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Abstract
We have recently identified two promoters, distal and proximal for rat mitochondrial
glycerophosphate acyltransferase (mtGPAT). Here we are reporting further characterization of the
promoters. Insulin and epidermal growth factor (EGF) stimulated while leptin and glucagon inhibited
the luciferase activity of the distal promoter and the amounts of the distal transcript. Conversely,
luciferase activity of the proximal promoter and proximal transcript remained unchanged due to these
treatments. Only the distal promoter has binding sites for carbohydrate response element binding
protein (ChREBP) and sterol regulatory element binding protein-1 (SREBP-1). Electromobility shift
assays and chromatin immunoprecipitation assays demonstrated that ChREBP and SREBP-1 bind
to the mtGPAT distal promoter. Insulin and EGF increased while glucagon and leptin decreased the
binding of SREBP-1 and ChREBP to the distal promoter. Thus, the distal promoter is the regulatory
promoter while the proximal promoter acts constitutively for rat mtGPAT gene under the influence
of hormones and growth factor.

Introduction
Glycerol-3-phosphate acyltransferase (GPAT)1 converts sn-glycerol-3-phosphate to 1-acyl-
sn-glycerol-3-phosphate, the first step in the biosynthetic pathway of all glycerolipids.
Mitochondrial GPAT (mtGPAT) is an enzyme that can switch the fate of fatty acids from β-
oxidation to glycerolipid synthesis [1,2]. The mtGPAT isoform is known to control the
asymmetric distribution of fatty acids in cellular glycerolipids. The asymmetric distribution of
fatty acids plays an important role in maintaining structure and function of phospholipids
present in cellular membranes [3]. The mitochondrial acyltransferase is known to comprise
~10% of total GPAT activity in most tissues except in the liver where it comprises ~50% of
the total GPAT activity [4]. Hepatic mtGPAT mRNA level is up-regulated by a high
carbohydrate, fat-free diet and by insulin administration to streptozotocin-diabetic mice. Also,
mtGPAT activity is higher in the livers from both diet-induced obese mice and leptin-deficient
ob/ob mice when compared with their lean controls [5].

It has been shown that elevated hepatic mtGPAT is associated with obesity since the enzyme
can divert activated fatty acids from oxidation to glycerolipid synthesis. Thus, the increase in
mtGPAT activity could be at least partly responsible for obesity and lipid disorders associated
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with obesity [2]. Therefore, understanding the molecular mechanism of mtGPAT
transcriptional regulation is important.

We have previously shown the presence of two promoters for rat mtGPAT: a distal promoter
which is ~ 30kb upstream of the first translational codon and a proximal promoter which is 63
bp upstream of the second translational codon. It is known that lipogenic enzymes such as
acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), like mtGPAT, are hormonally
and nutritionally regulated - properties consistent with their role in triacylglycerol synthesis
[6]. Studies show that insulin and EGF stimulate lipogenesis and ACC activity in isolated
adipocytes [7]. On the other hand, leptin and glucagon are known to inhibit lipogenic enzyme
synthesis by acting through decrease of the amounts of the lipogenic transcription factor,
SREBP-1c and intracellular mediator cAMP, respectively [2,6]. In an effort to determine
whether the distal or the proximal promoter is responsible for the transcriptional regulation of
rat mtGPAT, two stimulating agents (insulin and EGF) and two inhibiting agents (glucagon
and leptin) for lipogenesis were used in this investigation.

