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ABSTRACT
Translocator Protein (18-kDa) TSPO is a high-affinity drug- and cholesterolbinding protein. TSPO regulates the transport of the steroid hormone precursor,
cholesterol, to the inner mitochondrial membrane, the rate-determining step in
steroidogenesis. The ubiquitous expression of TSPO, taken with its ability to bind
cholesterol with high affinity suggests that, in non-steroidogenic cells, TSPO may
regulate mitochondrial cholesterol compartmentalization and membrane biogenesis,
events critical for mitochondrial function and multiple cellular processes. In search of the
factors regulating Tspo expression and to understand the differential expression of TSPO
in steroidogenic and non-steroidogenic cells, I analyzed Tspo transcriptional responses to
the protein kinase C (PKC) activator and tumor promoter, phorbol-12-myristate 13acetate (PMA), in cells with varying TSPO levels. PMA induced Tspo promoter activity
and Tspo mRNA levels in poor-in-TSPO non-steroidogenic cells (NIH-3T3 fibroblasts
and COS-7 kidney), but not in rich-in-TSPO steroidogenic cells (MA-10 Leydig) with
high basal Tspo transcriptional activity. We localized the stimulatory effect of PMA to
the 805-515-bp region upstream of the transcription start site. PMA exerted its effect on
Tspo gene promoter through the PKC epsilon isoform. PKC epsilon activation by PMA
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drives inducible TSPO expression in non-steroidogenic cells, likely through activator
protein 1 (AP1) and v-ets erythroblastosis virus E26 oncogene homolog (Ets) sites in this
promoter region, while high levels of TSPO in steroidogenic cells are likely due to high
constitutive expression of PKC epsilon. In addition to AP1 and Ets binding sites in the
Tspo promoter, there are binding sites for signal transducer and activation of transcription
3 (STAT3) transcription factor, reported downstream targets of PKC epsilon. PKC
epsilon overexpression induced STAT3 phosphorylation and c-Jun synthesis in NIH-3T3
cells while PKC epsilon knockdown reduced c-Jun new synthesis in NIH-3T3 and
STAT3 phosphorylation in Leydig cells. Furthermore, we identified a MAPK (Raf-1MEK1/2-ERK1/2) to be the signaling transduction pathway through which PKC epsilon
mediates its effect to regulate Tspo gene expression in steroidogenic and nonsteroidogenic cells acting at least in part through c-Jun and STAT3 transcription factors.
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HYPOTHESIS AND SPECIFIC AIMS
In an effort to understand the differential expression of TSPO between the rich-inTSPO in steroidogenic vs. poor-in-TSPO non-steroidogenic tissues, we investigated the
ability of various compounds to induce Tspo gene expression. Treatment of poor-inTSPO COS7 SV40 transformed monkey kidney and NIH/3T3 transformed mouse
fibroblasts with phorbol-12-myristate 13-acetate (PMA) – a protein kinase C (PKC)
activator and a carcinogenesis promoter- for 24h, induced by 3-fold the activity of a
805bp Tspo promoter fragment, whereas no change was observed in rich-in-TSPO MA10 mouse tumor Leydig cells. Given that this kinase has been shown to be a key player in
the regulation of steroidogenesis and aberrant activation of PKC (target for PMA) has
been linked to several cancers, also shown to express high levels of TSPO, we
hypothesized that TSPO expression may be regulated through a PKC-dependent
pathway, and that constitutive activation of PKC may be responsible for increased
TSPO levels in steroidogenic tissues.
In order to study this hypothesis the following specific aims were designed and
undertaken:
Aim 1: Conduct a comprehensive functional analysis of the mouse promoter in
steroidogenic and non-steroidogenic cells to localize the elements mediating the effect of
PMA on Tspo expression.
Aim 2: Investigate whether the effect of PMA on Tspo promoter is PKCdependent and further identify the PKC isoform mediating the effect of PMA.
1

Aim3: Identify the signal transduction pathway mediating the effect of PMA and
the identified activated PKC on Tspo gene promoter activity.

2

CHAPTER 1
Phorbol-12-myristate 13-acetate acting through protein kinase Cε induces
translocator protein (18-kDa) Tspo gene expression

The work in this chapter contributed to the following publication:
Batarseh A, Giatzakis C, Papadopoulos V. Phorbol-12-myristate 13-acetate acting
through protein kinase C epsilon induces translocator protein (18-kDa) TSPO gene
expression. Biochemistry. 2008 Dec 2; 47(48):12886-99.
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ABSTRACT
Translocator protein (TSPO) is an 18-kDa cholesterol-binding protein that is expressed
at high levels in steroid synthesizing and several cancer cells where it is involved in
steroidogenesis and cell proliferation, respectively.
expression are unknown.

The factors regulating Tspo

We analyzed Tspo transcriptional responses to the tumor

promoter, phorbol-12-myristate 13-acetate (PMA), in cells with varying TSPO levels.
PMA induced Tspo promoter activity and Tspo mRNA levels in TSPO-poor nonsteroidogenic cells (NIH-3T3 fibroblasts and COS-7 kidney), but not in TSPO-rich
steroidogenic cells (MA-10 Leydig) with high basal Tspo transcriptional activity. The
stimulatory effect of PMA was mediated by an 805-515-bp region upstream of the
transcription start site. Electrophoretic mobility shift assay (EMSA) revealed that PMA
induced binding of c-Jun and GA-binding protein transcription factor (GABP-α) to their
respective activator protein 1(AP1) and v-ets erythroblastosis virus E26 oncogene
homolog (Ets) sites in this region. Protein kinase C (PKC)-specific inhibitors blocked
PMA induction of Tspo promoter activity with an inhibition profile suggestive of
involvement of PKCε. PKCε expression correlated with TSPO content in the three cell
lines. In NIH-3T3 cells, PKCε overexpression induced Tspo promoter activity, mRNA
levels and enhanced PMA-induced up regulation of c-Jun and TSPO. In MA-10 cells, a
PKCε-specific translocation inhibitor peptide reduced basal Tspo promoter activity.
PKCε siRNA pool reduced PKCε and TSPO levels in MA-10 cells indicating a role for
PKCε in regulating TSPO expression. Taken together, these data suggest that elevated
4

TSPO expression in steroidogenic cells maybe due to high constitutive expression of
PKCε that renders them unresponsive to further induction while PMA activation of PKCε
drives inducible TSPO expression in non-steroidogenic cells, likely through AP1 and Ets.

5

INTRODUCTION
The Translocator Protein (18-kDa;TSPO), formerly known as the Peripheral-Type
Benzodiazepine Receptor, is a high-affinity drug- and cholesterol-binding protein that
was first identified in 1977 as an alternative binding site in the kidney for the
benzodiazepine diazepam (1,2). TSPO binds various classes of organic compounds,
including isoquinoline carboxamides such as PK11195 (3). TSPO is found in most
tissues, although its expression among each tissue varies considerably (1,3,4). Secretory
and glandular tissues, especially steroid hormone producing cells, are particularly rich in
TSPO (1). Intermediate levels of this protein are found in renal and myocardial tissues,
and lower levels are present in the brain and liver (1,5). TSPO resides primarily in the
outer mitochondrial membrane, where it regulates the transport of the steroid hormone
precursor, cholesterol, to the inner mitochondrial membrane. This transport process is
the rate-determining step in steroidogenesis (1). The ubiquitous expression of TSPO,
taken with its ability to bind cholesterol with high affinity (1) suggests that, in nonsteroidogenic cells, TSPO regulates mitochondrial cholesterol compartmentalization and
membrane biogenesis, events critical for mitochondrial function and multiple cellular
processes (1). Indeed, in addition to its well-established role in steroidogenesis, TSPO
has been implicated in cellular respiration, oxidative processes, proliferation, and
apoptosis (1,3).
Compared to normal human tissues, cancerous tissues of the breast, ovary, colon,
prostate and liver contain elevated levels of TSPO, implying that TSPO may participate
6

in carcinogenesis (6-10). The finding that TSPO expression is positively correlated with
the metastatic potential of human breast and brain tumors supports this idea (1,6-8). A
number of physiological and pharmacological modulators have been shown to alter
TSPO levels. These modulators include peroxisome proliferators, IL-1, ginkgolide B,
TNF-α, serotonin, norepinephrine, and dopamine (3,4,11). Among these, peroxisome
proliferators and ginkgolide B have been shown to reduce Tspo gene transcription
(12,13).
Despite a wealth of data on TSPO expression, little is known about the
mechanisms underlying the transcriptional regulation of Tspo. Sequence analysis of the
mouse Tspo promoter revealed that this promoter lacks TATA and CCAAT elements, but
contains a series of proximal GC boxes. This promoter also harbored a number of
putative binding sites for transcription factors such as v-ets erythroblastosis virus E26
oncogene homolog (Ets), AP1, specificity protein 1/specificity protein 3 (Sp1/Sp3), AP2,
Ik2, GATA, SOX, and SRY (5). In an analysis of the mechanisms underlying differential
Tspo transcription in TSPO-rich steroidogenic Leydig cells and non-steroidogenic
fibroblasts, two proximal Sp1/Sp3 sites and members of the Ets family of transcription
factors were found to be important for basal transcriptional activity (5,14). These studies
demonstrated that separate regions of the promoter drive TSPO transcription in
steroidogenic cells and non-steroidogenic cells (5), suggesting that tissue-specific
transcriptional regulation accounts for differences in TSPO expression between these cell
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types. However, the factors mediating the increased Tspo expression in steroidogenic
and tumor cells remain unknown.
Phorbol esters such as phorbol 12-myristate 13-acetate (PMA) promote skin
tumor formation, making them useful tools in experimental carcinogenesis studies (15).
PMA activates several isoforms of Protein Kinase C (PKC). PKC is a critical component
of signal transduction pathways engaged by diverse stimuli in a variety of cell types (16).
The PKC family comprises 11 known serine-threonine protein kinase isoforms with
different biological functions (17). These isoforms can be divided into three groups
based on activation requirements. Conventional PKC isoenzymes (α, βI, βII, γ) require
phosphatidylserine, diacylglycerol, and Ca

2+

for activation.

The unconventional or

typical isoforms (δ, θ, ε, η) require phosphatidylserine and diacylglycerol, but not Ca

2+

for their activation. The atypical group (ξ, λ) requires only phosphatidylserine. PKC
isoform expression and distribution is cell-type and condition-specific (18).
PKC isoforms participate in diverse biological processes including cell
proliferation, differentiation, apoptosis, steroidogenesis, and carcinogenesis (19). PKC
plays a critical role in steroid production through regulation of gene expression (20-22).
In addition, several PKC isoforms participate in cancer development, formation,
progression, suppression and/or metastasis (19). PKCε, in particular, has been shown to
be involved in tumor cell invasion, metastasis, and recurrence (23) and is abundant in
endocrine, neuronal, and immune cells (23-24). Here, we analyzed Tspo transcriptional
responses in steroidogenic (MA-10 mouse tumor Leydig cells) and non-steroidogenic
8

cells (NIH-3T3 mouse fibroblasts and SV-40 transformed COS-7 monkey kidney cells).
Our data reveal that high levels of endogenous PKCε regulate Tspo expression in TSPOrich steroidogenic cells while PMA induces Tspo expression in TSPO-poor nonsteroidogenic cells, with PKCε mediating this effect.

9

MATERIALS AND METHODS
Cell Culture. MA-10 cells were a gift from Mario Ascoli (University of Iowa, Ames,
IA). Cells were cultured in T75 cm2-cell culture flasks (Dow Corning Corp., Corning,
NY) and grown in DMEM/Ham-F12 nutrient mixture (Sigma Chemical Co., St. Louis,
MO) supplemented with 5% fetal bovine serum and 2.5% heat-inactivated horse serum
(Life Technologies, Gaithersburg, MD). NIH-3T3 cells and SV40-transformed COS-7
monkey kidney cells (Lombardi Cancer Center Tissue Culture Facility, Washington, DC)
were maintained in DMEM supplemented with 10% normal calf serum and fetal bovine
serum, respectively. Before experimentation, MA-10, NIH-3T3, and COS-7 cells were
allowed to recover from plating for 24 h.

Determination of TSPO Levels. TSPO levels were indirectly determined by measuring
binding

of

[3H]PK11195

[1-(2-chlorophenyl)-N-methyl-N-(1-methyl-propyl)-3-

isoquinoline carboxamide] (SA, 85.5 Ci/mmol, NEN Life Science Products) to cellular
protein extracts. The assay was performed as previously described (25). In brief, cells
were scraped from 150 mm culture dishes into 5 ml PBS, dispersed by trituration: and
centrifuged at 1200 x g for 5 min. The cell pellets were resuspended in PBS, and binding
studies performed on 5 µg protein for MA-10 and 50 µg for NIH-3T3 or COS-7 from the
cell suspensions. After 120 min incubation, assays were stopped by filtration through
Whatman GF/C filters and washed with 15 ml ice-cold PBS. Radioactivity trapped on the
filters was determined by liquid scintillation counting at 50% counting efficiency. The
10

dissociation constant (Kd) and the number of binding sites (Bmax) were determined by
Scatchard plot analysis of the data using the LIGAND program (KBLL, version 4.0,
Biosoft, Ferguson, MO).

Immunoblotting. MA-10, NIH-3T3, and COS-7 cells were lysed in cold RIPA buffer
(Cell Signaling, Danvers, MA) supplemented with Halt protease inhibitor cocktail
(Pierce, Rockford, IL). Protein was measured using a standard Bradford assay (Bio-Rad,
Hercules, CA).

Proteins (15 µg) were electrophoresed on 4-12% tris-glycine

polyacrylamide gels (Invitrogen), transferred onto nitrocellulose membranes, and probed
with antibodies to PKCε (sc-214, Santa Cruz, Biotechnology, Santa Cruz, CA), TSPO
(26), c-Jun (sc-44-g, Santa Cruz), p-c-Jun (Ser73) (9164, Cell Signaling Technology,
Danvers, MA), or GAPDH (Trevigen, Gaithersburg, MD). Immunoreactive proteins
were then visualized by enhanced chemiluminescence (Amersham, Piscataway, NJ).

Luciferase Reporter Constructs and In Vitro-Directed Mutagenesis. A 2700-bp fragment
of the Tspo promoter was cloned upstream of a firefly luciferase gene in pGL3-basic
(pGL3-2700), and a series of 5’ unidirectional deletions were made (pGL3-805, -585, 515, -301, -123, and -15) as described previously (5). Plasmids with point mutations
were generated using pGL3-805 as a template and by PCR with overlapping primers
containing the mutation (14).

All plasmid sequences were verified through DNA

sequencing.
11

Transfection and Luciferase Assay. MA-10, NIH-3T3, and COS-7 cells were seeded in
6-well plates at a density of 90,000 cells per well for MA-10 and NIH-3T3 and 150,000
for COS-7 cells per well. Transfection of reporter plasmids (1.5 µg) was performed 24 h
later using fugene6 (Roche, Indianapolis, IN) for MA-10 cells and polyfect (Qiagen,
Valencia, CA) for NIH-3T3 and COS-7 cells. All cultures received equimolar amounts
of experimental constructs, with PUC19 or empty vector being used to keep the final
amount of DNA constant. All cultures were co-transfected with a Renilla luciferase
reporter under the control of the thymidine kinase promoter (PRLTK, Promega Corp.
Madison, WI) to normalize for transfection efficiency.

Twenty-four hours after

transfection, cells were treated with PMA (Sigma-Aldrich), dimethylsulfoxide (DMSO,
vehicle) (Sigma-Aldrich), or 4α-phorbol 12-myristate 13-acetate (4α-PMA) (Promega
Corp.) for 24 h or as otherwise indicated. Cellular extracts obtained with 1 X passive
lysis buffer (Promega Corp.) were then processed with the Dual-Luciferase Reporter
System (Promega Corp.), and activity was measured using the Victor2 automated plate
reader (Perkin Elmer, Waltham, Massachusetts).

Quantitative Real Time (QRT)-PCR. MA-10, NIH-3T3, and COS-7 cells (~1 × 106) were
seeded in 100 mm2 plates and treated with DMSO or PMA 24 h later. RNA was
extracted using the Rneasy Kit (Qiagen) according to the manufacturer’s instructions.
RNA (1 µg) was reverse transcribed, and the resulting cDNA was used as a template for
12

real time PCR using Tspo specific primers and SYBR GREEN dye. Mouse primers were
used for MA-10 and NIH-3T3 cells. Primer sequences for amplification of COS-7 TSPO
mRNA

(forward,

5’-AGCCTGGGGTGCTTCGTG-3’;

reverse,

5’-

TGTCGGGCACCAAAGAAGAT-3’) were designed from a region of the COS-7 Tspo
promoter that was conserved with the human, cow, pig, mouse, and rat promoters. TSPO
mRNA was quantified using the standard curve method. Amplification of 18s ribosomal
RNA served as a control.

Cell Proliferation Assay. NIH-3T3 and COS-7 cells were seeded in 96-well plates at a
density of 1000 cells/well, while MA-10 cells were plated at a density of 750 cells/well.
Cellular proliferation was determined by Brdu incorporation using a commercially
available kit (Roche). Brdu labeling was performed according to the manufacturer's
protocol using a labeling time of 6 h.

Preparation of Nuclear Extracts and Electrophoretic Mobility Shift Assay (EMSA).
Nuclear extracts were prepared using NE-PER nuclear and cytosolic extraction reagents
(Pierce Chemical Co., Rockford, IL).

For EMSA, double-stranded, 5'-biotinylated

oligonucleotides containing wild type and mutant AP1-binding sequences (Table I) were
incubated with 5 µg of NIH/3T3 nuclear extracts. Unlabeled double-stranded AP1 and
Ets oligonucleotides were used for competition experiments. EMSA was carried out
using the LightShift Chemiluminescent EMSA kit (Pierce Chemical Co.) in the presence
13

of EDTA and Mg2+. The manufacturer's protocol was slightly modified to optimize
protein-DNA interactions in the presence of antibodies. DNA-protein complexes were
separated on 6% nondenaturing polyacrylamide gels, transferred to nylon membranes,
and processed for visualization. All antibodies used were purchased from Santa Cruz
Biotechnology (c-fos: sc-52-g, c-Jun:sc-44-g, GABP-α: sc-22810-g, Santa Cruz)

PKC inhibitors. NIH-3T3 and COS-7 cells were preincubated with the PKC-specific
inhibitors bisindolylmaleimide, or RO 32-0432 (Calbiochem, Gibbstown, NJ) for 30 min
prior to PMA treatment (50 nM).

