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Abstract

The translocator protein (18kDa; TSPO), previously known as peripheral-type benzodiazepine
receptor, is a high affinity cholesterol- and drug-binding mitochondrial protein involved in various
cell functions including steroidogenesis, apoptosis, and proliferation. TSPO is highly expressed in
secretory and glandular tissues, especially in steroidogenic cells, and its expression is altered in
certain pathological conditions such as cancer and neurological diseases. In this study, we
characterized the regulatory elements present in the region of the TPSO promoter extending from
515 to 805-bp upstream of the transcription start site, an area previously identified as being important
for transcription. Promoter fragments extending 2.7-kb and 805-bp upstream of the transcription start
site were able to direct enhanced green fluorescent protein expression to Leydig cells of the testis,
theca cells of the ovary, and cells of the adrenal cortex in transgenic animals. This expression pattern
perfectly mimicked endogenous TSPO expression. Functional characterization of the 515 to 805-bp
region revealed the presence of one Specificity protein 1/Specificity protein 3 (Sp1/Sp3) and two v-
ets erythroblastosis virus E26 oncogene homolog (Ets) binding sites that are important for
transcriptional activity in both MA-10 mouse Leydig tumor cells and NIH/3T3 whole mouse embryo
fibroblasts. GA-binding protein o (GABPa) — a member of the Ets family of transcription factors —
was found to be associated with the endogenous TSPO promoter. We conclude that Sp1/Sp3 and
members of the Ets family of transcription factors bind to specific binding sites in the TSPO promoter
to drive basal TSPO gene transcription.
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Introduction

The translocator protein (18kDa) (TSPO), previously known as the peripheral-type
benzodiazepine receptor (PBR), has been implicated in many important cellular functions
including proliferation and apoptosis, immunomodulation, porphyrin transport, and anion
transport (1). TSPO has been most widely studied for its role in the transfer of cholesterol from
the cytoplasm to the inner mitochondrial membrane, the rate-determining step of steroid
hormone production, where it cooperates with the steroidogenic acute regulatory protein
(StAR) (2-7). Consistent with its ability to bind cholesterol and facilitate its transport during
steroidogenesis, TSPO is primarily localized in the outer mitochondrial membrane (8), and is
a member of a multimeric protein complex whose other constituents include the voltage-
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dependent anion channel and adenine nucleotide carrier (9). TSPO is also localized to the
nucleus and the perinuclear region in breast cancer cells (10) as well as to the plasma membrane
of erythrocytes (11).

Variable amounts of TSPO have been detected in all adult tissues examined to date as well as
in embryonic tissues (12,13). Adrenal glands, pineal glands, salivary glands, olfactory
epithelium, ependyma, and gonads are particularly rich in TSPO (1,12,13). Renal and
myocardial tissue exhibit intermediate levels of expression, and the liver and brain exhibit low
levels of expression (12,14). Aside from its abundance in adrenal gland and the gonads,
selective localization of TSPO to steroid-producing cells within these tissues supports a role
for TSPO in steroid hormone production (8,15).

TSPO expression is physiologically and pharmacologically modulated. The pituitary gland
appears to regulate its expression since hypophysectomy leads to a dramatic decrease in TSPO
in the adrenal glands, testis, and ovaries (16,17). Similarly, adrenalectomy is associated with
decreased renal TSPO levels, which can be restored after administration of aldosterone but not
dexamethasone (18,19). Other molecules affecting TSPO expression include interleukin-1
(20), dopamine, serotonin and norepinephrine (21), ginkgolide B (22), TNF-a (23), and several
peroxisome proliferators (24).

Altered TSPO expression has been observed in several pathological conditions. For example,
several cancers, including those of the breast (10,25), colon (26), ovary (27), and liver (28),
have been associated with increased levels of TSPO, suggesting a role for this protein in
tumorigenesis. Changes in the levels of the receptor have also been observed in neurological
and psychiatric disorders including Alzheimer's and Huntington's diseases (29-31) and panic
disorders (32,reviewed in 33). Finally, hypo- and hyper-thyroidism is associated with altered
TSPO expression in the heart, kidney, liver and testis (34,35).

TSPO cDNA has been cloned for a number of species. In human it encodes a 169 amino acid
protein (36-38). The gene is composed of four exons, and exon 1 and half of exon 4 are
untranslated (39,40). In human, mouse, and rat, the short first exon is separated from exon 2
by a large intron containing several areas of repetitive sequence. Transcription of the gene
initiates at 56 and 25 nucleotides upstream of the exonl-intronl junction in rats and humans,
respectively (39,40). In mice, initiation of transcription primarily occurs at an adenine
nucleotide situated 61 nucleotides upstream of the translation start site on the cDNA, but
internal initiation is also observed (13). The mouse TSPO promoter has been recently cloned,
and the proximal area has been functionally characterized in steroidogenic and non-
steroidogenic cells (13). Sequence analysis revealed the presence of a series of GC boxes and
the absence of TATA or CCAAT boxes. In addition, two overlapping Sp1/Sp3 sites in the
proximal promoter were found to be crucial for basal transcription in all cell lines tested.

