maintained in controlled conditions (24 °C, 12-hour light, 
12-hour dark schedule). Animals were euthanized, and the testes were 
either immediately used for organ culture or intratesticular fluid collec-
tion, or testes and adrenal glands were snap-frozen for sectioning. Bolus 
injections with water or indicated doses of TV peptides were performed 
after administering isofluorane anesthesia. Rats were injected with either 
water or the indicated dose of TV fusion peptide. When FGIN-1–27 
(Sigma-Aldrich, St Louis, MO) was used, 8.5 μg in 50 µl (390 µmol/l) of 
the compound in 1% dimethyl sulfoxide solution containing Tween-20 
was injected into one of the testes of 68–72-day-old Sprague-Dawley rats. 
Animals were incubated in standard conditions for 2 hours. Surgeries were 
performed on 60- to 64-day-old rats bolus injection of water or TV pep-
tides. Alzet mini-osmotic pumps releasing 75 ng of filled with water or a 
TV peptide or water over a course of 24 hours was surgically implanted 
in the abdomen. The pumps were connected to a polyethylene catheter 
tubing (Alzet) and directed to the injected testis. The pump released 75 ng 
TV peptide to the testis over a course of 24 hours at the rate of 1 μl/hour. 
Gonadotropin-releasing hormone antagonist, Cetrorelix (Sigma-Aldrich) 
was injected into 59-day-old rats i.p. at 0.4 mg/animal/day for 0–4 days.33 
Animal dissection was performed after CO2 anesthesia. Cardiac puncture 
was used for blood collection, and further centrifugation yielded serum 
separation. Testes were dissected and either decapsulated for intratesticu-
lar fluid collection or snap-frozen for sectioning.

Ex vivo organ culture.  Sixty- to 64-day-old Sprague-Dawley rats were dis-
sected. Testes were collected, weighed, and decapsulated. A gentle mechan-
ical disruption was performed, keeping the tubular structures intact. Testes 
were cultured in Dulbecco’s modified Eagle’s medium/F12 media with or 
without 250 nmol/l TV peptides and incubated for 90 minutes with or 
without 1.36 µmol/l hCG at 3.7% CO2 and 34 °C.

Immunocytochemistry and confocal microscopy.  MA-10 cells (2 × 104) 
were plated in 96-well glass-bottom dishes (Fluorodish) in triplicate until 
60% confluent. Time–course treatments with 1 mmol/l cAMP followed by 
Cells were fixed in 4 °C methanol for 3–5 minutes, permeabilized with 
10% Triton X-100 for 3 minutes, and blocked with 10% goat serum for 
1 hour. 14-3-3ε antibody (1:50) and VDAC1 antibody (1:140, Abcam, 
Cambridge, UK) were added overnight at 4 °C. The wells were washed the 

next day with 1× phosphate-buffered saline and incubated in secondary 
anti-mouse IgG F(ab’)2 Fragment (Alexa Fluor 488 Conjugate, Green) and 
anti-rabbit IgG F (ab’)2 Fragment (Alexa Fluor 555 Conjugate, Red) (Cell 
Signaling Technology, Danver, MA) for 1 hour. Cells were washed, DAPI 
was added for nuclear staining, and cells were maintained in ultra-pure 
water. Confocal microscopy was performed with an Olympus Fluoview 
FV1000 Laser Confocal Microscope at 100× magnification.

Immunohistochemistry. Testes and adrenal glands from adult mice were 
purchased from Cytochem, Montreal, QC. Fluorescent staining was per-
formed on testes and adrenal sections after fixing the tissues as previously 
explained.19 Briefly, sections were permeabalized with 1% Triton X-100, 
blocked with 10% goat serum in 1% bovine serum albumin for 1 hour, and 
incubated with 14-3-3ε antibody (1:50) overnight at 4 °C in a humidity 
chamber. The following day, cells were washed in 1× phosphate-buffered 
saline and incubated with and secondary anti-mouse IgG F(ab’)2 Fragment 
(Alexa Fluor 488 Conjugate, Green; Invitrogen) for 1 hour. Hoechst (Enzo 
Biosciences) was used for nuclear staining. Sections were maintained in 
one drop of mounting media (Invitrogen), and Images were captured with 
an Olympus inverted microscope with 20× and 40× lenses. Hematoxylin 
staining was performed on testes sections from 60- to 64-day-old Sprague-
Dawley rats 24 hours postpump implantation surgery. Tissues were snap-
frozen and sectioned to be 4–6-μm thick (Cytochem).