Twenty-four hours later, promoter activity was

measured using the dual luciferase assay as described above. Data were normalized to
activity in the untreated control. MA-10 cells were treated with RO 32-0432, PKCεspecific translocation inhibitor peptide (EAVSLKPT) (Calbiochem), or scrambled
peptide (LSETKPAV) (Calbiochem) for 24 h before measuring luciferase activity.

PKCε siRNA. MA-10 cells were seeded at a density of 4x104/well in 24-well plates. Cells
were transfected 24 h later with 0.2, 0.5 or 2 µg of PKCε siRNA pool of 4
oligonucleotides (Dharmacon, Lafayette, CO) using X-treme GENE siRNA Transfection
Reagent (Roche) using conditions recommended by the manufacturer. Cells were
maintained for 48 h before being harvested for immunoblot analysis performed as
described above.
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PKCε overexpression. The pCMV6-XL4 expression plasmid containing Homo sapiens
protein kinase C, epsilon (PRKCE) was obtained from Origene (Rockville, MD). The
plasmid was amplified and purified, and the PKCε insert was sequenced. The plasmid or
empty vectors, as a control, were then transfected into NIH-3T3 cells as described above.
Twenty-four hours later, the cells were lysed for mRNA or protein studies.
Immunofluorescence using anti-PKCε antibodies indicated that PKCε transfection
efficiency was approximately 30% (data not shown).

Sequence and Statistical Analysis. Sequence analysis was performed using Vector NTI
software (Informax, Invitrogen). Statistical analysis was performed using Prism version
4.0 (GraphPad Software, San Diego, CA). Group means were compared using student's t
test or two-way ANOVA test followed by a Bonferroni column test. Data are presented
as mean ± SEM. p < 0.05 was considered significant.
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RESULTS
TSPO levels are higher in steroidogenic than non-steroidogenic cells. TSPO binds both
the drug ligand, PK 11195, and cholesterol with nanomolar affinities (27). PK 11195 is
the most common diagnostic probe for assessing TSPO levels in cellular systems. PK
11195 radioligand binding assays revealed that there were no significant changes in the
Kd, ranging from 1-2.5 nM. However, TSPO levels (Bmax) were approximately 10- and
40-fold greater in steroidogenic MA-10 cells than in non-steroidogenic NIH-3T3 and
COS-7 cells, respectively (Figure 1A). Immunoblot analysis confirmed these radioligand
binding assay results (Figure 1B). The 18-kDa TSPO protein as well as various putative
TSPO homopolymers were detected by immunoblotting as previously reported (27).

PMA differentially regulates Tspo gene promoter activity in TSPO-rich and -poor cells.
To explore the regulatory mechanisms underlying differential TSPO expression in
various cell models, we tested the effect of PMA on Tspo promoter activity in TSPO-rich
MA-10, and TSPO-poor NIH-3T3 and COS-7 cells. In COS-7 cells transfected with a
luciferase reporter containing 805 bp of the mouse Tspo promoter (pGL3-805), exposure
to 50 nM PMA resulted in a progressive increase in luciferase activity (Figure 2A).
Maximal Tspo promoter activity occurred 24 h after PMA exposure and was at least 2.5fold greater than activity in the untreated DMSO control. No additional increases in Tspo
promoter activity were observed beyond 24 h (data not shown). Next, we determined the
concentration of PMA needed to induce maximal pGL3-805 activity at 24 h in MA-10,
NIH-3T3, and COS-7 cells. PMA elicited maximal activity in NIH-3T3 cells (3.5-fold)
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and COS-7 cells (2.5-fold) when used at a concentration of 50 nM (Figure 2B). In
contrast, none of the PMA concentrations tested increased Tspo promoter activity in MA10 cells, which expressed the highest levels of TSPO (Figure 2B). Promoter activity
remained unresponsive to PMA after extending the incubation time to 48 h (data not
shown). Based on the results from these initial two experiments, cells were treated with
50 nM PMA for 24 h in all subsequent studies.
To investigate whether PMA differentially regulates the full-length mouse Tspo
promoter (2700 bp) as it does the 805-bp mouse Tspo promoter fragment, we tested the
effect of PMA on pGL3-2700 reporter activity in MA-10, NIH-3T3 and COS-7 cells. In
MA-10 cells, promoter activity remained unresponsive to PMA, compare Figure 2 panels
B and C. On the other hand the induction of Tspo promoter activity by PMA was less
pronounced in NIH-3T3, but not in COS-7, cells (Figure 2C). The latter result suggests
that an inhibitory element(s) exists in the region between 2700 and 805 bp. Because
differences in the maximal activity of the 2700-bp and 805-bp promoter in COS-7 and
NIH-3T3 cells were minor and because the 805-bp promoter drives Tspo expression in a
manner similar to that seen in vivo (14), the 805-bp promoter was used in all subsequent
studies.

PMA differentially regulates Tspo mRNA and protein levels in TSPO-rich and -poor
cells. PMA did not alter Tspo mRNA levels in MA-10 cells either at 24 h (Figure 3A) or
48 h (data not shown). In contrast, a 24 h treatment with PMA increased Tspo mRNA
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levels by approximately 1.25-fold in NIH-3T3 cells and 1.5-fold in COS-7 cells (Figure
3A).

In both NIH-3T3 and COS-7 cells, this induction of Tspo mRNA levels was

accompanied by increases in TSPO protein levels (Figure 3B) and Brdu incorporation
(Figure 3C). Densitometric analysis of the gels compared to control GAPDH indicated
that the increase in the 18-kDa TSPO and the 36- and 54-kDa polymers was 1.5-fold in
COS-7 cells and over 2-fold in 3T3 cells. In MA-10 cells, PMA did not affect TSPO
levels (data not shown) and BrdU incorporation.

Putative Ap1 and Ets binding sites in the proximal promoter are strong positive elements
regulating Tspo expression.

To measure the activity of cis-acting elements and to

localize the effect of PMA on the mouse promoter, we transiently transfected MA-10,
NIH-3T3, and COS-7 cells with reporter constructs containing sequential unidirectional
deletions in the 2700-bp mouse Tspo promoter (5). In NIH-3T3 cells, the 805-bp
fragment was necessary to support full basal activity (Figure 4A).

PMA treatment

increased activity of the 805 bp-promoter by 3-fold in these cells (Figure 4A). In MA-10
cells (Figure 4B), the 585-bp fragment was the smallest fragment able to support full
basal promoter activity.

In these cells, all lengths of the Tspo promoter were

unresponsive to PMA treatment (Figure 4B). Nevertheless, the basal activity of the fulllength promoter in MA-10 cells was double that in NIH-3T3 cells. In NIH-3T3 cells, the
805-bp promoter had a 2-fold greater activity than the 2700-bp promoter, suggesting that
putative inhibitory elements in the 2700 – 805 bp promoter region are engaged in NIH3T3 cells (Figure 4A). Importantly, the effect of PMA was significantly reduced when
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the 585 – 515-bp promoter areas were deleted in NIH-3T3 cells. Results obtained using
COS-7 cells in general parallel those seen with NIH 3T3 cells (data not shown).
However, because the monkey Tspo promoter has not yet been isolated and characterized,
detailed studies on the regulation of the mouse Tspo promoter in monkey kidney COS-7
cells cannot be interpreted correctly and thus are not presented herein.

These results imply that the promoter region spanning from 805 to 515 bp
contains cis-acting regulatory elements that drive Tspo expression in response to PMA.
Analysis of the 805 – 515 bp region for putative transcription binding sites revealed the
presence of two putative Ets binding sites and one AP1 putative binding site.

To

determine if these sites may regulate Tspo expression, we constructed luciferase reporter
constructs containing point mutations in these promoter sites. In NIH-3T3 cells, mutation
of the 1st Ets site did not appreciably affect promoter activation by PMA (Figure 4C).
Mutation of the 2nd Ets site or the AP1 site reduced PMA-induced promoter activity.

PMA induces binding of c-fos, c-Jun, and GABP-α to Tspo promoter sequences. EMSA
was performed to investigate the effect of PMA on protein interactions at the AP1 and
Ets sites suspected to mediate the PMA effect on Tspo promoter regulation (Figure 4C).
It is of importance to mention that the AP1 and Ets sites are separated by 3 bp only
leading to identical wild-type and labeled probes, referred to as the AP1 oligonucleotide.
Incubation of NIH-3T3 nuclear extracts with labeled AP1 oligonucleotide (Table I)
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generated two specific complexes (Figure 5A and B, lane 2 for both, arrows 1& 2). The
specificity of these interactions was confirmed by the addition of 200-fold excess of
unlabeled AP1 oligonucleotide, which competed the formation of the complexes (Figure
5A and B, lane 3) or unrelated oligonucleotide (Epstein-Barr virus nuclear antigen
recognition site, lane 5). The addition of a 200-fold excess of unlabeled oligonucleotide
carrying a mutation on the putative AP1 site decreased the formation of both DNAprotein complexes (Figure 5A, lane 4).

On the other hand, a mutated Ets binding

sequence (Figure 5B, lane 4) successfully competed for nuclear proteins in both
complexes. The Ets mutated site was more effective than the AP1 mutated site in
decreasing the formation of these complexes. PMA treatment resulted in an increase of
complexes 1, 2 and the induction of complex “a” (Figure 5A and B, compare lanes 6 and
2).
To obtain the best conditions for binding of the transcription factors to the DNA
the experimental conditions were modified (data not shown). Addition of 10 µg BSA and
4 mM DTT in the incubation buffer improved the DNA-protein binding (Figure 5C).
Under these conditions, the same two DNA-protein complexes were observed (Figure
5C, lane 2). To identity the proteins bound to the sequence, we performed supershift/
immunodepletion analysis.

Addition of c-fos antibody (Figure 5C, lane 5), c-Jun

antibody (lane 7), or GABP-α antibody (lane 9), but not non-specific IgG (lane 3),
reduced basal nuclear protein binding to DNA in complex 1. In agreement with data
shown in Figure 5A and B, PMA treatment induced the formation of complex 1 (Figure
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5C, lane 4). This increase was also reduced in presence of c-fos antibody (lane 6), GABPα antibody (lane 10), or c-Jun antibody (lane8). In the later case complexes 1& 2 almost
completely disappeared (Figure 5C, lane 8). Complex 2 was reduced in presence of c-fos
antibody (lane 6) and GABP-α antibody (lane 10).

PMA induction of Tspo promoter activity is PKC-dependent. Since PMA is a PKC
activator, we investigated whether PKC mediates induction of the Tspo promoter by
PMA. To do this, we measured Tspo promoter activity in the presence of 4α-PMA, an
inactive structural analog of PMA. PMA induced a dose-dependent induction of Tspo
promoter activity in NIH-3T3 cells; 50nM PMA elicited a maximal (3-fold) effect
(Figure 6A). Under the same conditions, 4α-PM failed to affect promoter activity, even
when used at a 10-times greater concentration (Figure 6A). Similar results were obtained
using COS-7 cells (Figure 6B). To confirm this finding, we tested the effect of PKCspecific inhibitors (i.e., bisindolylmaleimide and RO 32-0432) on PMA induction of Tspo
promoter activity in NIH-3T3 and COS-7 cells. Both inhibitors reduced or abolished the
effect of PMA in both NIH-3T3 and COS-7 cells (Figure 6C, D).

TSPO-rich MA-10 cells express high levels of PKCε. A dose-response study of the effect
of RO 32-0432 on PMA-induced Tspo promoter activity in NIH-3T3 cells revealed that
this compound was able to inhibit in a dose-dependent manner the PMA effect (Figure
7A). RO 32-0432 exhibits selectivity in its inhibition of PKCα (IC50 = 9 nM), PKCβI
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(IC50 = 28 nM), and PKCε (IC50 = 180 nM) (28). In the dose-response study, only the
highest concentrations of RO 32-0432 were able to abolish the effect of PMA, suggesting
that PKCε mediates the effects of PMA. Immunoblot analysis of PKC isoforms in MA10, NIH-3T3, and COS-7 cells revealed that each cell line differentially expressed the
PKCα, PKCβII, and PKCε isoforms. PKCα was highly expressed in NIH-3T3 cells
compared to MA-10 cells (Figure 7B). On the other hand PKCβII and PKCε were highly
expressed in MA-10 cells than in NIH-3T3 and COS-7 cells.

Inhibition of PKCε reduces basal Tspo promoter activity in TSPO-rich MA-10 cells and
PKCε siRNA lowers PKCε and TSPO protein levels. As noted earlier, PMA does not
affect Tspo expression in MA-10 cells and basal Tspo promoter activity in these cells is
2-fold higher than in NIH-3T3 and COS-7 cells. To determine if PKC regulates Tspo
promoter activity in MA-10 cells, we measured promoter activity in the presence of
Calphostin, RO 32-0432, or G06976.

Calphostin inhibits PKCα, PKCβ, and with

variable efficacy, PKCε. On the other hand, G06976 inhibits PKCα and PKCβ, but does
not affect PKCε, even at micromolar concentrations while as mentioned above RO 320432 exhibits selectivity in its inhibition of the conventional subtypes PKCα, PKCβ and
the unconventional subtype PKCε (28-29). Neither Calphostin nor G06976 inhibited
Tspo promoter activity, whereas RO 32-0432 (2 µM) reduced basal promoter activity by
40% (Figure 8A). In accord with this finding, a PKCε-specific translocation inhibitor
peptide inhibited basal Tspo promoter activity by 50% (Figure 8B). This effect was
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absent in cells treated with scrambled peptide. The RO 32-0432-induced reduction in
basal promoter activity was accompanied by a decrease in BrdU incorporation (Figure
8C). Importantly, concentrations of RO 32-0432 expected to inhibit PKCε activity,
abolished BrdU incorporation.
To confirm these findings on the putative role of PKCε in the regulation of Tspo
gene expression, PKCε siRNA was used to lower PKCε protein levels in TSPO-rich MA10 cells. Figure 8D shows that the PKCε siRNA pool used inhibited in a dose-dependent
PKCε protein expression reaching a 70% inhibition in the presence of 2 µg of siRNA.
Under the same conditions, the siRNA used also induced a dose-dependent reduction in
TSPO protein levels (Figure 8D). GAPDH and PKCα levels remained unchanged.

PKCε overexpression in NIH-3T3 cells up regulates Tspo promoter activity, mRNA and
protein levels and potentiates the effect of PMA. In an effort to further evaluate the role
of PKCε in the regulation of Tspo expression, we tested the impact of PKCε
overexpression on TSPO levels in the TSPO-poor NIH-3T3 cells.

Expression of

exogenous PKCε was confirmed by immunoblot analysis (Figure 9A). These data also
show that PKCε was not degraded in response to the PMA treatment. A time course
treatment of NIH-3T3 and COS-7 cells with PMA indicated that PKCε levels were the
same in control and treated cells for times as long as 10 hrs, suggesting that this enzyme
is resistant to degradation (data not shown). Transfecting NIH-3T3 cells with the wildtype PKCε significantly induced the pGL3-805 Tspo promoter activity and treatment with
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PMA further induced the effect (Figure 9B). Under the same conditions, there was no
induction in Tspo promoter activity using a promoter where AP1 was mutated, suggesting
that the effect seen is likely mediated through this AP1 site. No significant difference was
observed in the pGL3-Basic in response to PKCε overexpression. PMA induced both
Tspo mRNA and protein levels to a greater degree in PKCε-overexpressing cells than in
control cells (Figure 9C-E).

PKCε overexpression in NIH-3T3 cells induces c-Jun protein transcription and
phosphorylation. Because PMA induced binding of c-Jun to a Tspo promoter sequence
(Fig. 5C), we also examined the effect of PKCε overexpression on c-Jun protein levels
and phosphorylation (Ser73). PMA induced c-Jun levels by 2-fold in control cells and
over 6-fold in PKCε-overexpressing cells (Figure 10A,B). Normalizing the levels of
phosphorylated c-Jun to GAPDH and dividing them by the c-Jun levels indicates that a
large portion of PMA inducible c-Jun underwent phosphorylation in the PKCεoverexpressing cells (Figure 10C, D).
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DISCUSSION
Here, we provide evidence that Tspo promoter activity and expression are
regulated by a PKCε-dependent signaling pathway in steroidogenic and nonsteroidogenic cells. This is the first report clearly linking induction of Tspo expression to
a signal transduction pathway. In this study, we investigated the molecular mechanisms
governing Tspo regulation by exploring Tspo transcriptional responses to a tumorpromoting agent in the three cell lines with varying TSPO levels. Our data clearly
showed that only non-steroidogenic cells expressing low levels of TSPO (i.e., NIH-3T3
and COS-7 cells) responded to PMA, as seen by an increase in Tspo promoter activity,
Tspo mRNA and protein levels, and cellular proliferation. MA-10 cells are rapidly
dividing, aggressive tumor cells, so further induction of proliferation with PMA may not
be possible. The finding that basal Tspo activity was significantly higher in MA-10 cells
than in NIH-3T3 or COS-7 cells suggests that an endogenous factor linked to the
steroidogenic phenotype of the MA-10 cells drives the constitutive Tspo expression in
these cells.
Sequence analysis of the Tspo promoter region crucial for Tspo induction in
PMA-treated NIH-3T3 cells revealed the presence of two Ets sites and one AP1 site.
Members of both AP1 and Ets transcription factor families are known to bind to the Tspo
promoter (5,14). These transcription factors can regulate transcription either alone, in
cooperation with each other, or in cooperation with different transcription factors or cofactors. Deletion analysis revealed that only the second Ets site and its adjacent AP1 site
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contributed to promoter induction by PMA in NIH-3T3 cells. An additive effect was not
observed upon mutation of both sites, suggesting that one of the two sites is used at a
time. This idea is consistent with the close proximity of the Ets and AP1 sites (separated
by 3 bp), which would make simultaneous occupancy of the same site difficult due to
allosteric hindrance. In TSPO-rich MA-10 cells, mutation of the AP1 site or either of the
two Ets sites did not restore the ability of the Tspo gene promoter to respond to PMA
(data not shown), suggesting that additional increases in the basal promoter activity of
these cells is not possible.
EMSA of NIH-3T3 extracts revealed that c-Jun and c-fos (of the AP1 family) as
well as GABP-α (of the Ets family) bound to the AP1 site of the Tspo promoter in a
PMA-inducible manner. In these studies we observed that a mutation of the Ets site was
more successful at competing off specific complexes 1 & 2 (Figure 5B, lane 4). It is
possible that some AP1 factors maybe bound to the AP1 site thus preventing the probe
from accessing the DNA. Mutating the AP1 site prevented this binding and thus the
complexes formed were not competed. This is supported by the fact that c-Jun almost
completely disrupted the probe binding (Figure 5C, lanes 7 & 8). These findings suggest
that PMA induces either synthesis of these transcription factors or their binding to DNA
through the activation of a signal transduction pathway, such as the PKC pathway. In
TSPO-rich cells, such as MA-10 cells, PKC might maintain constitutive Tspo promoter
activity by modulating the phosphorylation state and activity of transcription factors, such
as AP1 family members, or other regulatory proteins (30). In TSPO-poor cells, PMA
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induces c-Jun, c-fos, and GABP-α transcription and DNA binding, acting probably via
PKC. The interaction of these transcription factors with the Tspo promoter was recently
confirmed by chromatin immunoprecipitation assays (14).
In recent years, PKC has been linked to multiple diseases, steroidogenesis and
cancers (31-33). PKC mediates the tumor-promoting effects of PMA, although PMA is
also known to have PKC-independent effects (34). The ability of PKC-specific inhibitors
to abrogate PMA-induced promoter activity, taken with the inability of 4α-PMA to
induce promoter activity, suggests that PMA acts through PKC to induce Tspo
transcription. Different PKC isoforms may regulate Tspo transcription in COS-7 and
NIH-3T3 cells, since these cells had different inhibition profiles.