Despite the abundance of data regarding expression, relatively little is known about the
transcriptional regulation of TSPO. In the present study, we set out to identify and characterize
the promoter elements present in the 515 to 805 bp region upstream of the TSPO transcription
start site. The 805 bp mouse TSPO promoter fragment (as well as the 2.7 kb fragment) was
capable of driving expression of enhanced green fluorescent protein (EGFP) to the Leydig cells
of the testis, theca cells of the ovary, and cells of the adrenal cortex of transgenic mice,
mimicking endogenous TSPO expression. Binding sites for v-ets erythroblastosis virus E26
oncogene homolog (Ets), and specificity protein (Sp) families of transcription factors identified
within this region were found to be important for basal promoter activity. These findings appear
to be biologically relevant, as members of the Ets family of transcription factors were found
to be associated with the endogenous TSPO promoter in MA-10 and NIH/3T3 cells.
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Materials And Methods

Transgenic mice

For generation of transgenic mice, the 2700 bp, 805 bp, and 123 bp fragments of the mouse
TSPO promoter were freed from plasmids pGL3-2700, pGL3-805, and pGL3-123, respectively
(13), with restriction enzyme digestion. The fragments were subcloned in plasmid pd2EGFP
(BD Biosciences, San Jose, CA) immediately upstream of the open reading frame (ORF) for
EGFP. The resulting plasmids were digested with restriction enzymes and fragments
containing only the promoter, EGFP ORF and a polyA signal (devoid of any sequences of
bacterial origin) were gel purified and injected into the pronucleus of one cell stage FVB inbred
mouse embryos (Taconic, Germantown, NY). Embryos were re-implanted into the oviducts
of pseudo-pregnant foster mothers and allowed to develop to term. To identify founder animals,
tail DNA was screened by PCR and Southern blot analysis for incorporation of the transgene.
The mice were housed and bred in a specific pathogen-free facility. Animals were maintained
on a 12-h light, 12-h dark schedule, and food and water were provided ad libitum. All
procedures involving animals were performed in accordance with current federal and university
guidelines and were reviewed and approved by the Georgetown University Institutional Animal
Use and Care Committee.

Transgenic animals were euthanized by carbon dioxide inhalation in accordance with the
Animal Welfare Act and institutional guidelines. Tissues to be analyzed were immediately
excised and frozen in OCT compound. Seven micron-thick sections were obtained using a
Leica CM1900 cryostat (Leica Microsystems Inc, Bannockburn, IL), mounted onto charged
slides, counterstained with DAPI (Invitrogen Corp, Carlsbad, CA), and coverslipped in an
antifade solution (Invitrogen, Cat # P-7481). Samples were observed and photographed using
an Olympus fluoview-FV300 laser scanning confocal microscope (Olympus America Inc,
Melville, NY). Background subtraction was carried out using the Olympus Fluoview V. 3C
software, with baseline fluorescence being set equal to that emitted from equivalent non-
transgenic tissue.

In vitro DNAse | footprinting

A fragment of the TSPO promoter extending from —740 bp to —420 bp was amplified by PCR
and cloned in pCR4TOPO vector (Invitrogen Corp.). After sequence verification, the fragment
was released by restriction enzyme digestion, isolated, and labeled on the noncoding strand
using Klenow enzyme and 32P dATP. Unincorporated nucleotides were removed using a
Biospin 6 column (Bio-Rad, Hercules, CA). For DNAse | analysis, approximately 2 ng (40,000
cpm) of the probe were incubated with 20 ug of nuclear extracts from MA-10 cells in the
presence of 20 mM Tris pH 7.9, 60 mM NaCl, 5 mM MgCl,, 0.5 mM DTT, 0.05% NP-40, 5%
glycerol, and 1 ug poly(dl-dC).poly(dI-dC). After allowing complexes to form for 20 min,
increasing amounts of DNAse | (Amersham, Piscataway, NJ) were added to parallel reactions
and reactions were allowed to proceed for 2 min at room temperature. Reactions were
terminated by adding stop solution (200 mM NaOAc, 30 mM EDTA, 0.1% SDS, and 60 pg/
ml yeast tRNA). DNA was then phenol/chloroform extracted, ethanol precipitated, and
resuspended in loading buffer. DNA fragments were separated on 8% polyacrylamide
sequencing gels alongside GC sequencing reactions as size markers. Images were acquired
using a phosphor imager.

Plasmids and in vitro site-directed mutagenesis

Plasmids pGL3-805, -585, and -515, which contain the 805, 585, and 515 bp fragments of the
mouse TSPO promoter, respectively, cloned upstream of the firefly luciferase gene have been
previously described (13). Plasmids pGL3-805m1-m9, each one carrying a 12 bp substitution
mutation, as well as plasmid pGL3-805del lacking the —636 to —684 bp region of the TSPO
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promoter, were constructed by PCR using modified primers containing copies of the Nsil and
Nhel restriction enzyme recognition sequences at the 5’end, with which the original sequence
was substituted. Plasmids pGL3-805mEts, -805mA/P, -805mE/A/P, -805mEts.1, -805mEts.2,
-805mEts.1/2 contained two bp substitution mutations (Table 1) and were also constructed by
PCR using modified primers and pGL3-805 as template. Plasmids pGL3-585mEts.2 and
pGL3-585mN containing substitution mutations (Table 1) were constructed by PCR using
modified primers and pGL3-585 as template. All constructs were fully sequenced for
verification.

transfections, and luciferase reporter assays

MA-10 cells were a generous gift of Dr. Mario Ascoli (University of lowa, 1A) and were
maintained in DMEM/F12 50:50 medium supplemented with 5% horse serum and 2.5% fetal
bovine serum (FBS) at 37°C in a 3.7% CO atmosphere. NIH/3T3 cells were maintained in
DMEM supplemented with 10% FBS.

For transfection, cells were plated in six-well plates at a density of 200,000 cells/well.
Transfection was performed 24 h after plating, using Fugene 6 reagent (Roche Applied Science,
Indianapolis, IN) for MA-10 cells and Polyfect reagent (Qiagen, Valencia, CA) for NIH/3T3
cells, according to the manufacturer's instructions. All reporter plasmids were used at equimolar
amounts and pUC19 DNA was employed to keep the total amount of DNA constant. Plasmid
pRL-TK (Promega Corp., Madison, WI) expressing the Renilla luciferase gene under the
control of the thymidine kinase promoter was used to normalize transfection efficiency.
Twenty-four hours after transfection, the cells were washed, and total lysates were obtained
using passive lysis buffer (Promega Corp). Samples were processed with the Dual-Luciferase
Reporter assay (Promega Corp.), and activity was measured using an automated plate reader.