Immunoblot analysis. Immunoblot analysis was performed on protein 
lysates of MA-10 cells and testicular interstitial cells and adrenal glands 
from 60-day-old Sprague-Dawley rats. Briefly, for MA-10 cell lysate extrac-
tion, 6 × 105 cells were cultured in six-well gelatin-coated plates in triplicate 
for 24 hours and treated with cAMP for a time course. Cells were washed 
with 1× phosphate-buffered saline and harvested. For testicular interstitial 
cell lysates, testes were decapsulated, mechanically disrupted in RPMI 1640 
media (Sigma-Aldrich), and incubated in media containing 0.05% colla-
genase/dispase (Roche Diagnostics, Basel, Switzerland), 0.005% soybean 
trypsin inhibitor, and 0.001% deoxyribonuclease I (Sigma-Aldrich) for 20 
minutes at 34 °C. The supernatant was collected, filtered, and centrifuged 
at 900 rpm for 10 minutes at 25 °C. The Leydig-cell-enriched pellet was 
snap-frozen until further use. Adrenal glands were snap-frozen for later 
use. MA-10 cell pellets, interstitial cells, and adrenal glands were mechani-
cally homogenized in RIPA lysis buffer (Cell Signaling Technology), and 
protein levels were measured by the Bradford protein assay (Bio-Rad). 
MA-10 protein lysate (10 μg) and interstitial or adrenal protein lysates 
(15 μg) were solubilized and immunoblot was performed as previously 
described.19

In silico prediction of the presence of the 14-3-3 binding motif. The pres-
ence of the following types of 14-3-3 binding motifs were assessed manu-
ally in Mus musculus VDAC1, TSPO, and STAR: mode I, RSXpSXP; mode 
II: RXXXpSXP, in which R is Arginine, S is serine, X is any amino acid, P 
is proline, and T is threonine; mode III: pS/pTX1-2- CO2 H, in which X is 
not proline.27

Cross-linking studies. MA-10 cells (1 × 106) were plated in gelatin-coated 
100-mm Petri cell culture dishes overnight. Media were replaced with 
Dulbecco’s modified Eagle’s limiting media supplemented with 10% fetal 
bovine serum and 105 mg/l photo-leucine and 30 mg/l photo-methionine 
(Thermo Scientific, Waltham, MA). Cells were incubated for 22 hours 
followed by cAMP time–course treatment. Crosslinking was performed 
immediately after each time point with a 3UV lamp (UVP) for 16 minutes 
at 365 nm at a distance of 1 cm from the surface of the Petri dishes.

Coimmunoprecipitation. Coimmunoprecipitation was performed with 
Dynabeads Co-Immunoprecipitation Kit (Invitrogen). The 14-3-3ε-specific 
antibody28 was coupled with the dynabeads, yielding 10 mg/ml of 
antibody-coupled beads according to the manufacturer’s instructions. 
Crosslinked MA-10 protein lysates were harvested in extraction buffer 
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A (1× immunoprecipitation buffer, 1 mol/l NaCl, and protease inhibitor 
without ethylenediaminetetraacetic acid), and 0.15 or 0.5 mg protein was 
precipitated with 14-3-3ε antibody-coupled beads rotating at 4 °C for 1 
hour to study 14-3-3ε dimerization or target binding, respectively. The 
precipitated samples were loaded onto 4–20% Tris-glycine gels. MA-10 
cell lysate (10 µg) was used as a control. Immunoblotting was performed 
as previously described with the following antibodies: anti-14-3-3 pan 
(1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA), anti-TSPO (1:1,000 
dilution),44 anti-STAR (1:5,000 dilution, kindly provided by Dr B Hales, 
University of Southern Illinois, IL),45 and anti-VDAC1 (2 µg/ml, Abcam).