Alternatively,

conventional and non-conventional PKC isoforms may cooperatively regulate
transcription in these cells.

The finding that bisindolylmaleimide and RO 32-0432

inhibited the inducible effect of PMA in NIH-3T3 cells is consistent with a role for PKCε
in PMA-activated Tspo transcription.

The ability of RO 32-0432 to abolish PMA-

induced promoter activity only at concentrations found to inhibit PKCε also supports this
idea.
Our findings pointed to a role for PKCε not only in inducing Tspo expression in
NIH-3T3 and COS-7 cells, but also in basal Tspo expression in MA-10 cells. Of the
three cell lines examined, MA-10 cells had the highest expression of PKCε. In addition,
basal constitutive Tspo promoter activity in MA-10 cells was decreased, not by
Calphostin or G06976, but by a high enough dose of RO 32-0432 to affect PKCε. Similar
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inhibition was observed in the presence of a specific PKCε translocation inhibitor
peptide, which prevents the translocation of PKCε to its anchoring protein (19).
Moreover, lowering PKCε protein levels following siRNA treatment of MA-10 cells was
accompanied by a reduction in TSPO protein levels.

The finding that under the

conditions used 70% reduction in PKCε protein levels led to 40% reduction in TSPO
suggest that either longer periods of incubation time with the siRNA used are needed to
deplete the endogenous TSPO or that other mechanisms account for the control of the
remaining TSPO expression. Taken together these data indicate that PKCε is an
important component of the basal transcription of Tspo in TSPO-rich steroidogenic MA10 cells.
PKCε is a crucial player in diabetes (35) and Alzheimer’s disease (36). It is also
involved in carcinogenesis (23,37-39) and participates in tumor development, metastasis,
and invasion in many tissues. Overexpression of PKCε confers oncogenic potential to
fibroblasts, colonic, and prostatic epithelial cells (40,41). In addition, high-grade tumors
frequently have high levels of PKCε (23,31,42). Diminishing high levels or activity of
PKCε may suppress tumor promotion, growth, invasiveness, and metastasis (39). For
example, PKCε inhibition reduces tumor growth and metastasis of MDA-MB-231 breast
cancer cells (42) and sensitizes breast cancer cells to tumor necrosis factor-induced death
(43). Interestingly, the profile of TSPO expression in Alzheimer’s disease (4) and
various cancers (1,6-10) as well as the role of TSPO in cell proliferation, tumor invasion,
and tumor metastasis (1,6,11,44) parallels that of PKCε. Considering that TSPO controls
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the rate of adrenal cortical steroid formation (45) and this shared profile between PKCε
and TSPO, it is not surprising that PKCε null mice have dramatically reduced circulating
corticosterone levels (46). Indeed, this phenotype may be attributable to reduced adrenal
cortical levels of TSPO.
The importance of PKCε on Tspo promoter activity was confirmed through
overexpression of PKCε in NIH-3T3 cells, which expressed low levels of this PKC
isoform as well as of TSPO. Although prolonged exposure to PMA has been reported to
degrade PKC (47), we found that in these cells PKCε was resistant to PMA degradation,
in agreement with previous reports on this isoform (48), thus ruling out the possibility
that the PMA effect might be due to PKCε degradation following prolonged exposure to
PMA. Also in agreement with previous findings (49), PKCε overexpression increased
NIH-3T3 proliferation (data not shown). Importantly, although PKCε overexpression
increased Tspo mRNA and protein levels, PMA greatly enhanced this effect. Thus,
PKCε is essential for Tspo gene expression, but must be activated to exert this effect.
The results presented here suggest that in TSPO-rich steroidogenic cells,
constitutive expression of high levels of PKCε drives Tspo expression. In TSPO-poor
non-steroidogenic cells, this pathway can be engaged by tumor-promoting agents, also
resulting in increased proliferation. In the TSPO-poor NIH-3T3 cell line, PMA induced
Tspo transcription primarily through the formation of c-Jun DNA binding complexes and
to a lesser extent, GABP-α complexes. The finding that PMA treatment of NIH-3T3
cells elicited a dramatic up regulation of c-Jun in the presence of PKCε overexpression
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provides further support for the PKCε→c-Jun→Tspo signaling axis (Figure 11). In
PKCε-transfected NIH-3T3 cells, a large fraction of PMA-induced c-Jun was
phosphorylated. These data further indicate that PMA treatment induces both c-Jun
expression and activity, which drives Tspo expression.
In summary, a PKCε-dependent signal transduction pathway drives Tspo
transcription and expression through activation of AP1 and Ets transcription factors. This
is the first clear evidence linking increased TSPO expression to a signal transduction
pathway (PKCε). Additional studies will be necessary to unravel the exact mechanism
by which PKCε regulates AP1 and Ets expression and/or activity.
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TABLE 1: Oligonucleotide Sequences Used in Electrophoretic Mobility Shift Assays
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TABLE 1
Oligonucleotide Name

Sequence

S-Ap1 wt

CTCTAATTGACTCACAGGAAGAGGTT

AS-AP1 wt

AACCTCTTCCTGTGAGTCAATTAGAG

S-AP1 WT biotin5

CTCTAATTGACTCACAGGAAGAGGTT

AS-AP1 WT biotin5

AACCTCTTCCTGTGAGTCAATTAGAG

S-Ap1 MUT

CTCTAATTCTCTCACAGGAAGAGGTT

AS-Ap1 MUT

AACCTCTTCCTGTGAGAGAATTAGAG

S-Ets MUT

CTCTAATTGACTCACAGTCAGAGGTT

AS-Ets MUT

AACCTCTGACTGTGAGTCAATTAGAG
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FIGURE 1: TSPO levels in MA-10, NIH-3T3, and COS-7 cells. (A) TSPO levels, as
determined by [3H]PK11195 binding (Bmax). Values are derived from three independent
experiments (n = 9). (B) Immunoblot analysis of TSPO. GAPDH served as a loading
control. The gel is representative of three independent experiments.
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FIGURE 2: Time-dependent induction of Tspo promoter activity by PMA. (A) Effect of
PMA (50 nM) or DMSO (control) on pGL3-805 luciferase activity in COS-7 cells. MA10 cells showed an average reading of luc/ren= 60 for basal pGL3-805 promoter, while
both COS-7 and NIH-3T3 cells had an average of luc/ren=20 for basal pGL3-805
promoter and 60 after PMA stimulation, reaching the basal of MA-10 cells (B) Dosedependent effect of PMA on pGL3-805 luciferase activity in MA-10, NIH-3T3, and
COS-7 cells. (C) Effect of PMA (50 nM) on pGL3-2700 luciferase activity in MA-10,
NIH-3T3, and COS-7 cells. In B. and C., cells were treated with PMA for 24 h. Values
are derived from three independent experiments (n = 9). **p < 0.01 and ***p < 0.001 vs.
control; ns, non significant.
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FIGURE 3: PMA induces TSPO mRNA levels, protein levels and proliferation in NIH3T3 and COS-7 cells. (A) QRT-PCR analysis of TSPO mRNA levels 24 h after PMA
treatment. (B) Immunoblot analysis of NIH-3T3 and COS-7 cells treated with and
without PMA (50 nM) for 24 h. (C) Cellular Brdu incorporation 24 h after PMA
treatment. Results are derived from three independent experiments (n = 9). *p < 0.05
and **p < 0.01 vs. control; ns, non significant. Immunoblots (B) are representative of
three independent experiments.
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and B, PMA induced a significant increase in luciferase activity (p < 0.001, ANOVA).
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FIGURE 6: PMA induction of the Tspo promoter is PKC-dependent. (A,B) Luciferase
activity of pGL3-805 in NIH-3T3 (A) and COS-7 (B) cells treated with DMSO (controlwhite bars), PMA (black bars), or 4α-PMA (grey bars) for 24 h. (C,D) Effect of PKCspecific inhibitors, RO32-0432 and bisindolylmaleimide (BIM), on PMA-inducible
pGL3-805 activity in NIH-3T3 (C) and COS-7 (D) cells. In A-D, data were normalized
to control activity and are derived from three independent experiments (n = 9). ***p <
0.001 vs. control.
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FIGURE 9: PKCε overexpression induces Tspo promoter mRNA and protein levels. NIH3T3 cells were transfected with PKCε expression vector or vector only, then treated with
(white bars) or without PMA (black bars) for 24 h. (A) Immunoblot analysis of cell
extracts. (B) Effect of PKCε overexpression on Tspo promoter activity. (C) QRT-PCR
analysis of Tspo mRNA levels in response to PKCε overexpression. Results are derived
from three independent experiments (n = 9). *p < 0.05, **p < 0.01, ***p < 0.001 vs.
control.

(D) Immunoblot analysis of TSPO and (E) densitometry of TSPO bands.

Immunoreactive bands were normalized to HPRT, and these values were expressed as an
increase relative to control. Immunoblots are representative of three independent
experiments.
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FIGURE 10: PKCε overexpression induces c-Jun protein levels and phosphorylation. NIH3T3 cells were transfected with PKCε expression vector or vector only, then treated with
or without PMA for 24 h and examined for c-Jun levels by immunoblotting (A) followed
by densitometric (B) analysis of the blots. Immunoreactive bands were normalized to
GAPDH and these values were expressed as an increase relative to control. Immunoblot
(C) and densitometric (D) analysis of phosphorylated c-Jun (Ser73). p-c-Jun levels were
normalized to GAPDH levels (data not shown), then normalized to c-Jun levels to
investigate

phosphorylation

of

newly

synthesized

representative of two independent experiments.
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CHAPTER 2
Protein kinase Cε regulation of translocator protein (18-kDa) Tspo gene expression
is mediated through a MAPK pathway targeting STAT3 and c-Jun transcription
factors

68

ABSTRACT
Translocator protein TSPO is an 18-kDa protein implicated in numerous cell
functions and is highly expressed in secretory and glandular tissues, especially in
steroidogenic cells. TSPO expression is altered in pathological conditions such as certain
cancers and neurological diseases. In search of the factors regulating Tspo expression,
we recently showed that high levels of TSPO in steroidogenic cells may be due to high
constitutive expression of protein kinase Cε (PKCε), while phorbol-12-myristate 13acetate (PMA) activation of PKCε drives inducible TSPO expression in nonsteroidogenic cells, likely through activator protein 1 (AP1). In this study, we aimed to
identify the signal transduction pathway through which PKCε regulates Tspo gene
expression. The MEK1/2 specific inhibitor U0126, but not NFκB inhibitors, reduced
basal Tspo promoter activity in TSPO-rich steroidogenic cells (MA-10 Leydig), as well
as basal and PMA-induced Tspo promoter levels in TSPO-poor non-steroidogenic cells
(NIH-3T3 fibroblasts).

AP1 and signal transducer and activation of transcription 3

(STAT3) have binding sites in the Tspo promoter and are downstream targets of PKCε
PKCε overexpression induced STAT3

and MAPK (Raf-ERK1/2) pathways.

phosphorylation in NIH-3T3 cells, while PKCε knockdown reduced STAT3
phosphorylation in Leydig cells.

MEK1/2, ERK2, c-Jun, and STAT3 knockdown

reduced Tspo mRNA and protein levels in Leydig cells. MEK1/2, c-Jun, and STAT3
knockdown also reduced basal as well as PMA-induced Tspo mRNA levels in NIH-3T3
cells. Together, these results demonstrate that PKCε regulates Tspo gene expression
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through a MAPK (Raf-1-MEK1/2-ERK1/2) signal transduction pathway, acting at least
in part through c-Jun and STAT3 transcription factors.
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INTRODUCTION
Translocator protein (18-kDa) TSPO is a nuclear encoded, primarily
mitochondrial, high affinity cholesterol- and drug-binding protein that has been
implicated

in

numerous

cell

functions,

including

cholesterol

transport

and

steroidogenesis, cellular respiration, oxidative stress, proliferation, and apoptosis (1;2).
Among these functions, the role of TSPO in cholesterol transfer across the outer to the
inner mitochondrial membrane, the rate-determining step in steroidogenesis, is the most
well-studied (1;2). TSPO is a ubiquitous protein with diverse levels of expression across
the body. Particularly high TSPO levels are found in secretory and glandular tissues, and
especially in steroid hormone producing cells, whereas intermediate levels are observed
in renal and myocardial tissues. Lower levels are detected in brain and liver (1-5). TSPO
levels are also elevated in cancerous tissues of the breast, ovary, colon, prostate, and
brain compared to normal human tissues, suggesting a role for TSPO in carcinogenesis
(6-10). A positive correlation between TSPO levels and the metastatic potential of
human breast and brain tumors further support this hypothesis (2;6-8). TSPO expression
is also upregulated in the brain at sites of injury and inflammation, as well as following a
number of neuropathological conditions, including stroke, herpes and HIV encephalitis,
and neurodegenerative disorders such as Alzheimer's disease, multiple sclerosis,
amyotrophic lateral sclerosis, Parkinson’s disease, and Huntington’s disease (2;6-8;11).
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A number of physiological and pharmacological modulators have been shown to
alter TSPO levels. These include IL-1, TNF-α, serotonin, norepinephrine, dopamine,
peroxisome proliferators, and ginkgolide B (12-14).

Despite the numerous studies

describing TSPO protein levels in various species and tissues, little is known about the
mechanisms underlying its transcriptional regulation. Typical of housekeeping genes,
sequence analysis of the mouse Tspo promoter revealed that it lacks TATA and CCAAT
elements, but contains a series of proximal GC boxes and several putative binding sites
for transcription factors such as v-Ets erythroblastosis virus E26 oncogene homolog (Ets),
AP1, specificity protein 1/specificity protein 3 (Sp1/Sp3), AP2, Ik2, GATA, SOX, and
SRY (5;15;16).

Deletion and mutational studies of the Tspo promoter revealed a

differential transcriptional regulation of Tspo in TSPO-rich steroidogenic mouse Leydig
cells compared to non-steroidogenic mouse NIH-3T3 fibroblasts. Two proximal Sp1/Sp3
sites in the 123-15 bp region and members of the Ets family of transcription factors, as
well as an AP1 factor were found to be important for basal transcriptional activity
(5;15;16).
We previously analyzed Tspo transcriptional responses in steroidogenic (MA-10
mouse tumor Leydig cells) and non-steroidogenic cells (NIH-3T3 mouse fibroblasts and
SV-40 transformed COS-7 monkey kidney cells).

We found that high levels of

endogenous protein kinase C epsilon (PKCε) regulated Tspo expression in TSPO-rich
steroidogenic cells, while phorbol-12-myristate 13-acetate (PMA) induced Tspo
expression in TSPO-poor non-steroidogenic cells, with PKCε mediating this effect.
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Moreover, the PKCε-activated pathway likely targeted the AP1 and Ets transcription
factors, whose binding sites are localized to the 805-515-bp region upstream of the
transcription start site.
Protein kinase C is a family of serine/threonine-specific protein kinases consisting
of at least 11 known isoforms (17). PKC isoform expression and distribution is cell-type
and condition-specific. A member of the typical group of PKC isoforms, PKCε, has been
shown to be involved in a variety of signaling events involved in cell proliferation,
differentiation, apoptosis, nervous functions, and secretory vesicle trafficking (18).
PKCε is abundant in endocrine, neuronal, and immune cells (19;20). Moreover, the
presence of high levels of PKCε in high-grade tumors, together with studies indicating its
participation in tumor development, metastasis, and invasion, have suggested that PKCε
is an oncogene (19). Interestingly, the profile of TSPO expression in endocrine tissues
and various cancers, as well as the role of TSPO in cell proliferation, tumor invasion, and
metastasis, parallels that of PKCε (16). PKCε has been shown to exert its effects through
multiple downstream signaling pathways including, but not limited to, RACK2, NFκB,
STAT3, mitogen-activated protein kinase MAPK (Raf-ERK1/2), or MARCKS
(18;21;22).
Here we used specific pathway inhibitors in steroidogenic (MA-10 mouse tumor
Leydig) and non-steroidogenic (NIH-3T3 mouse fibroblasts) cells to show that the Raf-1/
ERK1/2 signaling pathway is the downstream target through which PKCε regulates Tspo
gene transcription. In the classic MAPK (Raf-ERK1/2) pathway, Ras activates Raf to
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phosphorylate MEK1/2, which in turn activates ERK1/2 by phosphorylation. Since AP1
and STAT3 have binding sites in the Tspo promoter and are downstream targets of the
PKCε and MAPK (Raf-ERK1/2) pathways, we also investigated their possible regulation
by these kinases and their participation in regulating TSPO expression. The results
obtained demonstrate that PKCε regulates Tspo gene expression through a MAPK (Raf1-MEK1/2-ERK1/2) signal transduction pathway, acting at least in part through c-Jun
and STAT3 transcription factors.

74

EXPERIMENTAL PROCEDURES
Cell Culture. MA-10 cells were a gift from Mario Ascoli (University of Iowa, Ames,
IA). Cells were cultured in T75-cm2 cell culture flasks (Dow Corning Corp., Corning,
NY) and grown in DMEM/Ham-F12 nutrient mixture (Sigma Chemical Co., St. Louis,
MO) supplemented with 5% fetal bovine serum and 2.5% heat-inactivated horse serum
(GIBCO, Burlington, ON). NIH-3T3 cells (Lombardi Cancer Center Tissue Culture
Facility, Washington, DC) were maintained in DMEM supplemented with 10% normal
calf serum. Before experimentation, MA-10 and NIH-3T3 cells were allowed to recover
from plating for 24 h.