Preparation of nuclear extracts and electromobility shift assay (EMSA)

Nuclear extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents
(Pierce Chemical Co., Rockford, IL). For EMSA, double-stranded 5’ biotinylated
oligonucleotides Ets.1, Ets.2, and FP1 (Table 1) were synthesized and incubated with 10 pg
of nuclear extracts either from MA-10, Y-1, or NIH/3T3 cells. Unlabeled double-stranded Ets.
1 and Ets.2 oligonucleotides were used for competition experiments. The following mutated
oligonucleotides were also used, where indicated (Table 1): Ets.1-m1, Ets.1-m2, AR/PR-m1,
AR/PR-m2, Ets.2-m, Ets.2-mPEA, Ets.2-mAP1, Ets.2-mcMyb, and FP1 mutant. EMSA was
carried out using the LightShift Chemiluminescent EMSA kit (Pierce Chemical Co.), according
to the supplied protocol, in the presence of EDTA and Mg**. 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 (Santa Cruz,
CA).

Real time quantitative reverse transcription PCR (QRT-PCR)

Total RNA (500 ng) extracted with the RNeasy mini kit (Qiagen) was reverse transcribed using
the Superscript 111 first-strand cDNA synthesis system for RT-PCR (Invitrogen Corp.)
according to the manufacturer's instructions. After digestion with RNase H, first strand cDNA
was subjected to 40 cycles of PCR, and amplimers were detected with a DNA engine Opticon
2 continuous fluorescence detection system (MJResearch Inc., Waltham, MA). Amplimers of
mouse TSPO mRNA and 18S were detected using SYBR green (Applied Biosystems, Foster
City, CA) and specific primers. Amplimers of Ets1, Ets2, GABPa, GABPf1, and Elk1 were
detected using the corresponding Tagman gene expression assays and Tagman chemistry
(Applied Biosystems). All data were normalized against amplification of 18S and quantified
using the standard curve method.
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siRNA transfections

Pooled siRNAs for mouse Ets1, Ets2, GABPa, and GABPB1 were purchased from Dharmacon
Inc. (Chicago, IL). For transfection, MA-10 and NIH/3T3 cells were plated in six-well plates
at a density of 150,000 cells/well. Twenty-four hours later, cells were transfected using Xtreme
Gene reagent (Roche Applied Science) following the manufacturer's instructions. Forty-eight
hours after transfection, cells were lysed, and total RNA was extracted using the RNeasy mini
kit (Qiagen). Mock transfections (no siRNA) and transfections using a scrambled siRNA
(Applied Biosystems) served as controls.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using the ChIP-1T kit (Active Motif,
Carlsbad, CA) according to a slightly modified version of the manufacturer's protocol. Briefly,
cells were grown in three 150 mm dishes to 80% confluency and were crosslinked with media
containing 1% formaldehyde for 10 min at room temperature. After crosslinking, cells were
collected and homogenized using a dounce homogenizer. Nuclei were pelleted and
resuspended. Using a Vibracell VC 130 sonicator (Sonics & Materials Inc., Newtown, CT)
fitted with a 3 mm stepped microtip, nuclear DNA was then sheared to an average size of 500
bp with seven 20 sec pulses at 25% power. After shearing, chromatin was immunoprecipitated
with 3 pg of antibody overnight at 4°C, and complexes were captured using protein-G beads.
After washing and reversal of crosslinks, DNA was subjected to PCR using primers specific
for the mouse TSPO distal promoter. Immunoprecipitates obtained with normal mouse 1gG
served as negative controls.

Sequence and statistical analysis

Results

Sequence analysis was performed with Vector NTi (Invitrogen Corp.), and identification of
putative transcription factor binding sites was done with MatInspector V2.2 software
(Genomatix Inc., Munchen, Germany). Statistical analyses were performed with Excel
(Microsoft Corp., Redmont, WA). Group comparisons were performed using the student's t
test and ANOVA as appropriate. Values of p < 0.05 were accepted as significant. All data are
expressed as mean £ SD.

The mouse TSPO promoter directs expression of EGFP to testicular Leydig, ovarian theca,
and adrenal cortical cells in transgenic mice

We have previously reported that a fragment of the TSPO promoter extending 123 bp upstream
of the most commonly used transcription start site possesses approximately 75% of the
maximum activity observed with any TSPO promoter fragment in MA-10 Leydig and Y-1
adrenal cortical cells but only 50% of the maximum activity in NIH/3T3 fibroblasts (13). The
shortest promoter fragment supporting full activity in all three cell lines extends 805 bp
upstream of transcription start site and exhibits similar activity when compared to a fragment
extending 2.7 kb (13). To identify the fragment of the promoter that is able to mimic the
expression pattern of endogenous TSPO, we generated transgenic mice expressing EGFP under
the control the above-mentioned fragments of the mouse TSPO promoter. The gonads and
adrenal glands were chosen for analysis, since TSPO expression is highly specific and very
well documented in these tissues. All three transgenic lines containing the 2.7 kb construct
demonstrated specific expression of EGFP in the Leydig cells of the testis, the theca cells of
the ovary, and adrenal cortical cells (Fig. 1). Of the two transgenic lines containing the 805 bp
construct, both also demonstrated specific expression of EGFP in the Leydig cells of the testis,
the theca cells of the ovary, and adrenal cortical cells (Fig. 1). In contrast, a more widespread
expression in steroidogenic and non-steroidogenic cells was observed in these three tissues in
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animals harboring the 123 bp construct. Expression of EGFP under the control of the 805 and
123 bp promoter fragments was also observed in almost all other tissues examined (data not
shown), with various intensities. These data suggest that the promoter fragment extending 805
bp upstream of the transcription start site may possess all the necessary elements for specific
expression of TSPO.