The transcriptional factors such as ChREBP (100 kDa) and SREBP-1c (68 kDa) are known to
be major regulators of lipogenic enzymes [8,9]. ChREBP is predominantly expressed in liver,
kidney, white and brown adipose tissues and is known to recognize E box sequences in the
promoters of target genes and is predominantly present in inactive phosphorylated form in the
cytoplasm [10]. The regulation of ChREBP is relatively simple and efficient, and involves
phosphorylation-dependent mechanisms responsive to feeding (glucose and fatty acids) and
fasting (glucagon) [8]. The extent of phosphorylation of ChREBP determines its nuclear or
cytoplasmic location. For example, when overnight-fasted mice were refed a high-
carbohydrate diet for 18 h, there was low ChREBP phosphorylation on Ser196 causing it to be
predominantly located in the nucleus. When glucagon was injected (0.5 U/kg) into the portal
vein of refed mice, ChREBP phosphorylation on Ser196 was increased and ChREBP protein
was exported from the nucleus [11]. Three SREBPs have been identified so far, SREBP-1a
and SREBP-1c are encoded from the same gene while SREBP-2 is encoded from a separate
gene. The predominant SREBP-1 isoform in liver and adipose tissue is 1c rather than 1a [12].
Hence in all likelihood, SREBP-1c actually binds to the distal promoter due to its abundance
in liver cells. Promoter inspector analysis showed the presence of the binding sites for SREBP-1
and ChREBP only in the distal promoter of rat mtGPAT gene. There is no such presence of
lipogenic transcription factor binding sites in the proximal promoter region [13]. Leptin is
known to decrease expression of lipogenic enzyme gene through modification in the SREBP-1c
gene expression [14]. EGF stimulates SREBP-1c mRNA levels in prostate cancer cells and
causes an increase in mRNA levels of the lipogenic enzyme FAS [15]. Studies have shown
that the negative target for leptin is SREBP-1, suggesting that this transcription factor may be
involved in mediating the inhibitory effect of leptin on lipogenic gene expression [16,17,].
Insulin was found to increase the levels of ChREBP mRNA in 3T3 L1 adipocytes and to
promote lipogenesis in newly formed adipocytes [18].

In this study, we have investigated the role of the two promoters in transcriptional regulation
of rat mtGPAT gene expression. We present evidence that the distal promoter is the regulatory
promoter under the influence of hormones and growth factors while the proximal promoter
acts like a constitutive promoter. To gain further insight into the molecular mechanism of how
the distal promoter regulates the mtGPAT gene transcription, we have assessed the role of
lipogenic transcription factors, ChREBP and SREBP-1c by means of electromobility shift
assay (EMSA) and chromatin immunoprecipitation (ChIP).
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Materials and Methods
Cell culture

Buffalo rat liver cells (BRL) which are hepatocytes were bought from ATCC (CRL-1442) and
were cultured in Eagle’s minimum essential medium (ATCC) supplemented with 10% fetal
bovine serum (ATCC) and 50 U/ml of penicillin-streptomycin at 37°C in a humidified
atmosphere of 5% CO2.

Chemicals
Insulin, EGF, glucagon, leptin, formaldehyde and protease inhibitors were purchased from
Sigma - Aldrich; penicillin-streptomycin was from Gibco; wortmannin and 1--(5-
isoquinolinylsulfonyl)-2-methylpiperazine (H7) were from Calbiochem.

Plasmid constructs
Serial deletion constructs for distal promoter regions: D 520, D 340 and D 215, were generated
using D 932 [13] as the template and the primers as shown in Table 1 and Fig. 1A. These
fragments were then subcloned into pGL3-basic vector into NheI and KpnI sites. After
subcloning, the PCR amplified fragments were sequenced (Genewiz) to exclude the possibility
of mutations caused by PCR. For the proximal promoter region, “Proximal 500” from the
previous study was used [13]. The plasmid pRLTK containing renilla luciferase reporter gene
(Promega), was used as an internal control for normalizing firefly luciferase activity.

Transient transfections, treatments and luciferase activity assays
For 5′-end serial deletion analysis, all the plasmid DNA constructs were transfected into cells
in 24 well plates using Lipofectamine (Invitrogen) following the manufacturer’s protocol.
Twenty hours before transfection, 8 × 104 cells were plated in 0.5 ml of medium/well. For each
well, 2 μl of lipofectamine was mixed with plasmid DNA (2 μg) in serum-free media to allow
the complex to form. The complex was added to each of the wells and incubated for 24 hours
and then lysed with 250 μl of 1X passive lysis buffer (Promega). Luciferase activity was
measured using equal amounts of protein with dual luciferase kit (Promega) with Berthold
multiplate reader LB140. Proximal 500 and D 520 constructs were used for luciferase assays
to determine the effect of insulin, EGF, glucagon and leptin on proximal and distal promoters,
respectively. Transfections were done as mentioned above and 24 hours later cells were treated
with either 1, 10, 100 or 1000 nM of insulin, EGF, glucagon or leptin [19–22]. To determine
the effects of the inhibitors, the cells were pretreated with 20 μM wortmannin or with 50 μM
H7 (1-(5-isoquinolinylsulfonyl)-2-methylpiperazine) for 2 hours and then treated with the
respective agents as mentioned under “Results”. Cells were lysed 24 hours post treatment and
luciferase activity was measured as mentioned above on equal amounts of proteins for each
sample. Data (mean ± S.E.) from triplicate assays from three independent experiments were
computed.