Transfection and Luciferase Assays. MA-10 and NIH-3T3 cells were seeded in 6-well
plates at a density of 150,000 cells per well. The Tspo promoter construct pGL3-805 (1.5

µg) reporter plasmid was used for transfections as described previously (5). In brief,
cells were transfected for 24 h using Fugene 6 (Roche, Indianapolis, IN) for MA-10 cells
and Polyfect (Qiagen, Valencia, CA) for NIH-3T3 cells. All cultures received equimolar
amounts of experimental constructs, where PUC19 or empty vector were added where
needed to keep the final amount of DNA constant. All cultures were co-transfected with
a Renilla luciferase reporter under the control of the thymidine kinase promoter (PRLTK,
Promega Corp., Madison, WI) to normalize for transfection efficiency. Twenty-four
hours

after

transfection,

cells

were

treated

with

PMA

(Sigma-Aldrich)

or

dimethylsulfoxide (DMSO, vehicle) (Sigma-Aldrich) or MEK Inhibitors, 1,4-diamino75

2,3-dicyano-1,4-bis

(2-aminophenylthio)butadiene

(U0126)

or

2-(2-Amino-3-

methoxyphenyl)-4H-1-benzopyran-4-one (PD98059), at indicated doses (Calbiochem,
Gibbstown, NJ) for 24 h or as otherwise indicated.

Cells were preincubated with

inhibitors for 1 h before adding PMA. Cellular extracts were collected by incubating
cells in 1X passive lysis buffer (Promega Corp.), followed by processing with the DualLuciferase Reporter System (Promega Corp.). Activity was measured using the Victor2
automated plate reader (Perkin Elmer, Waltham, MA).

Quantitative Real Time (QRT)-PCR. NIH-3T3 cells were seeded in 6-well plates, and
after 24 h were treated with DMSO or PMA for an additional 24 h. In silencing
experiments, MA-10 and NIH-3T3 cells were seeded and treated with siRNA as
described below and then cells were collected for QRT-PCR analysis. RNA was
extracted using the Rneasy kit (Qiagen) according to the manufacturer’s instructions.
RNA (1 µg) was reverse transcribed using the TaqMan reverse transcription reagents kit
(Roche) according to manufacturer’s instructions to a 20 µl final volume. The resulting
cDNA was diluted to 60 µl final volume with RNase free water and used as a template for
real

time

PCR

using

Tspo

specific

CACCGCATACATAGTAGTTGAGCA-3’

primers
and

(

forward

reverse

5’5’-

CCCGCTTGCTGTACCCTTACC-3’), and SYBR GREEN dye. Amplification of 18s
ribosomal RNA served as a control.
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MEK and NFκB inhibitors. MA-10 and NIH-3T3 cells were seeded at 150,000 cells per
well in 6-well plates. Twenty-four hours later, cells were transfected with pGL3-805 for
24 h before being preincubated with the MEK inhibitors U0126 (10 µM, or as indicated),
PD98059 (10 µM), or with the NFkB SN50 Cell-Permeable Inhibitor Peptide (10 and 20
µM) (Calbiochem #481480) or the NFkB SN50M Cell-Permeable Inactive Control
Peptide (Calbiochem #481486) (10 and 20 µM) , for 1 h prior to PMA treatment (50 nM).
Twenty-four hours later, cells were lysed and promoter activity was measured using the
dual luciferase assay as described above. Data were normalized to Renilla and presented
as fold activity over the untreated control.

Immunoblotting. NIH-3T3 cells were seeded at 150,000 cells per well in 6-well plates for
24 h. Cells were preincubated with MEK inhibitors U0126 (10 µM) or PD98059 (10
µM) for 1 h before treating with PMA for the indicated times. Cells were lysed in 1X
cold RIPA buffer (Cell Signaling, Danvers, MA) supplemented with Halt protease
inhibitor cocktail 1:100 (Pierce, Rockford, IL). Protein concentration was measured
using a standard Bradford assay (Bio-Rad, Hercules, CA), and equal amounts of protein
were electrophoresed on 4-20% tris-glycine polyacrylamide gels (Invitrogen), transferred
onto PVDF membranes, and probed with antibodies to PKCε (1:800) and c-Jun (1:800)
(Santa Cruz, Biotechnology, Santa Cruz, CA), TSPO (1:1000) (28), p-c-Jun (Ser73)
(1:1000), ERK1/2 (1:2000) and pERK1/2 (1:2000), STAT3 (1:1000), pSTAT3 (Tyr705)
(1:500), pSTAT3 (Ser727) (1:500) (Cell Signaling Technology, Danvers, MA), GAPDH
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(1:2000) (Trevigen, Gaithersburg, MD), HPRT (1:1000), Tubulin (1:2000), pMEK1
(1:1000) and tMEK (1:1000) (Abcam, Cambridge, MA), and p-Raf-1 (1:500) (Biosource,
Camarillo,

CA).

Immunoreactive

chemiluminescence (Amersham,

proteins

Piscataway, NJ)

were

visualized

by

enhanced

using a FUJI image reader LAS4000 for

capturing images or film processing. Densitometry of each band was measured using
Multi-gauge V3.0 software.

PKCε overexpression. The pCMV6-XL4 expression plasmid containing Homo sapiens
protein kinase C epsilon (PRKCE) was obtained from Origene (Rockville, MD). The
plasmid was amplified and purified, and the PKCε insert was sequenced. pCMV6-XL4
containing PKCε or empty vector were then transfected into NIH-3T3 cells as described
above. Twenty-four hours later, cells were treated with DMSO or PMA (50 nM) for an
additional 24 h or as indicated. Cells were then harvested for protein studies as described
above.

PKCε, c-jun, Stat3, and MEK1/2 siRNA treatments. MA-10 and NIH-3T3 cells were
seeded at 150,000 cells per well in 6-well plates. Cells were transfected 24 h later with 4
or 8 µg of the PKCε siRNA pool, 2 µg of the Stat3 and MEK1/2 siRNA pool
(Dharmacon, Lafayette, CO), or 2 µg c-Jun siRNA (Santa Cruz) using X-treme GENE
siRNA Transfection Reagent (Roche), as recommended by the manufacturer. Cells were
cultured for 48 h before being harvested for QRT-PCR, or for 72 h for immunoblot
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analysis in MA-10 cells. NIH-3T3 cells were treated with or without PMA (50 nM) at 48
h for an additional 24 h before being collected for QRT-PCR analysis. Target gene
knockdown was verified by QRT-PCR and/or immunoblot analysis of cell extracts when
indicated.

ERK2 shRNA plasmid treatment. MA-10 cells were seeded at 150,000 cells per well in
6-well plates for 24 h before being transfected for an additional 72 h with 800 ng of
shRNA ERK2 plasmid or pKD-negative control-v1 (Millipore, Lake Placid, NY) using
Fugene 6 (Roche), followed by collection for protein analysis. Target gene knockdown
was verified by immunoblot analysis of cell extracts.

Chromatin immunoprecipitation (ChIP). ChIP was performed using the Magna ChIP G
kit (Millipore) according to the manufacturer’s protocol. Briefly, MA-10 and NIH-3T3
cells were grown in 150 mm dishes to 80% confluence and were cross-linked with
medium containing 1% formaldehyde for 10 min at room temperature. Plates were
washed 3 times with ice cold 1X PBS before being scraped and pelleted by centrifugation
(800 x g) for 5 minutes at 4oC. Cells were lysed using lysis buffer (provided by
manufacturer- Millipore) containing protease inhibitors and nuclei were collected by
centrifugation (800 x g) for 5 minutes at 4oC. Nuclei were suspended in nuclear lysis
buffer (provided by manufacturer- Millipore) containing protease inhibitors and kept on
ice. Nuclear DNA was sheared to an average size of 200-1000 bp with eight 10-sec
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pulses at 25% power using a Vibracell VC 130 sonicator (Sonics and Materials Inc.,
Newtown, CT) fitted with a 3-mm stepped microtip. After shearing, chromatin was
immunoprecipitated with 20 µl STAT3 (#9139 Cell Signaling Technology) or 2 µl c-Jun
(# SC-44 X, Santa Cruz) antibodies overnight at 4oC with rotation, and complexes were
captured using magnetic protein-G beads. Magnetic beads were washed with a low and
high salt immune complex wash buffer, LiCl immune complex wash buffer and lastly TE
buffer following the manufacturer’s. Cross-links were reversed by incubating beads in a
rotating oven for 4 h at 62oC. DNA was purified and diluted 1:10 before being subjected
to QRT-PCR using primers specific for the mouse Tspo distal promoter (forward 5’TGGTTAAGAACAGGAAGCCcG-3’

and

reverse

5’-

TGGTGTCTGCAAGGTAAAGGTGA-3’). Immunoprecipitates obtained with normal
2µl rabbit IgG (#2729s, Cell Signaling Technology) served as negative controls. NIH3T3 cells were grown in 150 mm dishes to 70% confluence before being treated with
DMSO or PMA for an additional 24 h, after which cells were crosslinked and subjected
to the same procedure as described above.

Sequence and statistical analysis. Sequence analysis was performed using Vector NTI
software (Informax, Invitrogen). Statistical analysis was performed using Prism version
4.0 (GraphPad Software, San Diego, CA).

Group means were compared using the

Student's t test or two-way ANOVA. Data are presented as mean ± SEM, where p < 0.05
was considered significant.
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RESULTS
Promoter regions 805-515 and 123-15 harbor elements essential for basal Tspo
promoter activity in MA-10 and NIH-3T3 cells. Detailed database motif analysis of the
proximal promoter led to identification of multiple putative transcription factor binding
sites (Figure 1). Of the multiple sites, three Sp1/Sp3, two Ets and one AP1 sites are
dispersed within the first 805 bp of the promoter. Using mutational analysis and siRNA
technology, we previously demonstrated that Sp1/Sp3 and Ets sites display differential
importance for basal transcription in steroidogenic MA-10 Leydig and non-steroidogenic
NIH/3T3 fibroblast cells (5;15). Interestingly, analysis of the complimentary strand
revealed a STAT3 binding site that spans the AP1 and Ets sites in the 585-515 region. In
this study we aimed to identify any potential role for the STAT3 and AP1 sites in
regulating the basal and inducible activity of the Tspo gene promoter.

PMA-inducible and basal Tspo promoter activity depends on the MAPK/ERK1/2
signaling pathway. We previously reported that PMA-induced TSPO expression in nonsteroidogenic NIH-3T3 fibroblasts and the high constitutive expression levels in
steroidogenic MA-10 Leydig cells are under the control of PKCε. Since PMA induced
Tspo transcription by activating PKCε in NIH-3T3 cells, which is known to act through
multiple signaling pathways, we attempted to determine the involvement of the MAPK
(Raf-ERK1/2) pathway in regulating Tspo promoter activity. As such, we transfected
MA-10 and NIH-3T3 cells with the pGL3-805 promoter construct for 24 h before
treatment with the MEK1/2 specific inhibitor U0126 for 1 h prior to adding PMA for an
additional 24 h. As before, PMA induced Tspo promoter activity in NIH-3T3 (Figure
2A) but not in MA-10 cells (data not shown) (16). To further characterize the effect of
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U0126 on Tspo promoter activity, NIH-3T3 and MA-10 cells transfected with pGL3-805
were treated with a broad range of doses of the inhibitor or control DMSO. U0126
inhibited the effect of PMA in a dose-dependent manner in NIH-3T3 cells, where 20 µM
of U0126 abolished the stimulatory effect of PMA (Figure 2A). In addition, U0126
reduced basal Tspo promoter activity in both NIH-3T3 and MA-10 cells in a dosedependent manner (Figure 2A, B).
To confirm the data obtained with U0126, we next performed a series of
experiments using the MEK1/2 inhibitor PD98059. In contrast to what we expected,
PD98059 at 10µM, a dose commonly used to block MEK 1/ 2 activation, not only failed
to inhibit PMA-induced Tspo promoter activity in NIH-3T3 cells, but it enhanced basal
transcription in both NIH-3T3 and MA-10 cells, and the effect of PMA in NIH-3T3 cells.
We next investigated this finding in detail using QRT-PCR to examine the effect of
PD98059 on Tspo mRNA levels. PD98059 at 10µM induced Tspo mRNA levels
significantly after a 48 h treatment. When used at 100 µM PD98059 reduced Tspo
promoter activity. Since PD98059 is a flavone with a possible effect on the antioxidant
capacity of cells, resulting from the modulation of antioxidant enzyme activity as well as
inhibition of enzymes that generate reactive metabolites, we investigated a possible effect
on glutathione GSH levels. PD98059 reduced GSH levels only at the higher dose
(100µM). To examine whether the low concentrations (10 µM) of PD98059 could affect
the cellular oxidative machinery we used a mouse oxidative stress and antioxidant
defense profiler PCR array that identified 30 target genes down regulated after the 24 h
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treatment (data not shown). These findings suggest that PD98059 at low doses (10 µM)
acts as a weak inducer of oxidative stress, which is sufficient to drive Tspo expression. At
high concentrations PD98059 is a strong inducer of oxidative stress leading to
cytotoxicity and reduction of Tspo levels.
To determine whether the effect of PMA on the Tspo promoter was specific to the
MAPK pathway, we next examined the role of the NFκB pathway in this process. NIH3T3 cells were transfected with pGL3-805 and were treated with PMA for an additional
24 h in the presence or absence of the NFκB inhibitor peptide SN-50, or its mutated
inactive negative control. Cells were preincubated with the inhibitors for 1 h before
adding PMA.

Figure 2C shows that the NFκB inhibitor did not affect either the

stimulatory effect of PMA on the Tspo promoter, or basal Tspo promoter activity. NIH3T3 cells were also treated with the small molecule NFkB Activation Inhibitor showing
similar negative results (data not shown). Treating MA-10 cells with either of the above
inhibitors did not reduce basal Tspo promoter activity (data not shown).
To investigate if PMA indeed activated the MAPK (Raf-ERK1/2) pathway, NIH3T3 cells were seeded for 24 h and treated with PMA for different lengths of time (Figure
2D). PMA phosphorylated MEK1 and ERK1/2 in a time-dependent manner, with ERK2
sustaining higher activation, up to 10 h, compared to the HRPT control (Figure 2D). We
previously reported that PMA induced the up-regulation of c-JUN protein levels, as well
as its phosphorylation (16). Data shown in Figure 2D confirm and extend these findings
by showing that PMA induces c-Jun phosphorylation as early as 5 min, and significantly
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induces c-JUN protein levels starting at 1 h after treatment. In agreement with the
promoter data presented above, treatment of the cells with U0126 inhibited ERK
phosphorylation (Figure 2E).

PKCε affects Raf-1 and STAT3 phosphorylation and prolongs the activation of the
ERK1/2 pathway. We previously demonstrated that PKCε induced TSPO and c-Jun
mRNA and protein levels. To investigate whether PKCε exerts its effect through the
MAPK pathway, we transfected NIH-3T3 cells with either a PKCε-expressing CMV
vector or an empty vector for 24 h as previously described (16). Cells were then treated
with PMA for an additional 24 h before harvesting for immunoblot analysis.
Immunoblotting with an anti-p-Raf-1 antibody indicated increased levels of p-Raf-1,
even after treatment with PKCε and PMA for 24 h, compared to controls (Figure 3A).
In the same samples, ERK1/2 phosphorylation returned to control levels after 24 h
as expected (Figure 3B). However, the PKCε-transfected cells treated with PMA showed
higher STAT3 phosphorylation levels compared to control cells transfected with the
CMV empty vector (Figure 3C).

A PMA time-course treatment of NIH-3T3 cells

transfected with CMV empty vector (-PKCε) or PKCε showed prolonged ERK2
phosphorylation in PKCε samples compared to the control at 1 h in representative blots
(Figure 3D). A densitometry analysis of three blots indicated a significantly higher
induction of ERK2 in PKCε-transfected samples compared to empty CMV vector alone
(Figure 3E).
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MEK1/2, Stat3, and c-Jun siRNA and ERK2 shRNA significantly reduce TSPO expression
levels in MA-10 cells.

To confirm the putative role of the MAPK pathway in the

regulation of TSPO expression, a pool of MEK siRNA and ERK2 shRNA were used to
lower MEK1/2 and ERK2 mRNA and protein levels, respectively, in TSPO-rich MA-10
cells. Figure 4A shows that the siRNA pool significantly reduced MEK1, but not MEK2,
mRNA levels. ERK2 shRNA significantly reduced ERK2 protein levels compared to the
negative control, and knockdown of both MEK1 and ERK2 significantly reduced TSPO
protein levels (Figure 4C). We previously linked c-Jun to regulation of TSPO expression
through binding to its corresponding AP1 site on the Tspo promoter (16). siRNA for cJun significantly reduced Tspo mRNA levels (Figure 4B) as well as TSPO protein levels
(Figure 4D). Reducing Stat3 mRNA levels also resulted in reduction of Tspo mRNA
(Figure 4B) and protein levels in MA-10 cells (Figure 4D).

PKCε regulates STAT3 activity in MA-10 cells. To determine whether PKCε regulates
STAT3, we tested for the phosphorylation status of STAT3 in MA-10 cells after
knockdown of PKCε. PKCε siRNA was used to lower PKCε protein levels in TSPO-rich
MA-10 cells. Figure 5 shows that the pool of PKCε siRNA used inhibited PKCε protein
expression reaching an 80% inhibition in the presence of 4 µg of siRNA. Under the same
conditions, the siRNA used also reduced the levels of STAT3 phosphorylated at Tyr705
(responsible for activation of the protein in the cytosol) as well as Ser727 (responsible for
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binding to DNA) (Figure 5 A&B). Normalizing the levels of phosphorylated STAT3 to
Tubulin and dividing them by the total STAT3 levels indicates that PKCε significantly
reduced the phosphorylation levels of a large portion of phosphorylated STAT3 at both
the Tyr and Ser sites (Figure 5), thus implicating STAT3 as a downstream target of PKCε
in MA-10 cells and adding a new element to the machinery regulating TSPO expression.

MEK1/2, STAT3, and c-Jun mediate the effect of PMA on Tspo mRNA levels in NIH-3T3
cells.

Figure 6A presents mRNA levels of endogenous c-Jun, Stat3, and MEK1/2

following treatment with the respective siRNAs. Treating NIH-3T3 cells with a siRNA
pool for c-Jun, Stat3, and MEK1/2 for 72 h before QRT-PCR analysis revealed that all
were able to slightly reduce basal Tspo mRNA levels to a significant level (Figure 6B).
Treatment with PMA for an additional 24 h following treatment for 48 h with the siRNAs
listed above induced Tspo mRNA levels in the controls (scrambled) as we previously
reported (16). PMA induced c-Jun levels in the control (scrambled) by 3.5-fold, which
was reduced by c-Jun siRNA (Figure 6C). We previously demonstrated that PKCε
overexpression induced c-Jun levels.