In cell IP and confocal microscopy.  Duolink technology was used29 for 
in cell IP. In this assay, primary antibodies raised in different species were 
incubated with cells or tissue sections of interest. Species-specific second-
ary antibodies were conjugated to short oligonucleotide tails, which form 
a circular oligonucleotide strand upon addition of a ligase. A polymerase 
was added to amplify this nucleotide strand followed by addition of a fluo-
rescent tag, which hybridizes with this strand. Fluorescent signals were 
captured by confocal microscopy and measured with O-link software. 
MA-10 cells were cultured at 1 × 103 per well, in a 96-well glass-bottom 
dish (Fluorodish, Sarasota, FL) in triplicate and incubated overnight. The 
next day, cells were treated with cAMP and immediately fixed after each 
time point in 3.7% formaldehyde for 15 minutes. Sections of adult rat tes-
tes were obtained and fixed in 3.7% formaldehyde for 20 minutes. Fixed 
MA-10 cells and sections of rat testes were washed and permeabilized 
with 1% Triton X-100 for one minute. Duolink II Red Starter Kit (OLink 
Biosciences, Uppsala, Sweden) was used according to the manufacturer’s 
instructions. MA-10 cells were incubated with a combination of mouse 
anti-14-3-3ε (1:150) and either rabbit anti-STAR (1:150), rabbit anti-TSPO 
(1:150), or rabbit anti-VDAC1 (1:140) or with a different combination of 
rabbit anti-TSPO and mouse anti-VDAC1 (1:140) overnight at 4 °C. A 
combination of mouse anti-14-3-3ε and rabbit anti-VDAC1 was used for 
rat tissue sections. Mitochondria and nuclei were stained with Mito-ID and 
Hoechst, respectively (Enzo Biosciences) for 30 minutes at 37 °C. MA-10 
cells were maintained in Ultra-pure water, and tissue sections were main-
tained in one drop of mounting media. Protein–protein interactions were 
detected with Olympus Fluoview FV1000 Laser Confocal Microscope at 
×100 magnification. Z-stacks were captured from the bottom to the top 
of MA-10 cell nuclei. The sum of signals from all Z-stacks were measured 
with O-link software and divided by the number of cells in the correspond-
ing image to obtain the signal/cell ratio for a minimum of 60 cells. One 
image of each of the rat sections was captured from the middle of the 
nucleus, which is the area of maximum focus with the 100× lens.

Radioligand binding assays. Binding of [3H]-PK 11195 to 5 mg MA-10 
cell homogenate was performed as described previously.46 Specific [3H]-
PK 11195 binding was analyzed with the iterative nonlinear curve-fitting 
program in GraphPad Prism 5.

TV peptide design and labeling. TV Peptides were designed with an 11-mer 
of the HIV-1 virus trans-activator of transcription protein (TAT)30 fol-
lowed by a glycine residue and amino acids 28–40 (containing 14-3-3 motif 
KTKSEN) or amino acids 160–172 (containing 14-3-3 motif RVTQSNF) of 
mVDAC1. Serine residues in 14-3-3 motifs are important for 14-3-3 bind-
ing. Thus, peptides were named according to the serine residue in the pep-
tide. TAT-VDAC1 fusion peptide S35 was named TVS35, and TAT-VDAC1 
fusion peptide S167 was named TVS167. S35 and S167 were mutated to 
glycine residues as controls, and TVG35 and TVG167 were synthesized. 
TVS167 was labeled with 6-fluorescein (FAM) 488. Peptide synthesis and 
labeling were outperformed at the Sheldon Biotechnology Center, McGill 
University, Montreal, QC. Peptide sequences are shown in Supplementary 
Figure S3a.