Isolation of rat mitochondria and nuclear extracts from treated cells
Mitochondria were isolated from cell culture by differential centrifugation at 600×g and
11000×g using Mitochondria Isolation kit (Sigma - Aldrich). Intactness of isolated
mitochondrial membrane was determined by measuring the latency of the cytochrome c-
oxidase activity by measuring the enzyme in the presence and absence of the detergent, n-
Dodecyl β-D-Maltoside (~95% intact). Nuclear extracts were prepared according to the
manufacturer’s protocol using NXTRACT CelLytic NuCLEAR Extraction Kit (Sigma-
Aldrich).
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Western blotting of mtGPAT, SREBP-1c and ChREBP
Whole mitochondria (5 μg) or nuclear extract (4 μg) isolated from cells was used for western
blotting as explained elsewhere [13]. IM1GAT (24) for whole mitochondria and anti SREBP-1
(Santa Cruz) which detects both SREBP-1a and SREBP-1c or anti-ChREBP (Novus
Biologicals) antibodies were used for nuclear extracts. The membranes were stripped and
reprobed for β-actin (Sigma - Aldrich) to ensure equal loading of proteins as described
previously [13]. As a control to show that the increase or decrease in the nuclear levels of
ChREBP or SREBP-1c is caused by the four agents, cells were pretreated for 2 hours either
with 20 μM wortmannin and then treated with 100 nM of EGF or leptin, or with 50 μM H7
followed by treatment with 100 nM of insulin and glucagon.

GPAT Assay
GPAT assay was performed as described previously by measuring sn-[2-3H]-glycerol-3-
phosphate incorporated in 1-butanol-extractable phospholipids, lysophosphatidic acid, and
phosphatidic acid [23]. Each assay was performed in the presence of NEM (5 mM) to inhibit
microsomal GPAT activity and was initiated by the addition of 50μl of isolated mitochondrial
sample. GPAT specific activity was measured as nmole/min/mg [13].

RNA isolation of treated cells, semiquantitative RTPCR and quantitative real-time PCR
Cells were treated with 100 nM or 1000 nM of either insulin, glucagon, leptin or EGF and
incubated for 24 hours. Total RNA was isolated using RNeasy minikit (Qiagen) and treated
with RNase-free DNase. The first-strand cDNA was synthesized using GSP1 primer (5′
GCTTTAGTAACACCCAGCCAGTCAGCC3′) and Superscript II reverse transcriptase
(Invitrogen) using 2 μg of total RNA for insulin or EGF treated cells and 4 μg of total RNA
for glucagon or leptin treated cells. Five μl of each sample cDNA was subsequently used for
PCR. cDNA amplifications were performed in 40 cycles for mtGPAT and 25 cycles for β-actin
(loading control), to get detectable amounts of DNA and to keep the reactions in the exponential
phase. The thermal profile of PCR was as follows: denaturation at 94°C for 1 min, annealing
at 65°C for 1 min, extension at 72°C for 2 min and final extension at 72°C for 7 mins. The
primers F7 and R7 (Table 1) were used to amplify 124 bp region of mtGPAT while primers
F8 and R8 were used to amplify 120 bp of rat β-actin. The PCR products were resolved on 2%
agarose gel, stained with ethidium bromide and photographed. Semiquantitative analysis of
the amplicons was performed by measuring the band intensities using Un-scan-it gel software
(Silk Scientific). Quantitative real time PCR (Biorad) was performed on the first strand cDNA
that was synthesized from total RNA (3μg). The same sets of primers and PCR conditions were
used as mentioned above.