Functional characterization of =515 to =585 bp of the mouse TSPO promoter and
identification of a Sp1/Sp3 site important for basal promoter activity

We have previously found that the area of the promoter between -515 and -123 bp does not
contribute significantly to basal activity in our model systems; whereas, the sequence between
-805 and -515 does (13; Fig. 2). This stretch of nucleotides also imparts cell-specific expression
of TSPO in adrenal, testis and ovary (Fig. 1). Thus, we analyzed this region for important
promoter elements using a combined DNAse | in vitro footprinting, sequence, and site-specific
mutant analysis approach. For these studies, we chose to use the MA-10 mouse Leydig tumor
cells and NIH/3T3 whole mouse embryo fibroblasts since they express high and low levels of
TSPO, respectively.

Incubation of MA-10 nuclear extract with a radiolabeled fragment of the TSPO promoter
extending from -740 to -420 bp, revealed that one area is protected from digestion (FP1, Fig.
3A). Sequence analysis revealed that this protected area coincides with a putative element for
transcription factor Nkx3.1 and also comprised an atypical Sp1/Sp3 binding site (Fig. 2).

A reporter plasmid carrying a mutation in the core of the putative Nkx3.1/Sp1/Sp3 site was
constructed (pGL3-585mN; Table 1) and used to examine the contribution of this site to
TSPO transcription. As shown in Figure 3B, mutation of the putative Nkx3.1/Sp1/Sp3 site
resulted in a marked decrease in promoter activity in MA-10 cells. This decrease was similar
to that seen after deletion of the -585 to -515 bp sequence. Mutation of this site led to only a
modest decrease in activity in NIH/3T3 cells.

To determine whether Sp1, Sp3, and/or Nkx3.1 are able to bind this site, EMSA was performed
using a biotinylated double-stranded oligonucleotide spanning protected area (FP1, Table 1).
Incubation of FP1 with nuclear proteins from MA-10 cells resulted in two shifted complexes
(complexes 1 and 2, Fig. 3C, lane 2). Addition of 100-fold molar excess of unlabeled FP1
resulted in reduced density of both of these complexes (lane 3), indicating that binding is
specific. Addition of 100-fold molar excess of an unlabeled oligonucleotide carrying a mutation
(FP1m, Table 1) did not have any effect (lane 4), indicating that this mutation prevents proteins
from binding. Inclusion of an antibody specific for Nkx3.1 transcription factor neither had an
effect on the density of these two complexes nor resulted in the formation of a super-shifted
complex (lane 6). On the other hand, addition of an antibody specific for Sp1 resulted in super-
shifted complex 3 and a reduction in intensity of complex 1 (lane 7) indicating that Sp1 is part
of the latter complex. Addition of an anti-Sp3 antibody led to super-shifted complex 4 and
depletion of complex 2, indicating that Sp3 is the main component of the latter complex. Indeed,
nuclear extracts from MA-10 cells were found to be highly enriched in Sp1 and Sp3 when
compared with nuclear extracts from Y-1 and NIH/3T3 cells (lanes 12-15), in agreement with
previous results (13).

Functional characterization of=585 to =805 bp of the mouse TSPO promoter in NIH/3T3 cells

To identify strong positive elements in the —585 to —805 bp region, sequence analysis and
comprehensive mutagenesis were employed. Sequence analysis of this region revealed the
presence of several putative transcription factor binding sites, including elements for NF-Y,
STATS3, steroidogenic factor 1 (SF-1), Ets (Ets.1), as well as a half site for the androgen and
progesterone receptors (AR/PR) (Fig. 2). For our initial screening we used NIH/3T3
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fibroblasts, as this area appears to be more important for basal transcription in this cell line
(13). Using pGL3-805 as a template, nine reporter constructs (pGL3-805m1-m9, Fig. 4) were
generated, each one carrying a 12 bp substitution mutation. The effect of each mutation was
then assessed after transfection. As shown in Figure 4, mutation of the area between —759 and
—770 bp (pGL3-805m8), which corresponded to a putative binding site for Ets family
transcription factors and a half site for androgen and progesterone receptors (AR and PR
respectively), led to an approximate 50% decrease in activity. This decrease was comparable
to that observed after deletion of the whole area between —805 and —585 bp (pGL3-585, Fig.
4). Interestingly, this 12 bp substitution resulted in a similar decrease in activity of the promoter
construct in MA-10 cells (Fig.5A), although deletion of the area between —805 and —585 bp
in this cell line results in only a 15% decrease (13). The remaining 12 bp substitution mutations
aswell as a deletion between —636 and —684 bp (pGL3-805del, Fig. 4), did not alter the activity
of the promoter construct significantly in NIH/3T3 cells.

A putative binding site for Ets and an AR/PR half site act as positive elements in the
regulation of TSPO promoter activity

To assess the potential contribution of the Ets family of transcription factors and AR/PR on
basal transcription of TSPO, reporter plasmids carrying 2 bp substitution mutations for the Ets
binding site (pGL3-805mEts), the AR/PR binding site (pGL3-805mA/P), or both sites
(pGL3-805mE/A/P) were constructed (Table 1). Mutation of either site resulted in an
approximate 25% decrease in promoter activity in both MA-10 and NIH/3T3 cells (Fig. 5A).
Mutation of both sites had no additive effect (Fig. 5A), suggesting that only one of the two
sites may be utilized at any time.