Treating NIH-3T3 with a PKCε siRNA pool

reduced the induced c-Jun mRNA levels by PMA in a dose-dependent manner (Figure
6C) confirming our previous data on the role of PKCε as a regulator of c-Jun expression.

c-Jun is bound to the endogenous Tspo promoter, and PMA recruits STAT3 binding in
NIH/3T3 cells. We next used a ChIP assay to determine whether STAT3 and c-Jun
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transcription factors are bound to the endogenous Tspo promoter in intact cells. Data
shown in Figure 7A and B demonstrate that c-Jun binds to the endogenous promoter in
both MA-10 and NIH-3T3 cells, whereas the IgG negative control does not. Based on
this data and because a STAT3 binding site was identified in this sequence, which
partially overlaps with the c-Jun and Ets sites that regulate the Tspo promoter in response
to PMA (Figure 1), we examined whether STAT3 binds to the Tspo promoter by ChIP
analysis. Figure 7C shows that PMA induced STAT3 binding to the Tspo promoter in
NIH-3T3 cells, indicating that both STAT3 and c-Jun are important players in regulating
Tspo gene expression.
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DISCUSSION
The data presented in this manuscript implicate the MAPK (Raf-1/ERK2) signal
transduction pathway as the downstream target of PKCε, responsible for mediating the
effect of the kinase on Tspo gene promoter activity and expression. We also demonstrate
that the PKCε-MAPK effect on TSPO expression is at least in part mediated by the c-Jun
and STAT3 transcription factors. In previous studies, functional characterization of the
Tspo promoter revealed the presence of two Sp1/Sp3 sites and two Ets sites in the
proximal promoter; variable expression between the cell lines examined, as well as
differences in the binding of these transcription factors to the Tspo promoter, were shown
to result in differential regulation of the basal Tspo promoter activity between
steroidogenic and non-steroidogenic cells (5;15). An AP1 site, adjacent to the second Ets
site, was also identified in the Tspo promoter, and its role in regulating basal Tspo
promoter activity was shown (16). We then investigated the molecular mechanisms
governing Tspo regulation by exploring Tspo transcriptional responses to a tumorpromoting agent (PMA) in three cell lines with varying TSPO levels, and showed that
only cell lines expressing low endogenous levels of TSPO were responsive to PMA, and
that AP1 and the second Ets sites mediated this effect (16). The stimulatory effect of
PMA in the low-expressing TSPO non-steroidogenic NIH-3T3 mouse fibroblasts was
subsequently shown to be mediated by PKCε (16). PKCε was also found to be expressed
at high levels in the steroidogenic MA-10 mouse tumor Leydig cells levels, where it
maintained the high constitutive expression of TSPO in these cells (16). Thus, PKCε
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levels, activity, and targets seem to be the key drivers of Tspo promoter activity and
protein expression.
PKCε signal transduction is complicated, and it is known to act through several
cellular pathways such as NFκB, MAPK, p38, or by binding to RACK2. To identify the
signaling pathway through which PMA and thus PKCε act on Tspo gene expression, we
used pathway-specific inhibitors for the MAPK component MEK1/2, as well as specific
inhibitors for the NFκB pathway. The MEK1/2 phosphorylation inhibitor U0126, which
exerts its effect by blocking both new and existing MEK phoshophorylation and thus
inhibiting MEK’s ability to phosphorylate ERK1/2, completely abolished the activation
of the Tspo promoter by PMA and reduced basal promoter activity in a dose-dependent
manner. In contrast, both peptide and small molecule inhibitors of NFκB did not affect
PMA-induced Tspo transcription, indicating the effect of PMA on Tspo promoter is
NFκB-independent and is specific to the MEK1/2 signaling pathway.
We obtained contradictory findings using the MEK1/2-specific inhibitor
PD898059, which unlike U0126 blocks only newly phosphorylated MEK, where a low
dose (10 µM) induced Tspo promoter activity and mRNA levels and a high dose (100
µM) reduced Tspo mRNA levels. In search of the mechanisms underlying this biphasic
effect of PD898058 we observed that high concentrations of the compound reduced a
glutathione levels. However, although at 10 µM PD98059 did not affect glutathione
levels, it altered the expression of 30 out of 84 genes involved in cellular oxidative stress
defense. Taken together these results suggest that PD98059 at low doses acts as a weak
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inducer of oxidative stress altering the homeostasis of the cell antioxidant defense system
and generating oxidative stress sufficient to drive Tspo expression (data not shown). This
finding could be explained by the fact the PD898059 is a flavonoid previously shown to
reduce antioxidant molecule levels in various cell types (23). Nevertheless, these data
identified reactive oxygen species as a regulator of Tspo expression, a finding that will be
investigated in detail in future studies.
Raf-1 was significantly phosphorylated at 24 h in NIH-3T3 cells transfected with
PKCε and treated with PMA. In these cells, PMA treatment of cells transfected with
PKCε also increased STAT3 Tyr705 phosphorylation, suggesting that STAT3 may be a
member of the transcriptional machinery regulating Tspo expression. Although ERK1/2
phosphorylation levels were induced with PMA in both empty vector- and PKCεtransfected cells, phosphorylation of ERK2 was significantly higher in PKCε-transfected
cells; the presence of increased levels of PKCε were found to prolong ERK2 activation in
agreement with previous findings in PNAC-1C cells (24). It is important to note that
aberrant expression and/or activity of PKCε, MAPK/ERK1/2, AP1, STAT3, and TSPO
have been linked to many diseases and cancers (21;25;26). Moreover, given the fact that
STAT3 knockdown in vitro reduces TSPO levels, one could speculate that the STAT3driven reduction in TSPO levels in vivo could be a contributing factor to the embryonic
lethality seen in both STAT3 (27) and TSPO knockout mice (28).
Knockdown of MEK1/2 with siRNAs significantly reduced TSPO mRNA and
protein expression levels in MA-10 cells, as well as both basal and PMA-induced Tspo
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mRNA levels in NIH-3T3 cells. Treatment of MA-10 cells with siRNAs targeted to
MEK2 did not significantly affect MEK2 mRNA levels, thus leaving unanswered
questions regarding the issue of whether the effects we observed are mediated solely
through MEK1, or through both MEK1/2.

In addition, ERK2 shRNA significantly

reduced TSPO levels in MA-10 cells, further confirming the role of the MAPK pathway
in the regulation of TSPO expression.
Knockdown of c-Jun levels significantly reduced constitutive TSPO mRNA and
protein levels in MA-10 cells, and both basal and PMA-induced Tspo mRNA levels in
NIH-3T3 cells. This finding is in agreement with the previously proposed hypothesis that
the effect of PKCε on TSPO expression is mediated at least in part through c-Jun (16).
To investigate why c-Jun did not reduce Tspo mRNA levels further in NIH-3T3 cells, we
assessed c-Jun mRNA levels in cells treated with PMA. Interestingly, PMA induced new
c-Jun synthesis in control cells treated with scrambled siRNA, an effect that was reduced
in a dose-dependent manner by c-Jun and PKCε siRNA. Aside from the fact that c-Jun
siRNA did not lower c-Jun levels by more than 30%, newly synthesized c-Jun may be
compensating for the reduced c-Jun levels.
STAT3 knockdown by siRNA reduced Tspo mRNA and protein levels in MA-10
cells, as well as basal and PMA-induced Tspo mRNA levels in NIH-3T3 cells. We
previously showed that PKCε levels correlate with TSPO levels, and much higher levels
of both PKCε and TSPO are present in MA-10 cells compared to NIH-3T3 cells. Since
PKCε has been linked to STAT3 regulation, and we demonstrated higher activation of
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STAT3 when overexpressing PKCε in NIH-3T3 cells, we investigated the effect of PKCε
knockdown on STAT3 phosphorylation in MA-10 cells. Knockdown of PKCε in MA-10
cells reduced both TSPO expression (16) and STAT3 phosphorylation at Tyr705 and
Ser727, in agreement with reports that PKCε is a regulator of STAT3 (21;22).
To examine whether the effect of c-Jun and STAT3 on Tspo gene expression is
direct, through promoter binding, or indirect, we performed a ChIP assay using primers
spanning a 770 bp region of the Tspo promoter, where STAT3 and c-Jun factors are
expected to bind. We previously identified both AP1 and Ets binding sites in the region
of 585-515 bp. Interestingly, the complimentary strand to the two sites harbors a STAT3
binding site. Synergistic binding between c-Jun and STAT3 has been previously reported
in the literature (29;30). This suggests that STAT3 and c-Jun could bind to the Tspo
promoter at the same time, thus keeping the strands open and more accessible to
transcription factors to induce gene expression. We used a ChIP assay to test for binding
by STAT3 and c-Jun to the Tspo promoter, and found that c-Jun indeed binds to the Tspo
promoter in both MA-10 cells and NIH-3T3 cells. This finding confirms and extends
previous data, where gel shift assays of PMA-treated NIH-3T3 cell extracts indicated
increased binding of c-Jun to the Tspo promoter (16).

Additional ChIP assays

demonstrated that PMA induced binding of STAT3 to the Tspo promoter in NIH-3T3
cells. Because the Ras-MAPK pathway is not fully activated in NIH-3T3 cells (31), and
this study demonstrated that PMA activation of Tspo promoter is mediated through a
MAPK pathway, which also regulates STAT3 activity as a downstream target, we
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hypothesize that the increased activation of the MAPK pathway induced STAT3
activation and recruitment to the Tspo promoter. Indeed, a Ras/ERK1/2/STAT3 Ser727
pathway has been documented in literature (32). It is also possible that PMA induces
changes of the activity of the Tspo promoter-bound proteins, allowing them to recruit
additional factors and modifying the content of the factors binding to the AP-1 and Ets
sites that span the STAT3 site.
In summary, the data presented herein show that a PKCε-dependent signal
transduction pathway activating the MAPK (Raf-1/MEK1/2/ ERK2) pathway acts, at
least in part, through c-Jun and STAT3 transcription factors to drive Tspo transcription
and protein expression. This pathway is constitutively activated in steroidogenic MA-10
cells and induced by PMA in non-steroidogenic NIH-3T3 cells. Because differential
expression of TSPO across the body has been associated with numerous physiological
functions, ranging from steroidogenesis to mitochondrial function and cell proliferation,
and changes in TSPO expression have been linked to various diseases, such as cancer and
neurological disorders, understanding how Tspo expression is regulated in health and
disease may prove beneficial for diagnostic, therapeutic, and prognostic purposes.
Identifying factors and cofactors participating in the regulation of TSPO expression, and
linking Tspo gene regulation to a specific signal transduction pathway, not only provides
new insights into understanding the TSPO regulation in steroidogenic versus nonsteroidogenic cells, where the focus of our research lies, but also gives clues regarding
the factors and mechanism that could regulate TSPO expression in disease states.
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FIGURE 1: Promoter regions 805-515 and 123-15 harbor elements essential for basal
Tspo promoter activity in MA-10 and NIH-3T3 cells. Schematic representation of the
mouse Tspo promoter showing transcription factor binding sites important for activity.
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Figure 1

101

FIGURE 2: PMA-induced activation of the Tspo promoter is mediated by MAPK. (A)
Dose-dependent effect of U0126 on pGL3-805 luciferase activity, alone or with PMA (50
nM) or DMSO (control) in NIH-3T3 cells. (B) Dose-dependent effect of U0126 on
pGL3-805 luciferase activity in MA-10 cells. (C) Effect of NFκB inhibitor peptide or its
inactive peptide incubated in the presence or absence of PMA (50 nM) on NIH-3T3 cells.
(D) Immunoblot of phosphorylated (p) and total (t) levels of MEK1, ERK1/2, and c-Jun
in NIH-3T3 cells treated with or without PMA (50 nM) for the indicated times. (E)
Effect of U0126 (UO) on PMA-induced ERK1/2 phosphorylation. Blots shown are
representative of at least two independent experiments. Results in (A), (B), and (C) are
derived from three independent experiments (n = 9) and presented as fold over untreated
control. *p < 0.05 and **p < 0.01 vs. control; ns, non-significant.
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FIGURE 3: PKCε affects Raf-1 and STAT3 phosphorylation and prolongs activation of
the ERK1/2 pathway. NIH-3T3 cells were transfected with the PKCε expression vector
or empty vector, then treated with or without PMA for 24 h and examined by immunoblot
for the effect on p-Raf-1 (A), pERK1/2 (B), and p-STAT3 Tyr705 (C). (D) Immunoblot
analysis of pERK1/2 levels in NIH-3T3 cells treated with PMA and overexpressing the
PKCε expression vector or empty vector for the indicated times. (E) Densitometry of the
data shown in (D), obtained from three independent experiments.

In all panels,

immunoreactive bands were normalized to GAPDH, and are expressed as an increase
relative to control. Data are representative of at least three independent experiments.
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Figure 3 cont’d
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FIGURE 4: MEK1/2, Stat3, and c-Jun siRNA and ERK2 shRNA significantly reduces
TSPO expression levels in MA-10 cells. (A) Effect of gene-specific siRNA treatment on
c-Jun, Stat3, and MEK1/2 mRNA levels compared to control (scrambled siRNA). (B)
Effect of down-regulation of Stat3 and c-Jun on Tspo mRNA levels compared to control
cells incubated with scrambled siRNA. (C) Effect of down-regulation of ERK2 by
shRNA on TSPO protein levels (top panel) and densitometric analysis of the
immunoreactive bands (bottom panel). (D) Effect of down-regulation of MEK1/2, Stat3,
and c-Jun by siRNA on TSPO protein levels (top panel) and densitometric analysis of the
immunoreactive bands (bottom panel). Immunoreactive bands were normalized to betaActin, and values are expressed as a decrease relative to controls incubated with
scrambled siRNA.

Immunoblots are representative of at least two independent

experiments. Data in (A) were normalized to control (scrambled siRNA) and are derived
from three independent experiments (n = 9).
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FIGURE 5: PKCε regulates STAT3 activity in MA-10 cells. Effect of PKCε knock-down
on STAT3 phosphorylation levels at Ser727 and Tyr705. Cells were treated with the
siRNA pool specific for PKCε, or with scrambled siRNA. Cells were analyzed for
PKCε, STATpSer727, STATpTyr705, and STAT3 by immunoblot (A).

Immunoreactive

bands were normalized to Tubulin, and data are expressed as decrease relative to control
(B). Immunoblots are representative of at least two independent experiments.
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(B) Effect of

down-regulation of MEK1/2, Stat3, and c-Jun on Tspo mRNA levels in NIH-3T3 cells.
Cells were treated with the siRNA pool specific for MEK, STAT3, or c-jun, or with
scrambled siRNA for 48 h before treatment with PMA (50 nM) for an additional 24 h.
(C) Effect of PKCε siRNA on newly synthesized c-Jun mRNA levels induced by PMA.
Data were normalized to control (incubation with scrambled siRNA) and are derived
from three independent experiments (n = 9). **, p < 0.01 and ***, p < 0.001 vs. control.
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FIGURE 7: c-Jun is bound to the endogenous Tspo promoter in intact MA-10, and PMA
recruits STAT3 binding in NIH/3T3 cells. DNA from MA-10 and NIH/3T3 cells was
precipitated with antibodies specific for STAT3 and c-Jun by ChIP analysis. DNA was
amplified by QRT-PCR using primers specific for the distal area of the Tspo promoter.
Normal rabbit IgG served as a negative control. Data were analyzed as percent of input
and fold enrichment compared to IgG, and are derived from three independent
experiments (n = 9). ***p < 0.001 vs. control IgG.
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CHAPTER 3
Regulation of Translocator Protein 18-kDa (TSPO) Expression in Health and
Disease States
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ABSTRACT
Translocator protein (TSPO) is a 18-kDa high affinity cholesterol- and drug-binding
protein primarily residing in the outer mitochondrial membrane. Although TSPO is an
ubiqiutous protein, primarily located in mitochondria, in normal conditions endocrine
steroid syntheiszing tissues exhibit the highest level of expression. TSPO has been
associated with cholesterol import into mitochondria, a key function in steroidogenesis,
and directly or indirectly with multiple cellular functions including apoptosis, cell
proliferation, differentiation, anion transport, porphyrin transport, heme synthesis and in
general regulation of mitochondrial function. Aberrant expression of TSPO has been
linked to multiple diseases; including cancer, brain injury, and neurodegeneration and
ischemia reperfusion injury. During the last decade there has been an effort to understand
the mechanisms regulating tissue- and disease-specific TSPO expression and identify
pharmacological means to control its expression. The focus of this review is on the
current knowledge on the chemicals, hormones and molecular mechanisms regulating
Tspo gene expression under physiological conditions in a tissue and disease-specific
manner. Taken together the results obtained provide evidence for the PKCε-ERK1/2AP1/Stat3 signal transduction pathway as the main regulator of Tspo gene expression in
normal and pathological tissues expressing high levels of TSPO.
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1-Introduction
Translocator

protein

(18-kDa;

TSPO),

formerly

known

peripheral-type

benzodiazepine receptor, represents an ubiquitous evolutionary conserved family of
proteins (1). TSPO was first identified in 1977 as an alternative binding site in the
kidney for the benzodiazepine diazepam (1;2). TSPO was then characterized by its ability
to bind small molecule drugs, cholesterol and porphyrins with diverse affinities (1). In
mammals, the biological significance of TSPO has been studied for decades and shown to
be involved in a variety of cellular functions, including cholesterol transport and steroid
hormone synthesis, mitochondrial respiration, mitochondrial permeability transition pore
(MPTP) opening, apoptosis and cell proliferation (3). Although some cellular functions
of Tspo are conserved, such as cholesterol-binding and transport, their biological
significance seems to have adapted to serve specific functions critical for various tissues.
Nevertheless, the conservation of TSPO throughout evolution highlights the significance
of this protein for proper cellular function and development. In fact, functional
inactivation of Tspo induces an early embryonic-lethal phenotype in the mouse (4).
Although Tspo is considered a housekeeping gene that is expected to remain
permanently activated, a complex, but a not yet fully understood regulation of the Tspo
gene exists. Although TSPO has been extensively studied on the protein and drug binding
(pharmacological) levels, yet its mRNA expression and genetic regulation in general
remain elusive. Function, pharmacology and expression of TSPO on the protein level
have been comprehensively reviewed (1;5-10). The focus of this review is on our current
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knowledge of the mechanisms responsible for the regulation of tissue- and diseasespecific TSPO expression. We hope that by understanding these mechanisms we may be
able to better appreciate the function of TSPO in normal cells and also its role in the
evolution of the various disease states where this protein has been implicated.