Semiquantification of the two transcripts
The first strand was synthesized using 2 μg of total RNA from insulin and EGF treated cells
and 4 μg of total RNA from cells treated with glucagon and leptin to get detectable bands using
gene specific primer of rat mtGPAT cDNA, GSP2 (5′
GGAGACTGTAGCAACCATTTCCTGGAGG3′). Homopolymeric (C) tails were added to
the 3′ end of the first strand cDNA using dCTP and terminal deoxynucleotidyl transferase
(Invitrogen). First round of PCR was performed for amplification of the target first strand
cDNA using AAP (Abridged Anchor Primer) 5′GGCCACGCGTCGACTAGTA
CGGGIIGGGII GGGIIG-3′, where I is inosine) (Invitrogen) and nested gene specific primer,
NGSP2 5′GCTGGGCAGATCCATCCGGGTTCAA3′ for 40 cycles as shown in table 1. β-
actin was used as a loading control. The PCR cycles were optimized for both the transcripts.
The same PCR program as mentioned above was used for amplification of mtGPAT transcripts
and for β-actin. Both GSP2 and NGSP2 were designed from exon 6 of mtGPAT gene as shown
in Fig. 4A. The amplified DNA was run on 1.5% agarose gel. Two amplified bands were excised
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from the gel. The DNA was isolated following gel extraction using MinElute gel extraction kit
(Qiagen) and subsequently cloned into pCR4-TOPO cloning vector (Invitrogen) and sequenced
by Genewiz to confirm the presence of the two transcripts.

Electromobiltiy shift assays (EMSA)
The double stranded oligonucleotides were used as probes for EMSA as shown in Table 1. The
consensus sequences for SREBP-1c and ChREBP binding regions of rat mtGPAT distal
promoter are underlined and the mutated nucleotides are shown in bold. End labeling was
performed using T4 kinase (Promega) in the presence of [γ-32P]ATP. The labeled
oligonucleotide was purified on a Sephadex G-25 column, as described elsewhere [24]. Nuclear
extracts (about 6 μg of protein in 5 μl) from untreated cells were incubated for 20 min at room
temperature with 10 fmol of either radiolabeled probe (SREBP-1/ChREBP) or with
radiolabeled mutated probe (mutSREBP-1/mutChREBP) in 20 μl of binding buffer (20 mM
Tris-Cl, pH 7.5, 150 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 0.1% Nonidet P-40, 6%
glycerol) supplemented with 20 μg of acetylated bovine serum albumin and 2 μg of poly(dI-
dC). For competition analysis, the indicated amount of wild type or mutated double-stranded
oligonucleotides was added to the binding mixture as indicated in the figure legends or 1 μg
of specific polyclonal antibody of SREBP-1 (Santa Cruz) and ChREBP (Santa Cruz),
respectively, and incubated 20 min at room temperature before adding 32P-labeled
oligonucleotide (SREBP-1/ChREBP). The resulting complexes were resolved on 5%
nondenaturing polyacrylamide gels, the gel was dried and analyzed by Phosphorimager
(Packard Cyclone) as described elsewhere [24].

Chromatin immunoprecipitation assays
ChIP analyses were performed using an assay kit (Upstate Biotechnology) as described
previously [13]. An aliquot (50 μl) was removed to use as an input DNA control.
Immunoprecipitation was performed with antibodies against ChREBP (Novus Biologicals) or
SREBP-1 (Santa Cruz Biotechnology) or with normal rabbit serum (Calbiochem) that served
as a control for 12–18 hours at 4°C. For a negative control, no-antibody immunoprecipitation
was performed by incubating the supernatant fraction with 50% slurry of Salmon Sperm DNA/
Protein A agarose for 1 hour at 4°C with rotation. The immunoprecipitated DNA was analyzed
by real-time PCR (25 μl reaction mixture) using the iQ SYBR Green Supermix and the Bio-
Rad MyIQ Single Color Real-Time PCR Detection System (Bio-Rad). Each PCR reaction was
used to determine the enrichment of ChREBP or SREBP-1c at its respective binding sites. The
occupancy of ChREBP and SREBP-1c was calculated using β-actin coding sequence as a
negative control and corrected for the efficiency of primers. The primers F5 and R5 were
designed to flank the E box region and primers F6 and R6 were designed to flank the SREBP-1c
region of the distal promoter, respectively (Table 1 and Fig. 1A). Primers F8 and R8 were used
for rat β-actin coding sequence as a negative control (Table 1). Briefly, to quantify the
association of ChREBP or SREBP-1c with the distal promoter, a ΔCt value was calculated for
immunoprecipitated sample (IP) or input sample (total DNA) by subtracting the Ct value for
the β-actin from the Ct value obtained with the corresponding immunoprecipitated sample as
template. The obtained ΔCt value for the samples immunoprecipitated with specific antibodies
was subtracted from the ΔCt value of samples immunoprecipitated with rabbit IgG as control
to give Δ ΔCt. Fold differences were calculated using the formula 2ΔΔCt, since one cycle
difference is equivalent to a 2-fold difference in amplification. After PCR amplification, melt
curve analysis was performed for each sample to ensure that the melting curve characteristics
were consistent with the presence of a single PCR product. ChIP assays were performed on at
least 3 independent occasions and for each ChIP assay, promoter samples were quantified in
triplicates. Thus, for every sample, data represents the average of at least 9 determinations ±
S.D., and are presented as fold-differences relative to control conditions (untreated cells). The
relative fold change among the ChIP DNA samples was calculated following normalization
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with the input DNA. To ensure that ChREBP and SREBP-1 bind to the putative binding sites
in the distal promoter region, PCR was performed using the same sets of primers as mentioned
before for SREBP-1c, ChREBP and rat β-actin. The DNA isolated from input,
immunoprecipitated (ChREBP/SREBP-1/IgG) and negative control samples were used and
the PCR products were run on a 2% agarose gel [13].