Identification of a putative Ets binding site located between =515 and =585 bp that is
important for basal TSPO promoter activity

In a search for additional putative Ets and/or AR/PR binding sites in the TSPO promoter, we
identified a second Ets site (Ets.2, Fig. 2) situated between —515 and —585 bp. As shown in
Figure 5B, a 2 bp substitution mutation of Ets.2 in the context of the 805 bp promoter
(pGL3-805mEts.2) significantly (p<0.05) decreased promoter activity in both MA-10 and
NIH/3T3 cells when compared to WT (pGL3-805, Fig. 5B). An identical mutation of this site
in the context of the 585 bp promoter (pGL3-585mEts.2) resulted in a significant (p<0.05)
decrease of activity in MA-10 cells, similar to that seen after deletion of —585 to —515 bp.
However, mutation of this site in the context of the 585 bp promoter in NIH/3T3 cells did not
result in a comparable decrease in activity. Finally, mutation of both Ets sites (pGL3-805mEts.
1/2) resulted in an approximate 50% decrease in activity in both cell types (versus wild type;
Fig. 5B). Thus, mutation of both Ets sites had a greater effect on promoter activity than mutation
of either Ets.1 or Ets.2 alone. These results suggest that both putative sites are important cis-
regulatory elements for the activity of the mouse TSPO promoter.

GABPa, amember of the Ets family of transcription factors, binds its corresponding putative
elements efficiently and specifically in vitro

To test whether putative Ets.1 and Ets.2 sites were viable binding sites, EMSA analysis was
performed using MA-10, NIH/3T3, and Y-1 nuclear proteins. Incubation of NIH/3T3 nuclear
extracts with biotinylated, double-stranded oligonucleotide containing the Ets.1 site (Table 1)
resulted in one shifted complex (Fig. 6, lane 2). The specificity of this binding was confirmed
by the addition of 100-fold excess of unlabeled Ets.1 or an unrelated oligonucleotide (Epstein
Barr virus nuclear antigen, EBNA) (lanes 3 and 8, respectively). The addition of 100-fold
excess unlabeled oligonucleotides carrying two different mutations on the putative Ets site
(Ets.1-m1 and Ets.1-m2, Table 1; Fig. 6, lanes 4 and 5, respectively) did not compete with the
specific complex, indicating that an intact Ets binding site is required for the interaction. In
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contrast, addition of AR/PR-m1 and AR/PR-m2 oligonucleotides (Table 1) carrying two
different mutations on the AR/PR putative binding site competed with the specific complex,
indicating that the AR/PR half site is not required for the interaction. Addition of mouse a-
Etsl, a-Ets2, and a-Elk1 antibodies did not super-shift or immunodeplete the specific complex
(lanes 15-17). However, addition of a-GABPa antibody blocked the formation of the specific
complex (lane 18), suggesting that GABPa takes part in the interaction. Surprisingly,
incubation of Ets.1 oligonucleotide with either MA-10 or Y-1 nuclear proteins did not result
in specific shifted complexes (Fig. 6, lanes 10, 11 and 20, 21) under a wide range of binding
conditions (not all data shown). The results obtained for Ets.2 were similar to those for Ets.1
(data not shown).

Members of the Ets family of transcription factors are differentially expressed in NIH/3T3 and

MA-10 cells

The preceding data suggest that Ets transcription factors and, more specifically, GABP may
play an important role in TSPO transcription regulation. It is possible that different levels of
this factor in cells can lead to different transcription rates for TSPO. To test this hypothesis,
levels of Ets in NIH/3T3 and MA-10 cells were examined using real time quantitative reverse
transcription PCR. Five members of the Ets family of were investigated based on their ability
to bind TSPO promoter sequences and their widespread expression. As shown in Figure 7, Ets1
MRNA was undetectable in MA-10 cells after 40 cycles of PCR but was present at low levels
in NIH/3T3 cells. Ets2 mRNA was present at low levels in MA-10 cells but at high levels in
NIH/3T3 cells. GABPa levels, which were relatively low in both cell lines, were higher in
MA-10 cellsthan in NIH/3T3 cells. Finally, GABPB1 and EIk1 mRNA were found to be present
at low and moderate levels, respectively and were similar in both cell lines. For comparison,
the levels of steady state TSPO mRNA in both cell lines is also shown.

Reduction of Ets1, Ets2, GABPa, and GABPB1 mRNA leads to changes in TSPO steady state
MRNA levels

To investigate the functional role of GABP, Ets1, and Ets2 in the regulation of TSPO
transcription, siRNAs were employed. In MA-10 cells, transfection of GABPa SiRNA
effectively knocked down GABPa mRNA levels and resulted in an approximate 25% decrease
in TSPO mRNA levels (p < 0.05; Fig. 8A). GABPB1 siRNA also resulted in a statistically
significant decrease in TSPO mRNA (~35%, p < 0.05; Fig. 8A). Although transfection of Ets2
siRNA in these cells led to an approximate 75% reduction in Ets2, this did not have any effect
on TSPO mRNA levels (Fig. 8A).

In NIH/3T3 cells, transfection of GABPa siRNA reduced GABPa mRNA by 50% but had no
effect on TSPO mRNA levels (Fig. 8B). Similar to MA-10 cells, a 60% reduction of
GABPB1 mRNA led to a 25% reduction in TSPO mRNA (p < 0.05). Reduction of Ets2 mRNA
did not alter TSPO mRNA levels. Interestingly, a 50% reduction in Ets1 mRNA led to a 65%
increase in TSPO mRNA (p<0.05).