2-Molecular identity
Tspo is a nuclear encoded protein localized primarily to the outer mitochondrial
membrane in all tissues tested. Tspo gene is localized to the 22q13.31 chromosome in the
human genome as a single copy and it encodes 169 amino acid (11;12). TSPO is
conserved throughout evolution from bacteria to humans emphasizing the functional
importance of the protein. It should be noted that recently a second family of proteins,
TSPO2, was identified. Tspo2 encodes for an evolutionary conserved family of proteins
that act as mediators of cholesterol redistribution-dependent erythroblast maturation
during mammalian erythropoiesis (3).

No information about the regulation TSPO2

expression exists yet. The cDNA for Tspo has been cloned in multiple species including
human, cow, pig, rat and mouse. Cloning and characterization of the Tspo gene in human
and rat revealed that it is composed of four exons with a large intron with repetitive
sequences separating the first and the second exons. The first exon and parts of the
second and fourth exons are untranslated. Multiple transcription start sites have been
identified in the Tspo promoter in different species, including multiple internal
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transcription initiation sites (13) (and Barlow, Batarseh and Papadopoulos, unpublished
data).
Sequence analysis showed that the human TSPO gene was regulated by a TATAless, GC-rich promoter that contains five tandem putative binding sites for Sp factors.
While this promoter architecture is commonly associated with housekeeping genes, a
similar structure is found in the promoters of several growth factor receptor genes that
have been implicated in the regulation of cell proliferation and carcinogenesis (14).
Typical of housekeeping genes, this could also explain the presence of more than one
transcription initiation sites in human. Sequence analysis of the mouse Tspo promoter
revealed that this promoter harbored an additional number of putative binding sites for
transcription factors including v-ets erythroblastosis virus E26 oncogene homolog (Ets),
AP1, AP2, Ik2, GATA, Sf-1, SOX, and SRY (13). Extensive promoter characterization
in multiple cellular models will be required to elucidate the roles of each of the
transcription factors binding at Tspo promoter. Among the identified transcription factor
binding sites, there are many conserved between the mouse and human Tspo promoters
that one can consider as the most important ones (Table 1).
The functionality of the cloned Tspo promoter was demonstrated in vitro
(13;15;16) and in vivo (16). Transgenic mice expressing the full length 2.7 kb promoter
as well as partial 0.8 and 0.1 kb promoters linked to GFP were generated and evaluated
for Tspo expression. The results obtained indicated that GFP expression driven by the
Tspo promoter is expressed in high levels in steroidogenic cells with a specificity related
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to the length of the promoter used, suggesting that there are tissue-specific regulatory
elements (16). The detailed temporal and spatial analysis of GFP expression by the
various lengths of the Tspo promoter is under investigation in our laboratory. A
schematic representation of the Tspo gene promoter and the location of functional
transcription sites identified in the promoter region in the mouse and human gene to play
a role is shown in Figure 1.

3-TSPO distribution in healthy tissues
TSPO is found in most tissues, although its expression among each tissue varies
considerably (1;7;17). Interestingly, TSPO distribution in rodent tissues parallels in
general that seen in human tissues (1;7;8;18-21). Secretory and glandular tissues, such as
adrenal glands, pineal gland, salivary glands, olfactory epithelium, ependyma and gonads
are particularly rich in TSPO (1). Intermediate levels of this protein are found in renal
and myocardial tissues, and lower levels are present in the brain and liver (1;13).
Heterogeneous cell type-specific TSPO expression is characterized in several tissues
where distinct regional expression is also present such as in adrenal tissue, the medulla is
virtually devoid of TSPO, whereas the cortex expresses high level (22). Similarly, the
testis shows selective localization of TSPO in Leydig cells and the kidney in the distal
convoluted tubules and the thick ascending lip of the loop of Henle (23). Subcellular
localization studies demonstrated that TSPO is primarily an outer mitochondrial protein
(22, 24-25). In addition, it has been reported to be present in Golgi apparatus, lysosomes
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and peroxisomes (26) and on plasma membrane (27). Surprisingly, TSPO is present in
mature human erythrocytes, which lack mitochondria and nuclei (28). In addition, it has
bee reported a perinuclear and nuclear localization of TSPO in breast cancer cells (29).
TSPO expression has been mainly studied on the protein level but not the mRNA. A
steady-state mRNA levels profile established in our lab showed Tspo mRNA to be
present in all tissues and to correlate with the reported protein expression. Steady state
mRNA levels are high in adrenal gland, kidney, spleen, skeletal muscle and lung,
intermediate in heart and testis and low in liver and brain. These data suggest that
differential TSPO expression in different tissues may be due, at least in part, to
differences in transcriptional regulation (13).

4-TSPO expression in pathological specimens
TSPO expression levels have been correlated with certain disease states. Studies
on the structure and function of TSPO in steroidogenic cells revealed that the protein is
highly expressed in testicular, adrenocortical, and brain glial tumor cells, and that TSPO
drug ligands, such as benzodiazepines, regulated the proliferation of these cells (30). At
the same time, TSPO levels were found to be elevated in cancerous tissues of the breast,
ovary, colon, prostate and brain compared to normal human tissues, indicating a role of
TSPO in carcinogenesis (31-34). A positive correlation between TSPO levels and the
metastatic potential of human breast and brain gliomas and astrocytomas has been also
shown (31;35;36). The role of TSPO on tumor growth may be supported by the
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concerted effects of the receptor itself on cell proliferation and survival. Indeed, based on
extensive data using TSPO drug ligands both proliferative and antiapoptotic properties
have been ascribed to TSPO (10).
In human breast cancer, the link between cancer progression and TSPO
expression was demonstrated in a series of studies in which it was shown that (i) TSPO is
overexpressed in highly invasive human breast cancer cells and biopsies as compared to
non-invasive cells and control biopsies (8;18;29), (ii) the ability of aggressive cancer
cells to form tumors depends on the amount of TSPO present in the cells, (iii) TSPO
expression is directly involved in regulating cell proliferation, (iv) TSPO drug ligands
control cell proliferation, and (v) knocking down TSPO expression is associated with
decreased cell proliferation in vitro and tumor growth in vivo (8;29;37-39). Additionally,
the ability of highly aggressive human breast cancer cells to form tumors in vivo was
shown to be associated with the amount of TSPO present in the cells (29;30;37;40;41) .
However, what would be the role of TSPO in cancer cells? White, in 1909, first
reported that cholesterol accumulates in solid tumors (42). Since then, numerous studies
have indicated that cholesterol accumulation might be a more general property of tumor
cells (43-47). Cholesterol has been shown to play a certain but controversial role in the
advancement of a variety of pathologies including breast cancer (48-50). Epidemiological
studies have indicated the possibility that prolonged consumption of foods rich in
cholesterol might promote cancer growth and cancer progression (51;52). Cholesterol
synthesis inhibitors, statins, have been demonstrated to have selectivity for tumor versus
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normal cells, inhibiting cancer cell growth and motility (51;53), exert anti-cancer effects
in animal models (54-57) and to have clinical benefit in chemoprevention (58;59). Taken
together, these data suggest that intracellular cholesterol levels accumulate in organelles
is critical for maintaining the tumor cell phenotype. It is our hypothesis that in tumor
cells, increased cholesterol levels in mitochondria and nuclei are needed for the increased
energy needs of these cells, increased membrane biogenesis, and specific gene expression
during mitosis. We propose that higher levels of TSPO might be the driving force to
bring lipid to mitochondria and nuclei. Because the physiopathologic consequences of
cholesterol accumulation to carcinogenesis have not been defined, it is also possible that
TSPO-mediated cholesterol accumulated in the membranes of tumor cells might
influence the degree of membrane fluidity shown to activate signaling mechanisms
involved in cell proliferation (60).
TSPO expression was also shown to be upregulated in the brain at sites of injury
and inflammation as well as following a number of neuropathological conditions
including stroke, herpes and HIV encephalitis, and neurodegenerative disorders such as
Alzheimer's disease, multiple sclerosis, amyotrophic lateral sclerosis, Parkinson’s
disease, and Huntington’s disease (31). The molecular mechanisms underlying these
changes are unknown although some factors identified playing a role in the regulation of
TSPO expression, such as reactive oxygen species (ROS), interleukin 1 and tumor
necrosis factor (TNF) a (see below), may play a role. PKCε levels have been reported to
be induced in gliosis in a manner parallel to the induction of TSPO (61;62). Considering
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that TSPO controls the rate of adrenal cortical steroid formation (63) and this shared
profile between PKCε and TSPO, it is not surprising that PKCε null mice have
dramatically reduced circulating corticosterone levels (64). Indeed, this phenotype may
be attributable to reduced adrenal cortical levels of TSPO.
A role for TSPO in inflammation has also been documented. For example,
astrocyte swelling, an important event in hepatic encephalopathy, which triggers ROS,
increases the nuclear accumulation of Sp1 transcription factor which upregulates Tspo
mRNA, which may augment hepatic encephalopathy (65). This induction was reduced
when Sp1 siRNA was utilized, confirming the data showing that Sp1 regulates Tspo
expression. Moreover, elevation of Zn+2 levels in hepatic encephalopathy could activate
PKC which has been reported to activate Sp1 (65). This hypothesis fits in well with our
findings (see below) where we demonstrated the role of Sp1/Sp3 transcription factors in
regulating Tspo expression, as well as the role of the PKC pathway, although the
relationship between Sp1 and PKCε remains to be determined.
Hauet and colleagues demonstrated using in vivo and in vitro models that TSPO
expression is modulated during ischemia-reperfusion injury indicating a role for TSPO in
maintaining kidney function and renal protection (66). Ischemia-reperfusion injury is also
linked to ROS. A feedback loop between TSPO levels and ROS may exist in which
TSPO could induce ROS under conditions of stress which in turn would induce TSPO
levels to support the cell survival. ROS could also be induced by other cellular stressors
that induce TSPO levels required for cell survival. ROS has also been shown to activate
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multiple signaling pathways responsible for different cellular processes. For example,
pathways for cellular proliferation, survival and cell growth, and metabolism and
angiogenesis, including ERK1/2 kinase, are regulated at least in part by ROS. Dalton et al
extensively reviewed the role of ROS in regulating multiple transcription factor family
members, AP1, AP-2 and NFκB, which are involved in many cellular processes such as
proliferation, differentiation and morphogenesis (67;68). The role of ROS in regulating
AP1 is well understood. It is of interest that the Tspo promoter contains putative binding
sites for members of the three families of transcription factors mentioned. ROS has been
shown to induce the 18-kDa TSPO monomeric form under ischemia, where high levels of
ROS are present. It was also shown to induce the formation of TSPO homopolymers
through dityrosine formation (69).
It has been proposed by Carayon and colleagues that TSPO expression may
participate in an antioxidant pathway when TSPO was found to be modulated at the level
of mitochondria in cells from the hematopoietic system (70). The authors proposed that
TSPO may be protecting hematopoietic cells from death induced by oxygen radical
damage when the cell’s ability to resist hydrogen peroxide correlated with the level of
TSPO expression (70). Moreover, transfecting Jurkat cells, which contain low levels of
TSPO, with Tspo cDNA improved their resistance to hydrogen peroxide damage. The
authors attributed this observation to the endogenous TSPO ligand, dicarboxylic
porphyrin, which maybe contributing to mitochondrial protection against ROS damage.
Increased TSPO levels are well documented during inflammation since
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upregulation of TSPO expression has been observed in different cell types after exposure
to phorbol PMA, interleukin-1, or tumor necrosis factor (Table 2). This increase in TSPO
levels may impart cellular protection against ROS damage. Other studies have implicated
TSPO in pro-apoptotic mechanisms due to ROS (70). An important distinction has to be
drawn as to TSPO levels during ROS. It appears that low levels of ROS induce TSPO
expression, which plays an important role in membrane biogenesis and cholesterol
transport, and thus confers protective characteristics on the mitochondrial membrane and
prevents cytochrome c leak, which leads to apoptosis. On the other hand, high levels of
ROS lead to cytotoxicity, and no induction of TSPO levels, which may perturb the
mitochondrial membrane due to lack of cholesterol transport, thus leaking cytochrome c
and deregulation of the MTTP leading to cell death.

5-Tissue-specific transcriptional regulation of Tspo gene expression
As noted earlier the TSPO is expressed at the highest level in testis Leydig,
adrenal cortical, ovarian granulosa and luteal cells, placenta and brain glia cells, all
known to form steroids de novo. Even within the same tissue there are up to 40-fold
differences in the amount of TSPO present in adrenal cortical and Leydig cells compared
to chromaffin cells of the adrenal and seminiferous tubule Sertoli cells of the testis,
respectively (30). Detailed studies using the rich-in-TSPO steroidogenic MA-10 mouse
Leydig and Y-1 mouse adrenal cortical cells compared to poor-in-TSPO NIH-3T3 mouse
fibroblasts indicated that the large differences seen in protein expression and drug ligand
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binding correlated well with differences in steady-state Tspo mRNA levels in these cells,
indicating that this difference is regulated at least in part at the transcriptional level. A
subsequent extensive characterization of the Tspo promoter revealed a differential
utilization of the promoter in steroidogenic MA-10 and Y1 cells compared to nonsteroidogenic NIH-3T3 cells with the former requiring 585bp of the promoter to maintain
full activity while NIH-3T3 cells required an area extending to 805bp (13). The finding
that basal Tspo activity was significantly higher in MA-10 compared to NIH-3T3 cells
suggests that an endogenous factor linked to the steroidogenic phenotype of the MA-10
cells drives the constitutive Tspo expression in these cells. Analysis of the mechanisms
underlying differential Tspo transcription in steroidogenic Leydig and non-steroidogenic
fibroblasts, unvealed the importance of two proximal Sp1/Sp3 sites and members of the
Ets family of transcription factors for basal transcriptional activity (16). Further studies
demonstrated that separate regions of the promoter drive Tspo transcription in
steroidogenic cells and non-steroidogenic cells, suggesting that tissue-specific
transcriptional regulation accounts for differences in Tspo expression between these cell
types. Although Sp1/Sp3 factors are ubiquitously expressed, their levels differ in several
tissues. Although Sp1 levels seem to be similar in steroidogenic vs. non-steroidogenic
tissues, Sp3 levels were higher in steroidogenic cells suggesting that the difference in
Tspo mRNA levels could be attributed, at least in part, to differences in Sp3 expression
(13;16).
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The ability of various compounds to affect Tspo expression was used as a means
to investigate the transcriptional regulation of the gene. Between the compounds tested
was the PKC activator and tumor promoter phorbol-12-myristate 13-acetate (PMA). In
NIH-3T3 and SV-40 transformed COS-7 monkey kidney cells, both low-in-TSPO levels,
PMA induced Tspo promoter activity, mRNA levels, protein expression and cell
proliferation (15). In contrast, the rich-in TSPO MA-10 cells failed to respond to PMA
treatment (15). The effect of PMA on NIH-3T3 cells was localized at the 585-515 bp
region of the Tspo promoter. Further point mutations and electrophoretic mobility shift
assays (EMSA) unveiled that transcription factors binding at the AP1 and Ets sites of the
Tspo promoter were mediating the stimulatory effect of PMA.

We subsequently

demonstrated that in the poor-in-TSPO NIH-3T3 cells PMA was acting by activating the
protein kinase C epsilon (PKCε). In contrast, the presence of high levels of constitutively
active endogenous PKCε regulates Tspo expression in TSPO-rich steroidogenic cells.
PKCε activation was then shown to target the AP1 and Ets transcription factors whose
binding sites were localized to the 805-515-bp region upstream of the Tspo transcription
start site (Figure 1). As noted earlier transgenic mice expressing GFP under the control of
different constructs of the Tspo promoter allowed some insights in localizing in vivo the
area responsible for specificity in TSPO expression and confirmed the critical role of the
805 bp promoter region for TSPO expression (16).
PKCε is a serine/threonine-specific protein kinase and a member of the typical
group of PKC isoforms abundant in endocrine, neuronal, and immune cells (71;72).
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PKCε has been shown to be involved in a variety of signaling events involved in cell
proliferation, differentiation, apoptosis, nervous functions and secretory vesicle
trafficking (73). Interestingly, the profile of TSPO expression in endocrine tissues and
various cancers as well as the role of TSPO in cell proliferation, tumor invasion, and
metastasis (see below) parallels that of PKCε (15). PKCε has been shown to exert its
effects through multiple downstream signaling pathways including the mitogen-activated
protein kinase MAPK (Raf-ERK1/2) and acting at various targets such as the signal
transducer and activator of transcription 3 (STAT3) (73-75). Using specific pathway
inhibitors and gene overexpression and knockdown by gene specific siRNAs or ShRNAs
in both steroidogenic and non-steroidogenic cells we subsequently demonstrated the
MAPK (Raf-1-MEK1/2-ERK1/2) signaling pathway to be the downstream target through
which PKCε regulates Tspo gene transcription (31). MAPK was also found to exert its
effect at least in part through the c-Jun and STAT3 transcription factors. A schematic
representation of the transcriptional regulation of Tspo is shown in Figure 1. It is
important to note that although the above presented studies focused exclusively in the
comparison between steroidogenic and non-steroidogenic cells, Mazurika et al. provided
evidence that such differential regulation of TSPO expression may also exist in other
tissues, i.e. uterus vs. the kidney before and after ovariectomy (76).

6-Regulation of Tspo gene expression in cancer cells
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In search of the mechanisms underlying increased expression of TSPO in cancer
tissues both DNA (Southern) blot and fluorescence in situ hybridization analyses
indicated that the TSPO gene was amplified in aggressive metastatic MDA-MB-231
relative to non-aggressive MCF-7 human breast cancer cells (39). These data were
extended in samples from a breast tumor metastasis biopsy where the observed increased
TSPO protein levels (8) were correlated with TSPO gene amplification (Figure 2). These
data suggest that TSPO gene amplification may be in part responsible for the increased
TSPO expression in cancer cells and an important indicator of breast cancer progression.
We also investigated the mechanism(s) regulating transcription of the Tspo gene
in the aggressive metastatic MDA-MB-231 breast cancer cells compared to nonaggressive MCF-7 cells. RLM-5’RACE analysis of MCF-7, MDA-MB-231, and human
mammary epithelial cells indicated that transcription of the Tspo gene initiates from a
common promoter at multiple sites within an approximate 40-50 bp window mapping
within and adjacent to the predicted first exon (Barlow and Papadopoulos, unpublished
data). Transient transfection analysis of a set of nested 5’ deletion mutants in MDA-MB231 cells found that maximal activity of approximately 140-fold greater than the
promoter-less vector (data not shown). Interestingly, while deletion analysis in low
passage MCF-7 cells exhibited approximately 7-fold less activity for most constructs,
analysis of proximal promoter constructs containing all five putative GC boxes exhibited
near maximal activity in both cell lines (Barlow, Batarseh and Papadopoulos,
unpublished data).