Band intensity quantification
Semiquantitative analysis of the band intensities were performed by measuring the band
intensities using Un-scan-it gel software (Silk Scientific). The intensities of each band were
normalized to the intensity of the corresponding actin band for each lane in the bottom panel
to correct for differences in loading.

Results
The distal 520bp mtGPAT promoter is essential for its regulatory effect

A schematic diagram of the distal and the proximal promoters with putative transcription factor
binding sites, TATA box and inverted CAAT box is presented in Fig. 1A. We have previously
shown that 500 bp of the proximal promoter region has about 2 fold luciferase activity over
the full-length 1050 bp region [13]. Similarly, transfection experiments were performed to
define the region of the distal promoter that is required for its maximum promoter activity. A
series of 5′-nested serial deletion constructs of rat mtGPAT distal promoter were cloned into
pGL3-basic vector that contained firefly luciferase as the reporter gene as shown in Fig. 1A
and as explained under “Materials and Methods”. The constructs made for luciferase activity
using the primers as shown in Table 1 and the inserts shown in Fig 1A were as follows: (a)
plasmid containing the entire distal promoter region upstream of luciferase (D 932), (b) plasmid
containing all the transcription factor binding sites of distal promoter upstream of luciferase
(D 520), (c) plasmid containing only inverted CAAT box and TATA box of distal promoter
upstream of luciferase (D 340), and (d) plasmid excluding transcription factor binding sites,
and inverted CAAT and TATA boxes (D 215). Comparative analysis of the luciferase activities
of the serial deletion constructs revealed that the 520 bp region of the distal promoter displayed
stronger transcriptional activity than that of the 932 bp region. This is probably due to the
presence of all the transcription factor binding sites in the 520 bp region (Fig. 1B) and the
presence of inhibitory domains of the active promoter in the upstream sequence. This situation
is similar to the presence of the inhibitory domains in the proximal promoter region of the rat
Cathepsin L gene [25].

The distal, but not the proximal promoter is regulatory in BRL cells
To investigate the roles that the distal and the proximal promoters play in the transcriptional
regulation of rat mtGPAT gene, cells were transfected with either D 520 (distal promoter) or
with Proximal 500 (proximal promoter) constructs along with pRLTK as an internal control
and treated with varying concentrations of insulin, glucagon, leptin or EGF as explained in
“Materials and Methods”. As shown in Fig. 2A, the luciferase activity of the cells transfected
with D 520 construct and treated with insulin or EGF was up to 175% and 200% of the luciferase
activity of the untreated cells, respectively. The luciferase activity of the cells transfected with
D 520 construct and treated with either glucagon or leptin, was only 83% and 77% of the
untreated cells’ luciferase activity at the highest concentration, respectively (Fig. 2B). On the
other hand, the luciferase activity of cells transfected with Proximal 500 and treated with any
one of the four agents remained at about 110% to 140% of the untreated cells’ luciferase activity
at the highest concentration (Fig 2C, D). Cells were also pretreated with H7 as explained in
“Materials and Methods”, a PKA/PKC inhibitor, and is known to block insulin and glucagon
mediated pathways [26,27]. These cells were used as a control. H7 reversed insulin mediated
stimulation of luciferase assay completely and glucagon mediated inhibition of luciferase assay
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of the distal promoter marginally (Fig. 2A, B). Leptin and EGF are known to work through
PI3K pathway and hence wortmannin, a PI-3K inhibitor [29] was used as a control.
Wortmannin blocked EGF and leptin mediated change in luciferase activity (Fig. 2A, B). Later
experiments showed that the inhibition of protein synthesis of SREBP-1c and ChREBP by 100
nM glucagon was reversed by treating cells with H7 (Fig. 6A, B). This treatment of cells with
inhibitors served as a control to show that the stimulation or inhibition of the luciferase activity
is hormone or EGF specific and is not due to some other stimuli in the cell.