GABPa and Etsltranscription factors are bound to the endogenous TSPO promoter in MA-10
and NIH/3T3 cells, respectively

To determine whether members of the Ets family of transcription factors are bound to the
endogenous TSPO promoter in intact cells, the ChIP assay was utilized. MA-10 and NIH/3T3
cells were crosslinked using formaldehyde, and chromatin was immunoprecipitated with
antibodies specific for Etsl, Ets2, GABPa and Elk1 after shearing. DNA was then subjected
to PCR with primers specific for the distal part of the mouse TSPO promoter (arrows, Fig. 9A).
As shown in Figure 9B, GABPa was found to be associated with the distal part of TSPO
promoter in intact MA-10 cells. However, in NIH/3T3 cells, Ets1, Ets2, and GABPa were
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found to be associated with the TSPO promoter, with the former being the most prominent
(Fig. 9B).

Discussion

Extensive research on TSPO has suggested a role in many important cellular functions
including steroidogenesis, mitochondrial respiration, cellular proliferation, and apoptosis. At
the behavioral level, TSPO may also function in coping with stress and anxiety disorders. The
involvement of TSPO in such important functions has made it a potential target for treatment
of several diseases including cancer, which is often associated with overexpression of the
receptor, several psychiatric disorders, which have been associated with reduced levels of
TSPO, as well as brain injury. Therefore, understanding the transcriptional regulation of
TSPO is of foremost importance.

Previous cloning and functional characterization of the mouse TSPO promoter has indicated
that, in addition to two overlapping Sp1/Sp3 sites in the proximal area, the =515 —805 bp region
appears to be important for basal transcriptional regulation. It has also been shown that a
fragment of the promoter extending 805 bp upstream of the transcription start site possesses
maximum transcriptional activity in several cell lines (13). In the current study we show that
the promoter fragment extending 805 bp upstream of the transcription start site is able to direct
expression of EGFP in Leydig cells of the testis, theca cells of the ovary, and cells of the adrenal
cortex, in a fashion that mimics the expression of endogenous TSPO in those tissues. This
finding, together with the observation that the sequences between —515 and —123 bp do not
appear to be important for transcriptional regulation (13), have led us to focus our search for
important cis-regulatory elements in the area between —515 and —805 bp.

Within this region, a DNase | digestion protected area binds to both Sp1 and Sp3 and is
important for basal transcription. Sp1 and Sp3 are ubiquitously expressed and bind virtually
identical DNA sequences with comparable affinity. Sp1 has been found to act as a
transcriptional activator for a large number of genes including structural proteins, metabolic
enzymes, cell cycle regulators, transcription factors, and growth factors (41-44). Sp3, on the
other hand, can function either as an activator or as a repressor. It achieves the latter through
competition with Sp1 for the same sites (45,46). This has led to the proposal that the function
of Sp3 under any given set of conditions is determined by its ratio to Sp1 (41). It is possible
that the TSPO transcription rate is regulated by tissue-specific abundance of Sp1 and/or Sp3.
In our model systems (MA-10 and NIH/3T3 cells), higher levels of Sp1 and Sp3 are associated
with higher levels of TSPO.

Our data also reveal that two Ets sites situated within the =515 — 805 bp region of the promoter
are able to bind GABP in vitro and that mutation of these elements leads to decreased promoter
activity. Moreover, GABP is associated with the distal area of the TSPO promoter in intact
cells. In accordance with these findings, down-regulation of GABP components leads to a
reduction in TSPO steady state mMRNA. The Ets family of transcription factors consists of at
least thirty members. All members share a highly conserved domain that mediates binding to
purine-rich sequences containing a core GGAA/T sequence found in many gene promoters
(47). Ets transcription factors can activate or repress transcription in cooperation with other
transcription factors/ co-factors, and several of them are known to be nuclear targets of
signaling pathways (48). Most of their properties, including DNA binding, transcriptional
activity, protein-protein interactions, subcellular localization, and stability, are regulated via
post-translational modification (47,48). GABP is an unusual member of the Ets family, in that
it is composed of two subunits, one of which confers DNA binding properties (o subunit) and
another that confers transactivating activity (B subunit). The abundance and specific expression
of Ets factors in different tissues may be, at least in part, responsible for the differences in
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expression of TSPO. When comparing our model systems, higher levels of GABP mRNA are
associated with higher levels of steady state TSPO mRNA. GABP is also a target of c-Raf and
JNK (49), and it physically interacts and cooperates with Sp1 and Sp3 for the activation of at
least one promoter (50). Interestingly, absence of Ets1 mRNA is also associated with high
levels of TSPO mRNA, an observation that is corroborated by the fact that induced
downregulation of Ets1 in NIH/3T3 cells results in increased TSPO mRNA. Despite the
presence of Ets2 and Ets1/ Ets2 mRNA, in MA-10 and NIH/3T3 cells, respectively, none of
these factors were able to bind the TSPO Ets sites in vitro. This may be due to intra molecular
interactions among autoinhibitory domains present in these proteins, which prevent them from
binding DNA in vitro by an allosteric mechanism (51).

Interestingly, mutation of a half site for AR/PR found adjacent to the first Ets site led to a
decrease in activity of the 805 bp promoter fragment. Simultaneous mutation of both the AR/
PR and Ets sites did not have any additive effect, suggesting that only one of the two sites is
used at any time. In support of this possibility is the close proximity of the two sites. That is,
binding of two different transcription factors may be mutually exclusive due to allosteric
hindrance. Given that neither androgen nor progesterone receptors are expressed in NIH/3T3
cells (unpublished observations), it is likely that the observed effect is attributable solely to the
Ets site and that decrease in activity observed after mutating the AR/PR element are probably
due to alteration of the sequences surrounding the core of the Ets binding site. Such alterations
have been found to prevent binding of Ets factors or to favor binding of other members of the
family present in the cells (52). In MA-10 cells, where the presence of androgen and
progesterone receptors has only been studied indirectly and androgen/progesterone regulation
via the classical nuclear receptors is unclear (53-55), the observed effects on TSPO promoter
activity are also likely attributable to the Ets site.