To investigate whether unique combinatorial regulation at the
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proximal promoter contributes to the increased expression of TSPO in MDA-MB-231
cells, we analyzed a series of nested 3' deletion mutations through the putative first exon
of the human Tspo gene (data not shown). While the -121/+66 promoter construct
showed 7-fold higher activity in MDA-MB-231 cells compared to MCF7 cells, deletion
of 45 bases of exon 1 sequence (-121/+21) reduced the activity of the Tspo promoter to
nearly equivalent levels in both cell lines. Based on these deletion analyses, we
hypothesize that a downstream promoter element located between +21/+66 is necessary
for the increased expression of TSPO in aggressive metastatic human breast cancer cells,
which remains to be investigated (Barlow, Batarseh and Papadopoulos, unpublished
observations).
We then investigated whether Tspo gene expression is modulated by epigenetic
mechanism. Methylation is one of the best characterized epigenetic mechanisms where a
methyl group is added to the 5th carbon of the cytosine pyrimidine ring in a CpG island
thus reducing gene expression (77). Computer analysis of the human Tspo promoter
cloned sequence revealed high GC content in the proximal region of the promoter where
further analysis showed that the Tspo gene is situated within a CpG island (67% C+G,
0.73 Obs./Exp) that extends approximately 470 bp upstream and 615 bp downstream of
the transcription initiation window. To investigate whether methylation plays a role in the
differential expression of Tspo in different tissues we treated various cell lines transfected
with Tspo promoter with 5-Azacytidine. No effect of the treatment of Tspo promoter
activity was seen (Batarseh and Papadopoulos, unpublished observations). These results
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could be explained as demethylation is not sufficient to activate the promoter. The
deacetylation inhibitor Trichostatin A (TSA) prevents deacetylation of the histones,
leaving the promoter open to transcription factors to bind and induce its activity (77).
TSA could also affect gene transcription through other mechanisms including acetylation
of transcription factors which may activate or repress target gene activity. Treatment of
different cell lines with TSA induced a dramatic increase in Tspo promoter activity
(Batarseh and Papadopoulos, unpublished observations). The specificity of the effect of
TSA and role of epigenetic regulation on Tspo expression continues to be explored.

7-Regulation of TSPO expression by hormones, chemicals and environmental
factors
One of the most well studied functions of TSPO is in the regulation of steroid
hormone biosynthesis (1). This investigation was initiated following the identification of
very high levels of TSPO in steroid synthesizing cells and the fact that TSPO is located in
mitochondria, the site where steroid synthesis begins in these cells (78). In
steroidogenesis TSPO is part of a multiprotein mitochondrial complex (78) mediating the
import of the substrate cholesterol from intracellular stores into mitochondria (63).
Cholesterol transport into mitochondria is the hormone-sensitive and rate-determining
step in the acute hormonal regulation of steroidogenesis. Acute treatment of Leydig and
adrenal cells with human choriogonadotropin or adrenocorticotropin, respectively did not
affect Tspo mRNA or protein levels although the conformation of the protein changed
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and a higher affinity binding site appeared (79). However, the presence of hormones is
critical for the constitutive TSPO expression as shown in hypophysectomy experiments
which resulted in a dramatic decrease of TSPO in adrenals, testis, and ovary (80). Steroid
hormones seem to regulate TSPO expression. Removal of the adrenal gland decreases
renal TSPO levels, rescued by administration of aldosterone (81). Continuous
administration of a GnRH-agonist decreased TSPO expression and progesterone
formation by corpora luteal of pregnant rats (82;83). Forced swimming, a stress-inducing
condition, increases the density of TSPO ligand binding in the rat cerebral cortex and
kidney (84), whereas inescapable shock reduces TSPO ligand binding in the cerebral
cortex, kidney, heart, and pituitary (85). Angiotensin II (ANG II) has been suggested as
an endogenous regulator of TSPO in several tissues during stress when an acute
administration of ANG II reduced TSPO binding in kidney, heart, and cerebral cortex
(86). TSPO levels were also shown to be modulated in a tissue- and brain region-specific
manner brain and in peripheral organs in response to stressors and steroid hormone
exposure (87).
Among various steroids tested, long-term treatment of rats with estardiol showed
that it induced a marked reduction in TSPO ligand binding levels in the testis and an upregulation in the kidney, whereas TSPO levels in other tissues were not affected (76)
Steroid hormone changes during the oestrous cycle in the rat were shown to affect TSPO
levels in various genital organs (88). At last, ovarian and synthetic steroids were found to
significantly increase TSPO levels in the ovary, oviduct, and uterus (89). Thus, among all
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steroid tested thus far, estradiol seems to be a regulator of TSPO levels acting in a tissuespecific manner (19;76;87-91).
This effect of estradiol and other steroids on TSPO expression is intriguing. Most
of the above mentioned studies on TSPO expression were based on radioligand binding
studies and not direct protein or mRNA measurements. Thus, it is possible that the
effects seen in ligand binding studies are due to conformational changes rather than
changes in Tspo mRNA and protein levels. It is also possible that protein-protein
interactions at the outer mitochondrial membrane between the various proteins shown to
interact with TSPO, such as the voltage-dependent anion channel, anion nucleotide
carrier, and the TSPO associated proteins, peripheral benzodiazepine receptor-associated
protein 1 (PRAX-1) and peripheral benzodiazepine receptor- associated protein (PAP7),
may be regulated by hormones and this might lead to changes in TSPO drug ligand
binding (78;92)

Nevertheless, although differences between gene expression and

functional protein expression may exist, as of today there is no evidence for such a large
discrepancy in TSPO expression. In contrast Mazurika and colleagues (76) reported that
ovariectomy combined or not with estradiol did not significantly affect kidney Tspo
steady-state RNA levels (76) probably due to a compensatory post-transcriptional
mechanism was induced to maintain steady-state Tspo RNA levels in the kidney. On the
other hand, ovariectomy combined with estradiol led to an increase in Tspo mRNA levels
in the uterus due to a possible release of a transcriptional attenuation site. Thus, this study
provides strong evidence for the regulation of Tspo gene transcription by estrogen and
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further indicates a differential hormonal regulation of Tspo expression in different tissues.
Indeed, steroid hormone response elements have been identified in both the mouse and
human Tspo promoter (Table 1) and a response element specific for estrogen receptor
ERβ is present in the mouse Tspo promoter (www.alggen.lsi.upc.es). It is also possible
that steroid receptors may act as co-regulators, either directly or indirectly via cross-talk,
of the AP1, Ets, Sp1/Sp3 and STAT3 sites which regulate Tspo expression (see below).
In addition to above mentioned treatments with steroids, GnRH and PMA a
number of compounds have been used to study TSPO function and regulation (Table 2).
We will discuss below a few that have been best characterized for their effect on Tspo
promoter. Peroxisome proliferators (PPs) comprise a large class of industrial and
pharmaceutical chemicals and include the widely used fibrate hypolipidemic drugs,
bezafibrate and clofibrate used in industry as lubricants, surfactants, wetting agents and
corrosion inhibitors (93) and phthalate ester plasticizers. In rodents, PPs are reported to
have major effects on the expression of several genes implicated mainly in lipid
metabolism (94-96). PPs act by activating specific receptors, called PP-activated
receptors (PPARs) that belong to the nuclear hormone receptor gene superfamily (97;98).
Leydig cells were found to express the PPARα and PPARβ/δ proteins (93;99;100). Most
recently PPARγ was also identified in MA-10 cells (101). PPs regulate TSPO expression
through distinct mechanisms of action by which PPs decrease the levels of Tspo mRNA,
including inhibition of either transcriptional or posttranscriptional events (93). While the
mechanisms of positive regulation of gene expression by PPs via PPAR-RXR interacting
140

with positive PPRE sequences are well understood (97;98), the mechanisms of negative
gene regulation by PPs and PPAR-RXR still remain to be thoroughly resolved. Due to the
capacity of these receptors to be activated by pharmacological agents and industrial
compounds, they may play a pivotal role in both pharmacological and chemical control of
gene expression. We examined the mechanism underlying the transcriptional regulation
of the Tspo gene by the PP bezafibrate and methyl-hexyl phthalate.
Promoter deletion analysis followed by transient transfection of the constructs to
MA-10 cells and measurement of the reporter activity identified the -1,219/-420 Tspo
promoter region to mediate the inhibitory effect of bezafibrate and MEHP on Tspo
transcription (Gazouli and Papadopoulos, unpublished data). Subsequent deletion and
mutation analysis together with DNase I footprinting and EMSAs indicated that PPs
negatively regulate the interaction of nuclear proteins with a –595/-565 bp element of the
TSPO promoter (Gazouli and Papadopoulos, unpublished observations). This element
competed for the binding of MA-10 nuclear proteins to a -410/-380 PPRE-like element
found in the Tspo promoter and contained a putative AP1 binding site. These results
suggest that the inhibitory effect of PPs on Tspo expression is due to a PPARα-mediated
indirect transrepression of AP1 activity. It is of interest that MEHP and bezafibrate
reduced the binding of AP1 family member to the AP1 site that we also identified to be
responsible for mediating the effect of PKCε on Tspo promoter.
The putative interaction between PPARs and members of the AP1 family of
transcription factors corresponds to a previously reported mechanism of gene
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transcription regulation (102;103). In these reports, the nuclear receptors were shown to
complex with c-Jun, leading to decreased AP1 activity. In addition, PPARs have been
shown to interfere with AP1, STATs and NF-kB signaling pathways via competition with
cofactors (102). Thus, a PPARα-mediated indirect transrepression of TSPO is gene
transcription possible and is consistent with published data.
In contrast to the above presented observations on the effect of PPs on Tspo
mRNA and protein levels in Leydig cells, in vitro and in vivo (93), liver Tspo mRNA
levels were increased, in agreement with the proposed role of TSPO in cell growth/tumor
formation in non-steroidogenic tissues (93). The detailed mechanism responsible for Tspo
induction in liver cells is unknown. However, considering the findings that exposure of
liver cells to PPs (i) induced the expression of c-Jun, JunB, c-fos, c-myc and egr-1 (104),
(ii) increased ERK phosphorylation (104), (iii) induced the formation of high levels of
H2O2 (70;105), and (iv) reduced the levels of glutathione peroxidase and glutathione Stransferase one can hypothesize that the resulting increased oxidative environment may
be responsible for changes in gene transcription, including Tspo as shown below in the
case of flavonoids, and changes in transcription factor levels leading to the induction of
Tspo expression.
It has been reported that flavonoids induced Tspo mRNA levels 6 days after
treatment, which lead to increased apoptosis rates of human neuroblastoma cells (106),
and cytotoxicity in SNU-C4 colorectal adenocarcinoma cells (107). Due to the fact that
some of the flavonoids used in this study may cause extensive oxidative stress while
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others reduce free radical levels, it is difficult to deduce the reason behind the increased
Tspo levels. While searching for the role of MAPK in mediating the effect of PKCε in
the regulation of Tspo gene transcription we used the well described MEK inhibitor 2-(2Amino-3-methoxyphenyl)-4H-1-benzopyran-4-one

(PD98059)

which

gave

us

contradictory results to other MAPK inhibitors used, namely an induction of Tspo
expression (Batarseh and Papadopoulos, unpublished observations).

We performed

detailed experiments to understand the function of PD98059 in our model system which
indicated that at low doses PD898059 induces oxidative stress sufficient to drive Tspo
expression. Most likely this effect of PD898059 is due on to its action on the homeostasis
of the cell antioxidant defense system, a finding that can be explained by the fact the
PD898059 is a flavonoid previously shown to reduce antioxidant molecule levels in
various cell types (108). Nevertheless, these serendipitous data identified reactive oxygen
species as a regulator of Tspo expression, a finding under investigation in our laboratory.
Treatment of rats and adrenocortical cells with the standardized Gingko biloba
extract EGb 761 reduced TSPO ligand binding and protein levels in adrenal cells in
handling stressed animals (109;110). The majority of the effect of the extract was due to
the presence of the bioactive terpene trilactone ginkgolide B. Isolated ginkgolide B
reduced adrenal cortical Tspo mRNA and protein expression as well as Tspo promoter
activity likely through a transcription factor that binds the promoter leading to a decrease
in Tspo gene expression (111-113). A regulatory element was identified in the area of 624/-513 of the Tspo promoter. This was confirmed using EMSA indicating that there is
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a transcription factor that binds normally to the promoter and ginkgolide B could either
inhibit the transcription factor preventing its binding to DNA or infer conformational
changes on its receptor inducing the dissociation of the transcription factor from the
promoter and thus reducing Tspo transcription, mRNA and protein levels. EGb 761 and
ginkgolide B also reduced the amount of TSPO ligand binding and protein in MBA-MB231 aggressive metastatic, but not MCF-7 non-aggressive, breast cancer cells both in
vitro and in vivo in cells growing in SCID mice (37;111;112). Further studies would
clarify the anticancer role Ginkgo plays and its regulation of TSPO expression through
regulating its transcription machinery.
Soy rich diets have been linked to the low incidence of breast cancer in women.
Mukhopadhyay et al demonstrated that casein induced TSPO ligand binding capacity,
expression and protein levels in breast tumors formed in female Sprague Dawley rats
induced with a single administration of the carcinogen 7,12-dimethylbenz(a)anthracene
(114). Replacing casein with soy reduced all these effects. Since induction of TSPO has
been linked to different cancers and correlated with cancer aggressiveness and tumor
prognosis, the authors concluded that reduction of TSPO levels by soy administration
reduces breast tumor development. Interestingly, soy protein has been shown to exert its
effect on target genes through inhibiting both AP1 and NFκB –dependent and
independent signaling pathways (115). We have previously demonstrated that AP1
regulates Tspo expression and it would be of great interest to demonstrate whether soy
proteins act on Tspo promoter through the same transcription factors.
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8-Post-transcriptional modifications
An alternatively spliced product of the authentic full length Tspo, which lacks
exon 2 has been described and found to be present in all tissues at levels that are 10-fold
that of Tspo (116). This spliced form named S-TSPO, contains a typical initiator
sequence, a different open reading frame and its expression as a protein has not been
reported. In contrast to previous reports on the rat Tspo gene (116), our data on the mouse
testis and MA-10 gene indicated that transcription initiates at a number of sites at the 5’
end of the gene, making exon 1 variable in length (13). Such behavior is usually
exhibited in genes that lack TATA and CCAAT boxes within the proximal promoter, as
is the case with Tspo. Additionally, we reported internal transcription initiation both in
testis and in MA-10 Leydig cells, albeit at a very low rate compared to initiation at the 5’
end of the gene. At least two internal initiation sites were found, one at the 3’ end of exon
2 and one in the 5’ end of exon 3. mRNAs initiating at these locations are capped and
therefore could possibly be translated. Since many potential translation start sites located
downstream from the internal transcription start sites are in frame with the translation
start site in exon 2, the alternative transcripts could give rise to short proteins, partly
identical to TSPO. Previous studies using antibodies and photolabeled ligands for TSPO
have reported of smaller proteins that are being recognized from these reagents (117).
When analyzing the cDNA sequence for porcine Tspo, Zhang K et al. reported three
different transcripts (long, middle, and short) suggesting post transcriptional modification
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of Tspo RNA by splicing (118). Only the long transcript corresponded to the authentic
Tspo as that found in other mammalian species, while the other two sequences lacked
certain areas of the full length Tspo. The long form mRNA was however the most
abundant form. Like in porcine species, analyzing human breast cancer cells we observed
at least three different transcripts of Tspo as well, including the full length transcript (data
not shown). The two shorter forms lacked all or some of exon 2 compared to the full
length Tspo transcript. Similar results were reported in clones generated from a testes
cDNA library. Mazurika et al. reported that after ovariectomy followed or not with
estradiol treatment, adrenal mRNA showed alternative splicing in a Northern blot
indicating that different species of Tspo could be present in the adrenals but not in the
kidney (76). The physiological relevance of the alternatively spliced forms is not yet
determined. The presence of these alternate forms could be attributed to a possible shift
in the open reading frame or possible errors in the splicing machinery, yet to be
elucidated.
The PP perfluorodecanoic acid was found to inhibit Leydig cell steroid formation
by inhibiting TSPO ligand binding and protein (119). This effect was analyzed in detail
and demonstrated that perfluorodecanoic acid exerted its effect on TSPO by accelerating
Tspo mRNA decay, a posttranscriptional way to regulate protein synthesis (119).