mtGPAT protein expression is upregulated by insulin and EGF and downregulated by leptin
and glucagon

To determine whether there was increased or decreased level of mtGPAT expression due to
the agents, measuring GPAT specific activity as well as Western blotting were performed on
mitochondria isolated from the treated cells. Cells were treated with the higher two
concentrations (100 nM or 1000 nM) for all the agents. Cells treated for 24 hours with insulin
or EGF at the highest concentrations, showed over 200% of the GPAT specific activity in
comparison to that of the untreated cells (Fig. 3A). On the other hand, the cells treated for 24
hours with glucagon or leptin at the highest concentrations, showed only 78% and 62.5% of
control GPAT specific activity, respectively (Fig 3A). Western blotting of mitochondria
isolated from cells treated with 100 nM or 1000 nM of each of the four agents and the bands
intensities of mtGPAT were quantified after normalizing with the respective β-actin bands.
Cells treated with either insulin or EGF, was up to about 150% of the untreated cell’s band
intensity. Similarly, for cells treated with glucagon and leptin, the band intensities were only
45% and 35% of the band intensities of the untreated cells, respectively. Thus, there is a strong
correlation between the changes in the protein level and specific activities of the treated cells
(Fig. 3A, B).

Effect of the agents on distal and proximal promoter transcripts
To determine the effect of the four agents on the two transcripts, semiquantitative PCR was
performed. PCR cycle was optimized at 40 for both the distal and proximal transcript after
confirming the linearity of the PCR reaction. Total RNA was isolated from cells treated with
100 nM or 1000 nM of each of the agents. Two μg of total RNA from cells treated with insulin
or EGF and 4 μg of total RNA from cells treated with glucagon and leptin were used to
synthesize the first strand cDNA. Thus, double the amount of total RNA was used for cells
treated with glucagon and leptin to get detectable bands for the same number of cycles.

PCR cycle was optimized at 40 cycles to ensure linearity of the reaction for both the stimulated
and inhibited mRNA productions. PCR was performed with the first strand cDNA using reverse
primers from exon 6 (Fig. 4A) and then the PCR product was run on 1.5% agarose gel. For
cells treated with 100 nM or 1000 nM of insulin or EGF, there was up to 200% and 700%
increase in band intensities of distal transcript (684 bp), respectively as compared with the
untreated cells. But there was no such change in the proximal transcript (328 bp) for cells
treated with 100 nM or 1000 nM of insulin or EGF (Fig. 4B, C). Similarly, for cells treated
with 100 nM or 1000 nM of glucagon or leptin, the band intensities were about 40% and 55%
of the band intensities of the untreated cells, respectively (Fig. 4D, E). No such pattern of
decrease was observed for the proximal transcript for cells treated with 100 nM or 1000 nM
of glucagon or leptin (Fig. 4D, E). Semiquantitative as well as quantitative real time PCR was
performed to evaluate the effect of the agents on the distal transcript using the primers as shown
in Table 1. The forward primer was designed from 5′UTR of the distal transcript to make it
specific to the distal transcript. An increase in mRNA levels was observed when cells were
treated with 100 nM or 1000 nM of insulin or EGF while a pattern of decrease was observed
for cells treated with 100 nM or 1000 nM of glucagon or leptin (Fig. 5A). β-actin was used as
the loading control for both the semiquantitative RT-PCR and quantitative real-time PCR