It is important to note that the DNAse footprinting studies also revealed a partially protected
area upstream of FP1 which coincides with the second Ets site characterized in the present
study, as well as with a putative AP1 site located in the immediate vicinity. In the future, it
will be of great interest to characterize this AP1 site, since AP1 proteins have been found to
functionally cooperate with both Ets and Sp transcription factors in the regulation of several
promoters (56,57).

In conclusion, modulation and binding of different Ets transcription factors as well as
abundance of Sp1 and Sp3 and possible cooperation with GABP may be critical for tissue- and
cell-specific regulation of the TSPO promoter. These findings may provide insight into the
aberrant expression of TSPO in several pathological conditions and may aid in the
identification of targets for intervention.
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TNF

EGFP

ORF

EMSA

ChiIpP

Nkx3.1

AR

PR

EBNA

SF-1

NF-Y

STAT3

c-Raf

translocator protein 18kDa

peripheral-type benzodiazepine receptor

steroidogenic acute regulatory protein

specificity protein 1/Sp1 transcription factor

specificity protein 3/Sp3 transcription factor

v-ets erythroblastosis virus E26 oncogene homolog

GA binding protein transcription factor

tumor necrosis factor

enhanced green fluorescent protein

open reading frame

electromobility shift assay

chromatin immunoprecipitation

NK3 transcription factor related, locus 1 (Drosophila)

androgen receptor

progesterone receptor

Epstein Barr virus nuclear antigen

steroidogenic factor 1

nuclear transcription factor Y

signal transducer and activator of transcription 3

v-raf-1 murine leukemia viral oncogene homolog 1
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activator protein 1
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Testis Adrenal

Figure 1.

2.7 kb and 805 bp fragments of the TSPO promoter direct expression of EGFP to testicular
Leydig, ovarian theca, and adrenal cortical cells in transgenic mice. Fragments of the mouse
TSPO promoter extending approximately 2700 bp, 805 bp, and 123 bp upstream of the
transcription start site were cloned upstream of the ORF of enhanced green fluorescence protein
(EGFP). Transgenic animals generated from these constructs were examined for tissue-specific
expression of EGFP (green). Histological sections were counterstained with DAPI (blue). Scale
bars represent 50 um for testis and adrenal and 100 um for ovary.
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TCGATAGTCAATCAGACCGCCTTCGGCTGCTGTGCTGCTG

AR/PR Ets.1
GTTAAGAACAGGAAGCCCGGGACTGGGACGATACCTTAGT
SF-1
GEETCGEATGCTCACCTTTACCTTGCAGACACCRAGEATET

STAT3
GAGTTTCATTTCCAGAACCTGTGTTAAARACCCTGGGTATA

GTAGTACACAGTTATAATCCCAGGGCCCAGGAGGTTGAAA

NF-Y
ARG R GAT TGO GaGEC IO TTECECAGECCAGECTACTE
AP1 Ets.? Nkx3.1

TAATTGACTCACAGGAAGAGGTTGAGGGCTGCCAGCAAGT

GGGTGTGGCCAGGCATAGCGCCTAGGG

Mouse TSPO promoter sequence extending 486 to 812 bp upstream of the transcriptional start
site. Underlined sequences denote the core of putative transcription factor binding sites.

Biochemistry. Author manuscript; available in PMC 2008 September 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 18

MA-10 NIHIZTI

FP1 C

A-10 A0 2
MA-IL I M

X
100X unlabeled
X

- - ‘ ™ 'L X
- uawees Swueved
1 2 3 4 5 6 7T &8 9 10 11 12 13 14 15

Figure 3.

An Sp1/Sp3 site situated between —515 and —585 bp is important for TSPO promoter activity.
A. In vitro DNAse | footprinting analysis of the area between —585 to —515 bp of the TSPO
promoter. Analysis was performed with MA-10 nuclear extract. The area protected from
digestion is indicated (FP1). B. Reporter assays were performed in MA-10 and NIH/3T3 cells
with wild type luciferase reporter constructs or constructs carrying a substitution mutation on
the Sp1/Sp3 binding site (pGL3-585mN; see Table 1). Luciferase activity is expressed as a
fold increase over background, which was measured using the promoterless plasmid pGL3-
basic. *p < 0.05. C. Electrophoretic mobility shift assay of nuclear extracts from MA-10, Y-1,
or NIH/3T3 cells and a biotinylated double-stranded oligonucleotide spanning protected area
FP1. For competition experiments, a 100-fold molar excess of unlabeled probe (lane 3), or a
mutant oligonucleotide (lane 4) was used. For super-shift analysis, antibodies specific for
Nkx3.1, Spl and Sp3 were used (lanes 6-8). Arrows and arrow heads indicate specific
complexes and free probe, respectively.
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Figure 4.

Functional characterization of —585 to —805 bp of the mouse TSPO promoter in NIH/3T3 cells.
Luciferase reporter assays were performed using a series of nine constructs (pGL3-805m1-
m9) that carried 12 bp substitution mutations (pGL3m1: -596-607 bp, -m2: -630-641 bp, -m3:
-679-690 bp, -m4: -693-704 bp, -m5: -706-717 bp, -m6: -732-743 bp, -m7: -746-757 bp, -m8:
-759-770 bp, -m9: -791-802 bp) spanning almost the entire —585 to —805 bp region. A reporter
construct lacking the sequence between —636 and —684 bp (pGL3-805del) was also tested.
Luciferase activity is expressed as a fold increase over background, obtained after transfection
with pGL3-basic. Solid boxes indicate the position of the mutated sequence. The arrow
indicates the transcription start site. *p< 0.05.
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Figure 5.