9-Post-translational modifications
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We previously identified putative phosphorylation motifs at the C-terminal
domain of the cloned rat, bovine and murine TSPO protein. PKA, but not other kinases,
was able to phosphorylate TSPO in mitochondrial preparations (113;120). In digitoninpermeabilized MA-10 Leydig cells, TSPO was also phosphorylated in a cAMP dependent
manner, indicating TSPO as a PKA substrate. This phosphorylation site was not present
in human cloned TSPO suggesting that TSPO phosphorylation may not be an ubiquitous
mechanism of regulation of TSPO function.
10-Conclusion
Our goal herein was to bring together data generated over the last two decades on
the expression levels of TSPO in healthy and pathological tissues as well as on the agents
and mechanism of regulation of TSPO expression. Although considered a housekeeping
gene, TSPO levels are under the control of hormones, various chemicals, environmental
agents, stress and pathological conditions. Although the majority of these factors regulate
Tspo gene expression, there is posttranscriptional and posttranslational modification of
TSPO as well as regulation at the level of the protein already in the membrane by
surrounding proteins. A close analysis of the data presented above unveils that under
basal conditions for the rich-in-TSPO cells and inducible conditions in the case of poorin-TSPO cells, Tspo expression is under the control of the PKCε-ERK1/2-AP1/STAT3
pathways whereas Ets and Sp1/Sp3 transcriptional factors play also a major role in basal
Tspo transcription. Table 3 shows the parallelism between the expression levels of TSPO,
PKCε, ERK and Stat3 in various cancers and brain injury.
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With the exception of

melanoma, squamous cell and renal cell carcinoma cells, where it was previously shown
the TSPO do not correlate with tumor growth (8;121), all other tumor and brain injury
data show a perfect correlation between PKCε, ERK, Stat3 and TSPO expression making
PKCε the master regulator of TSPO expression and function.
PKCε is one of the best understood and well-studied PKC isoforms that is gaining
notoriety for its role as an oncogene (122-124). The reported roles PKCε plays as an
oncogene span from participating in tumor development, metastasis, and invasion in
many tissues (124). Indeed, high-grade tumors frequently have high levels of PKCε
correlating with high TSPO expression as well as the role of TSPO in cell proliferation,
tumor invasion, and tumor metastasis. Knockdown of Tspo in breast cancer cells lowers
their metastatic potential and proliferation rates, where as PKCε inhibition reduces tumor
growth and metastasis of MDA-MB-231 breast cancer cells and sensitizes breast cancer
cells to tumor necrosis factor-induced death (125).
Similar to TSPO, reports are emerging implicating PKCε in conferring protection
to cardiac cells against ischemia reperfusion injury. PKCε levels are increased in
ischemia preconditioned protection where it may play the role in cardioprotection (126).
Furthermore, like TSPO, immunoprecipitation experiments pulled down PKCε together
with the voltage dependent anion channel and adenine nucleotide carrier, indicating a
close and may be physical interaction between PKCε and TSPO. In addition, there are
several studies linking PKCε to oxidative stress where PKCε participates in ROS
generation, either directly or by inducing the expression of genes involved in ROS
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generation, is activated by ROS and translocated to the mitochondria, where it is involved
in MPTP regulation (127;128). At last, as noted earlier the finding that PKCε null mice
have dramatically reduced circulating corticosterone levels provides a direct link of the
kinase to TSPO expression and steroidogenesis (64).
Because TSPO is associated with numerous physiological functions as well as
diseases, understanding of how its expression is regulated in health and disease may
prove beneficial for preventive, therapeutic, diagnostic and prognostic purposes. Linking
Tspo gene regulation to a specific pathway, as well as identifying important factors and
cofactors participating in regulating TSPO expression provide new insights to
understanding the TSPO regulation in steroidogenic vs. non-steroidogenic cells as well as
in health and disease. Further identification of effectors, transcription factors and their
activation states and interactions in regulating TSPO in different pathophysiological
conditions would allow us to target and control TSPO levels.
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TABLE 1: Conserved putative transcription factor binding sites between human and
mouse TSPO promoters. Sites were predicted using the Promo virtual laboratory
(www.alggen.lsi.upc.es) with 0 matrix dissimilarity rate between binding site sequences
in the database and those in the promoter (only 100% matches are predicted).
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TABLE 1
ABF1
AGL3
Alfin1
Antp
AP1
AP-2
AR
BR-C Z2
BTEB4
C/EBP α & δ; muEBP-C2
CAC-binding protein
Cart-1
Cdx-1
c-Ets-2
c-Myc
CREMtau
CREMtau1
CREMtau2
Crx
DBP
Elk-1
ETF
FACB
GAGA factor
GATA-1

GR
HELIOS
HNF-3beta
HOXA 3/8/9/10
LIM1
LVc
MafG
MF3
MNB1a
Msx-1
MYB2
MYBAS1
Myf-3
MyoD
Myogenin
Ncx
NF-1
Nkx2-1
N-Myc
Nrf2:MafK
Ovo-B
p300
Pax-2, 4, 5, 6
PEA3
POU1F1a
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POU3F2
PR
R2
RAR-beta
RAR-gamma
RC2
Sox2
Sp1/ Sp3
STAT members
TCF-2
TGA1a
TMF
USF-1
USF2
USF2b
VDR
YY1
YY1
Zeste
ZF5
Zic1
Zic2
Zic3

TABLE 2: Effect of various pharmacological agents used to modulate Tspo gene
expression and protein
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TABLE 2
Cell type or
tissue

Species Transcription
factor/protein

Stimulus or
process

Target

MA-10 Leydig

Mouse

PPARα

Peroxisome
proliferators

(93;119)

Testis, adrenals
and ovaries

Mouse

PPARα

Peroxisome
proliferators

Promoter
mRNA
Protein
mRNA

MA-10 Leydig

Mouse

Predicted Sp1
/Sp3 CG boxes

TSA

Promoter

Not
shown

HepG2 liver

Human

Predicted Sp1
/Sp3 CG boxes

TSA

Promoter

Not
shown

COS-7 kidney

Monkey

Predicted Sp1
/Sp3 CG boxes

TSA

Promoter

Not
shown

MA-10 Leydig

Mouse

Predicted Sp1
/Sp3 CG boxes

5-Azacytidine

Promoter

No
change

Not
shown

MDA-MB-231
breast cancer

Human

Predicted Sp1
/Sp3 CG boxes

5-Azacytidine

Promoter

No
change

Not
shown

MA-10 Leydig

Mouse

-

PMA

No
change

(15)

NIH-3T3
fibroblasts

Mouse

AP1
Ets

PMA

COS-7 kidney

Monkey

AP1
Ets

PMA

MA-10 Leydig

Mouse

Promoter
mRNA
Promoter
mRNA
Protein
Promoter
mRNA
Protein
Promoter
mRNA

NIH-3T3
fibroblasts

Mouse

Y1 adrenocortical

Mouse

Y1 adrenocortical
Polygonal
astrocytes

PD98059

PD98059

Promoter

Ginkgo biloba

Promoter
Protein

Mouse

Vitam A/E/D;
Cortico; Testo

Promoter

Rat

Interleukin-1

Protein

GKBActivated
receptor
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Effect

Refs

(93)

(15)

(15)

Not
shown

(112)

No
change

(112)
(129)

TABLE 2 cont’d
Cell type or
tissue
Thymoma
EL4.NOB-1

Species Transcription
factor/protein

Stimulus or
process

Target

Mouse

Interleukin-1

Protein

(130)

Pig

TNF-α

(131)

MDA-MB-231
breast cancer

Human

PPARα

Ginkgolide B

mRNA
Protein
Protein

MCF-7 breast
cancer

Human

PPARα

Ginkgolide B

Protein

Primary Leydig
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Effect

Refs

(38)

No
change

(38)

TABLE 3: Correlation of TSPO, PKCε, STAT3 expression in multiple cancers and
diseases.

Upwards

and

downwards

arrows

indicate

increased

and

reduced

expression/activity respectively. Arrowheads denote a perturbation of ERK1/2 pathway
activity in the multiple cancers and diseases. Empty cells denote insufficient knowledge
of the status of the protein participation.
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TABLE 3
Cancer/Disease

TSPO

PKCε

Stat 3

Breast cancer

(8)

(124)

(132)

Colon cancer

(8)

(61;71)

(134)

Colorectal carcinoma

(8)

(135)

Prostate cancer

(8)

(124)

(132)

Ovarian cancer

(8)

(123)

(132)

Lung cancer

(8)

(62;124)

(132)

Non-small lung adenocarcinoma

(8)

(124)

Thyroid

(136;137)

(61;71)

Anaplastic astrocytoma

(8)

(62)

Glioblastoma multiforme

(8)

(62)

Astroglial cancer

(8)

(61)

Gliomas

(138)

(62)

Brain tumors

(8)

(124)

(132)

Hepatocellular carcinoma

(8;139)

(140)

(132)

Squamous cell carcinoma

(8)

(61;74)

(74)

Head and neck squamous
cell carcinoma
Alzheimer’s disease

(8)

(124)

(132)

(138)

(141)

Multiple sclerosis

(138)

Urinary bladder cancer/renal
carcinoma

(121)

(133)

(133)

(133)
(132)

(132)

(133)

(142)
(143)

(124)

Ischemic heart
Pancreatic cancer

ERK

(132)

(133)

(132)

(133)

(144)
(not published)
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Melanoma

(8)

variable

(132)

(133)

TABLE 3 cont’d
Cancer/Disease
Brain injury and inflammation

TSPO
(9)

PKCε

Stat 3
(145)
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ERK
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FIGURE 1: Hypothetical model for transcriptional regulation of Tspo in hormone- and
cAMP- responsive MA-10 Leydig cells and the non responsive NIH/3T3 fibroblasts.
Data presented in this review identified PKCε as the key regulator. Activation of PKCε,
mediated through a MAPK-ERK pathway, targets the AP1, Ets and STAT3 transcription
factors whose binding sites are localized to the 805-515-bp region upstream of the Tspo
transcription start site. Ets and Sp1/Sp3 transcription factors play a major role in basal
Tspo transcription. Epigenetic modifications of Tspo may also play a role in the
regulation of TSPO expression. Hormones (mainly steroids), chemicals, peroxisome
proliferators as well as other effectors affect TSPO expression. Oxidative stress has been
implicated both as an effector and a result of TSPO action. Upon activation PKCε can be
translocated to the outer mitochondrial membrane where it interacts with the two main
TSPO-associated proteins VDAC and ANT, suggesting a possible physical interacting
with TSPO. Possible cross talk between PKC and cAMP-dependent protein kinase (PKA)
is possible. Known interactions are denoted by solid lines and hypothetical pathways are
denoted by dotted lines.
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FIGURE 2: Tspo gene amplification observed in samples from normal and breast tumor
metastasis biopsies. DNA was labeled with biotin-16-dUTP and hybridized to interphase
nuclei prepared from human biopsies as previously described (39). Biotin-labeled DNA
was detected using fluorescein-avidin DCS (FITC). Samples from normal and metastatic
carcinoma specimens showing two and multiple fluorescence in situ hybridization
respectively are depicted.
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SUMMARY AND SIGNIFICANCE
The conservation of TSPO throughout evolution highlights the significance of this
protein for proper cellular function and development. In fact, functional inactivation of
Tspo induces an early embryonic-lethal phenotype in the mouse, suggesting that this
gene’s product is indispensable for the normal function of cells and consequently the well
being of organisms. TSPO resides primarily in the outer mitochondrial membrane, where
it regulates the transport of the steroid hormone precursor, cholesterol, to the inner
mitochondrial membrane.
steroidogenesis.

This transport process is the rate-determining step in

The ubiquitous expression of TSPO, taken with its ability to bind

cholesterol with high affinity suggests that, in non-steroidogenic cells, TSPO likely
regulates mitochondrial cholesterol compartmentalization and membrane biogenesis,
events critical for mitochondrial function and multiple cellular processes. Indeed, in
addition to its well-established role in steroidogenesis, TSPO has been implicated in
cellular respiration, oxidative processes, apoptosis and cell proliferation, all processes
closely linked to mitochondrial function. Compared to normal human tissues, cancerous
tissues of the breast, ovary, colon, prostate and liver contain elevated levels of TSPO,
implying that TSPO may participate in carcinogenesis.

The finding that TSPO

expression is positively correlated with the metastatic potential of human breast, colon
and brain tumors supports this idea.
Despite a wealth of data on TSPO expression, little was known about the
mechanisms underlying the transcriptional regulation of Tspo. TSPO is found in most
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tissues, although its expression among each tissue varies considerably. Secretory and
glandular tissues, especially steroid hormone producing cells, are particularly rich in
TSPO. Intermediate levels of this protein are found in renal and myocardial tissues, and
lower levels are present in the brain and liver. Furthermore, selective localization of
TSPO in a subset of cells in some tissues such as adrenal gland and testis indicates tight
control of its expression.

In addition, Tspo mRNA levels correlated with protein

expression in rich-in-TSPO steroidogenic MA-10 mouse Leydig tumor cells but low in
non-steroidogenic, poor-in-TSPO NIH/3T3 mouse embryo fibroblasts, suggesting that
TSPO is -at least in part- transcriptionally regulated.
Sequence analysis of the mouse Tspo promoter revealed that this promoter lacks
TATA and CCAAT elements, but contains a series of proximal GC boxes. This promoter
also harbors a number of putative binding sites for transcription factors such as v-ets
erythroblastosis virus E26 oncogene homolog (Ets), AP1, specificity protein 1/specificity
protein 3 (Sp1/Sp3), AP2, Ik2, GATA, SOX, and SRY.

Previous analysis of the

mechanisms underlying differential Tspo transcription in rich-in-TSPO steroidogenic
Leydig cells and poor-in-TSPO non-steroidogenic fibroblasts, two proximal Sp1/Sp3
sites and members of the Ets family of transcription factors were found to be important
for basal transcriptional activity. These studies demonstrated that separate regions of the
promoter drive TSPO transcription in steroidogenic cells and non-steroidogenic cells,
suggesting that tissue-specific transcriptional regulation accounts for differences in TSPO
expression between these cell types, and when same promoter regions are used
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differences in transcription factors levels define transcription rates. However, the factors
mediating the increased TSPO expression in steroidogenic and tumor cells remained
unknown.
The work described in the first and second chapters of this thesis presents the first
clear evidence linking regulation of TSPO expression to a signal transduction pathway.
A close analysis of the data presented in these chapters unveils that under basal
conditions for the rich-in-TSPO cells (Figure 1A) and inducible conditions in the case of
poor-in-TSPO cells (Figure 1B), Tspo expression is under the control of the PKCεERK1/2-AP1/STAT3 pathways whereas Ets and Sp1/Sp3 transcriptional factors play a
major role in basal Tspo transcription. In these studies, we investigated the molecular
mechanisms governing Tspo regulation by exploring Tspo transcriptional responses to a
tumor-promoting agent, PMA, in three cell lines with varying TSPO levels. Our data
clearly showed that only the non-steroidogenic cells expressing low levels of TSPO (i.e.,
COS-7 and NIH-3T3 cells) responded to PMA, as seen by an increase in Tspo promoter
activity, mRNA and protein levels. A PKCε-dependent signal transduction pathway was
shown to drive Tspo transcription and expression through activation of c-Jun, STAT3 and
Ets transcription factors acting through a MAPK pathway. Thus, in the poor-in-TSPO
non-steroidogenic cells, this pathway can be activated by tumor-promoting agents (Figure
1B). Our results also suggest that in rich-in-TSPO steroidogenic cells, constitutive
expression of high levels of PKCε drives Tspo expression (Figure 1A).
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FIGURE 1: A hypothetical model for transcriptional regulation of TSPO in
steroidogenic vs. non-steroidogenic cells. Taken together, the data presented in this
dissertation suggest that elevated TSPO expression in steroidogenic cells (A) maybe due
to high constitutive expression of PKCε that renders them unresponsive to further
induction while PMA activation of PKCε drives inducible TSPO expression in nonsteroidogenic cells (B), likely through activation of AP1, Ets and STAT3 transcription
factors.
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The observation that basal Tspo promoter activity in MA-10 cells was tripple to
that seen in NIH-3T3 cells, and PMA-induced Tspo activity in the later is similar to the
basal Tspo activity in MA-10 cells indicates perfect symmetry of the model system used.
Whether PMA is able to induce Tspo mRNA and protein expression to levels similar to
MA-10 cells remains to be confirmed but this would be influenced by additonal factors.
Indeed, varying levels of TSPO in steroidogenic vs. non-steroidogenic cells may also be
dependent on the cellular levels and activities of various trancription factors, kinases and
phosphatases, endogenous stimulants as well as factors controlling mRNA stability,
processing and translation.
Determination of the specificities and efficacies of c-Jun, Ets and STAT3 in
binding their predicted sequences in the Tspo promoter in connection with PKCε/PMA
using EMSA and ChIP is a crucial step to further validate the finidngs reported in this
thesis. Establishing the affinity of various transcription factors to their binding sites in
different cells will be helpful in distinguishing the regulatory differences of TSPO
expression in various cell types.

In addition, the possibility of diverse levels of

regulation, transcriptional vs. translational, exerted by STAT3 and c-Jun on Tspo gene
expression raises an interesting observation that needs to be verified. The study of
functional cooperation, synergism and/or physical interactions among those factors, and
the way such interactions are manifested in diverse types of cells may advance our
comprehension of transcriptional regulation of Tspo.
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A number of physiological and pharmacological modulators have been shown to
alter TSPO levels. These modulators include peroxisome proliferators, IL-1, ginkgolide
B, TNF-α, serotonin, norepinephrine, dopamine, and steroids. Among these, peroxisome
proliferators and ginkgolide B have been shown to reduce Tspo gene transcription, with
the consequence of aberrant steroid hormone production by Leydig cells of the testis and
adrenal cortical cells, respectively. Such dysregulation could translate to pathologies such
as infertility, some forms of Cushing’s syndrome and primary bilateral adrenocortical
disease to name a few. Identifying a signaling pathway regulating TSPO expression
levels would allow for further investigation of basal and induced TSPO expression under
physiological, pharmacological and pathological conditions. The etiology of differential
TSPO expression in various tissues and disease states is not yet known. Thus, linking
TSPO regulation to a signal transduction pathway further provides diagnostic and
prognostic targets that could be studied in association with altered TSPO levels. Since
blocking the MAPK pathway did not completely abolish TSPO expression, the existence
of another pathway regulating TSPO levels is to be expected and should be investigated.
In silico analysis of the human TSPO promoter cloned sequence revealed high GC
content in the proximal region of the promoter where further analysis showed that the
TSPO gene is situated within a CpG island. Preliminary data examining whether Tspo
gene expression in the mouse is modulated by epigenetic mechanisms, such as
methylation and acetylation, using a methylation inhibitor (5-Azacytidine) and
deacetylation inhibitor (TSA), revealed the involvement of such regulation.
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Demethylation seemed not sufficient to activate the promoter, while treatment of
different cell lines with TSA induced a dramatic increase in Tspo promoter activity. It is
of interest to further characterize the epigenetic regulation on Tspo expression and the
specificity of the effect of TSA. Whether the increased Tspo expression in rich-in-TSPO
cells is due to a more open chromatin structure, rendering the promoter increasingly
accessible to transcription factors remains to be elucidated.
The third chapter of this dissertation brings together data generated over the last
two decades on the expression levels of TSPO in normal and pathological tissues as well
as on the agents and mechanisms regulating TSPO expression. Although originally
considered a housekeeping gene, it is known today that TSPO expression is under the
control of hormones, various chemicals, environmental agents, stress and pathological
conditions. Even though the majority of these factors regulate Tspo gene expression,
there is posttranscriptional and posttranslational modification of TSPO as well as
regulation at the level of the protein already in the membrane by surrounding proteins.
As noted earlier the finding that PKCε null mice have dramatically reduced circulating
corticosterone levels provides a direct link of this kinase to TSPO expression and
steroidogenesis. Investigating the parallelism between the expression levels of TSPO,
PKCε, ERK and STAT3 in various cancers and brain injury, showed an excellent
correlation between PKCε, ERK, STAT3 and TSPO expression making PKCε the master
regulator of TSPO expression and function.
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Because TSPO is associated with numerous physiological functions as well as
pathologies, an understanding of how its expression is regulated in health and disease
may prove beneficial for preventive, therapeutic, diagnostic and prognostic purposes.
Linking Tspo gene regulation to a specific pathway, as well as identifying important
factors and cofactors participating in regulating TSPO expression provide new insights to
understanding tissue- and pathology-specific TSPO regulation. Further identification of
effectors, transcription factors and their activation states and interactions in regulating
TSPO in different pathophysiological conditions would allow us to better target and
control TSPO levels.
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