Protein sequence alignment, homology modeling, and molecular dock-
ing. The amino acid sequences for the 14-3-3ε and VDAC1 proteins in 

Mus musculus, Homo sapiens, and Rattus norvegicus were aligned using 
ClustalW.47 The selected VDAC1 14-3-3 binding motif containing S167 
was conserved between these three species. Coordinates of human and 
mouse VDAC1 and human 14-3-3ε were from the Brookhaven Protein 
Database (PDB: 2JK4 and 3EMN for VDAC1; 2BR9 for 14-3-3ε).48 The 
coordinates of the putative three-dimensional structure of mouse 14-3-
3ε in the absence of ligand were predicted via an automated compara-
tive protein modeling server (Swiss-Model, Basel, Switzerland) (http://
www.expasy.ch) at the University of Geneva. The optimized mode used 
the coordinates of the human 14-3-3γ protein (PDB: 4E2E) as a template. 
The putative 3-D structures of the rat VDAC1 and 14-3-3ε proteins were 
predicted in a similar fashion using mouse VDAC1 (PDB: 3EMN) and 
human 14-3-3ε (PDB: 2BR9) as templates, respectively.49 The 3-D coor-
dinates of the TVS167 peptide (phosphorylated and nonphosphory-
lated) were prepared with the PyMOL Molecular Graphics System V. 
1.3 (Schrödinger, Portland, OR). The 3D coordinates of the Ph-TVS167 
were extracted from the crystal structure of human 14-3-3ε in complex 
with phospho-peptide ligand (PDB: 2BR9), and then virtually mutated. 
Docking of the peptide with the 14-3-3ε protein was performed with 
AutoDock-vina.50 Protein–protein docking between mouse VDAC1 and 
14-3-3ε was performed with HEX V 6.3. All docking results and protein 
structures are presented either in the PyMOL Molecular Graphics System 
and/or in Swiss-PDB viewer 4.1.

Statistical analysis. Experimental results were examined for significance 
by two-tailed t-tests (Figures 1b,c, 2f,g,3b,c,e,g,i,j, 4b,c,f, 5a,b and 7b,c) or 
one-way analysis of variance (Figures 1d, 2e and 3a,e,f) with GraphPad 
Prism 5 software. Cells from three independent passages (n = 3) were 
included for each experiment that involved MA-10 and NCL-H295R cells, 
and each passage was examined in triplicate in each experiment. In the ex 
vivo testes cultures, three and four animals were included for the control 
and TVS167 or TVG167 treatment respectively (n = 3 or n = 4). For bolus 
dose–response testicular injections, three animals were used for each dose 
(n = 3). Five animals (n = 5) were included for each pump installation 
of different groups involving water, TVS167, or TVS167-releasing pumps. 
Three animals (n = 3) were included per group for i.p. injections of water 
or Cetrorelix. Six animals (n = 6) were included per group for water or 
Cetrorelix injections followed by water or TVS167 pump installation.

SUPPLEMENTARY MATERIAL
Figure  S1.  Sequences of 14-3-3ε specific siRNA.
Figure  S2.  14-3-3ε interactions with other 14-3-3 isoforms, TSPO, 
STAR, and VDAC1 identified in silico and in vitro by cross-linking 
immunoprecipitation.
Figure  S3.  Sequence of TV fusion peptides.
Figure  S4.  14-3-3ε regulates the affinity of TSPO for its drug ligand 
PK11195.
Figure  S5.  TVS167 induces T levels in a dose response manner.
Figure  S6.  Administration of the TVS167 peptides does not induce 
toxic histological modifications to the testis.
Figure  S7.  Alignment of amino acid sequences of 14-3-3ε and 
VDAC1 showing high degree of conservation for both proteins and 
that the 14-3-3 binding motif is conserved in the three mammalian 
species as indicated.
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