Putative Ets sites located in the—515 to —805 bp region of the mouse TSPO promoter are strong
positive elements regulating transcriptional activity. A. Luciferase reporter assays were
performed in MA-10 and NIH/3T3 cells using constructs carrying 2 bp substitution mutations
for Ets (pGL3-805mEts), AR/PR (pGL3-805mA/P), and both Ets and AR/PR (pGL3-805mE/
AJP). B. Luciferase reported assays were performed in MA-10 and NIH/3T3 cells using
constructs carrying identical 2 bp substitution mutations in the context of the upstream 805 bp
fragment (pGL3-805mEts.2) and the upstream 585 bp fragment (pGL3-585mEts.2). A reporter
construct carrying 2 bp substitution mutations on both Ets sites (pGL3-805mEts.1/2) was also
examined. Results are expressed as a percentage of the activity of the WT promoter construct
(pGL3-805). *p <0.05. The transcription initiation site is indicated by an arrow.
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Figure 6.

GABPa binds to its corresponding putative binding site in vitro. Electrophoretic mobility shift
assay was performed using double-stranded, biotinylated oligonucleotide Ets. and nuclear
extract from NIH/3T3, MA-10, or Y-1 cells. Competition experiments with unlabeled probe
were performed using Ets.1 oligonucleotide (lanes 3, 11, 13, and 21), mutant oligonucleotides
Ets-m1 and Ets-m2 (lanes 4 and 5), mutant oligonucleotides AR/PR-m1 and AR/PR-m2 (lanes
6 and 7), and an unrelated oligonucleotide (lane 8). Super-shift analysis was performed using
antibodies specific for Ets1 Ets2, EIk1 and GABPa (lanes 15-18). An arrow indicates specific
complex, and the arrow head indicates free, unbound probe.
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Figure 7.

Etsl, Ets2, GABPa, GABPf1, Elk1, and TSPO mRNA expression in MA-10 and NIH/3T3
cells. Total RNA isolated from MA-10 and NIH/3T3 cells was reverse transcribed and
subjected to 40 cycles of real time quantitative PCR. All data were normalized against 18S
rRNA levels. Data are derived from two independent experiments performed in triplicate. *p
<0.05.
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Figure 8.

Reduction of GABPa and GABPB1 mRNA leads to reduced steady-state TSPO mRNA levels.
A. MA-10 cells or B. NIH/3T3 cells were transfected with the indicated siRNAs for 48 h, and
levels of TSPO, Ets2, GABPa, and GABPB1 mRNA were quantified using real time PCR.
Data are derived from two independent experiments performed in triplicate. *p <0.05.

Biochemistry. Author manuscript; available in PMC 2008 September 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 24

o o = o,
O o &L L
u w uy lag]
o o0 - -l
o9 et G & }
i A A
A — S Y _%_ j f»'“j‘?.
Ets AP1 Spl/Sp3
¥
o7
Iy
.Q\k
S8 &
B A
S L &8 i
TS F S S S~
L
MA-10

e I
e . NIH/3T3

Figure 9.

GABPa and Ets1 are bound to the endogenous TSPO promoter in intact MA-10 and NIH/3T3
cells, respectively. A. Schematic representation of the mouse TSPO promoter showing
transcription factor binding sites important for activity. Dark rectangular indicates exon 1,
while arrows indicate the position of primers used for chromatin immunoprecipitation assay.
B. Proteins and DNA from MA-10 and NIH/3T3 cells were crosslinked using formaldehyde.
Chromatin shearing, immunoprecipitation with antibodies specific for Ets1, Ets2, GABPa and
Elk1, reversal of crosslinks, and isolation of DNA were performed. DNA was then amplified
by PCR using primers specific for the distal area of TSPO promoter. Input represents
amplification before immunoprecipitation. Normal mouse IgG and a reaction without template
served as negative controls. Black arrows indicate specific amplimers.
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Mutations introduced into plasmids

WT sequence

pGL3-805m8
pGL3-805mEts/-805mEts.1
pGL3-805mA/P

pGL3-805mE/A/P
pGL3-805mEts.2/pGL3-585mEts.2
pGL3-805mEts.1/2

-773-GGTTAAGAACAGGAAGCCC-755-
GGTGCTAGCATGCATGCCC
GGTTAAGAACATTAAGCCC
GGTTACTAACAGGAAGCCC
GGTTACTAACATTAAGCCC

no mutation
GGTTAAGAACATTAAGCCC

-568-TGACTCACAGGAAGAGGTT-550-
no mutation

no mutation

no mutation

no mutation
TGACTCACATTAAGAGGTT
TGACTCACATTAAGAGGTT

WT sequence
pGL3-585mN

-543-TGCCAGCAAGTGGGTGT-527
-543-TGCCAGGCTAGCGGTGT-527

-570-ATTGACTCACAGG-558
no mutation

Oligonucleotides used in EMSA

Ets.1
Ets.1-m1
Ets.1-m2
AR/PR-m1
AR/PR-m2
FP1

FP1 mutant

GCTGGTTAAGAACAGGAAGCCCGGGA
GCTGGTTAAGAACATTAAGCCCGGGA
GCTGGTTAAGAACCGTAAGCCCGGGA
GCTGGTTACTAACAGGAAGCCCGGGA
GCTGGTTACGCACAGGAAGCCCGGGA
GGGCTGCCAGCAAGTGGGTGTGGCCA
GGGCTGCCAGGCTAGCGGTGTGGCCA
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