Guha et al. Page 7

Arch Biochem Biophys. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



results. Fig. 5B shows the expression levels of distal transcript of mtGPAT gene determined
by real-time quantitative RT-PCR on 2 μg of total RNA isolated from untreated as well as
treated cells. Amounts of mtGPAT distal transcripts obtained from cells treated with the higher
concentrations of insulin or EGF were found to be 200% and 300% of those obtained from the
untreated cells, respectively (Fig. 5B). mRNA obtained from cells treated with the higher
concentrations of glucagon or leptin was 58% and 50% of those obtained from the untreated
cells, respectively (Fig. 5B).

Role of SREBP-1c and ChREBP in the transcriptional regulation of the mtGPAT gene
Promoter inspector analysis of the distal promoter has shown the presence of potential binding
sites for lipogenic transcription factors such as SREBP-1c and ChREBP [13] which are known
to play a role in the transcriptional regulation of lipogenic enzymes [8,29]. Western blotting
was performed to analyze how the four agents affect the nuclear level of SREBP-1c and
ChREBP. Insulin or EGF caused an increase of ChREBP in the nucleus to about 215% of the
band intensity of the untreated cells (Fig. 6A). For cells treated with glucagon or leptin the band
intensities of ChREBP decreased to up to 45% and 35% of the untreated cell’s band intensities,
respectively (Fig. 6A). Similarly, the amount of SREBP-1c in the nucleus for cells treated with
insulin or EGF was up to 180% of that of the untreated cell’s band intensity (Fig. 6C). For cells
treated with glucagon or leptin the amounts of SREBP-1c in nucleus was about 70% and 60%
of those of the untreated cells, respectively (Fig. 6C). As a control to show that the increase or
decrease in the nuclear levels of ChREBP or SREBP-1c is caused by the four agents, cells were
pretreated with H7 or wortmannin for 2 hours followed by treating the cells with 100 nM of
the respective four agents as explained in “Materials and Methods” (Fig. B, D). To identify
ChREBP and SREBP-1c binding regions in the distal promoter, we used EMSA with 32P-
labeled consensus sequence specific probes (SREBP-1/ChREBP) and mutated probes
(mutSREBP-1/mutChREBP). The results shown in Fig. 7A, B, indicate that ChREBP and
SREBP-1c bind to the respective putative binding sites on the distal promoter. There was no
binding observed when the nuclear extract was incubated with radiolabeled mutated probes
(Fig. 7A, B). Competition and supershift analysis revealed the specific binding of the
radiolabeled oligo with the respective transcription factors viz. ChREBP and SREBP-1c (Fig.
7A, B). Since supershift assay performed by ChREBP and SREBP-1 antibodies produced a
distinct single gel-shifted band with each probe, ChIP assay was further performed as
mentioned in “Materials and Methods” to confirm the specificity of the binding of ChREBP
and SREBP-1c to the putative binding sites. No antibody treatment (-IP) and precipitation with
IgG (IgG control) were performed as negative controls. Immunoprecipitated bands were
observed only when ChIP was performed in the presence of specific antibodies, not in the
absence. Rat β-actin was detected only in input DNA sample (Fig. 7C). To further establish
the role of ChREBP and SREBP-1c in the transcriptional regulation of mtGPAT gene, in
vivo ChIP assays were performed in which DNA-binding proteins were covalently linked to
genomic DNA by treating the cells with formaldehyde. Cross-linked chromatin was
fragmented and immunoprecipitated with either specific (ChREBP or SREBP-1) or non
specific antibodies (normal rabbit serum IgG). To determine whether ChREBP and SREBP-1c
bind to rat mtGPAT gene in vivo, ChIP assays coupled with real time PCR analysis was
performed on the precipitated DNA as explained in “Materials and Methods”. Results show
that ChREBP recruitment in the distal promoter for cells treated with insulin was about 300%
of the untreated cells’ recruitment; the cells treated with EGF showed no significant change in
the recruitment of the ChREBP (Fig. 8B). The ChREBP recruitment in the glucagon or leptin
treated cells was about 30% of that of the untreated cells (Fig. 8B). Recruitment of SREBP-1c
for cells treated with insulin or EGF was up to 750% and 1400% of the untreated cells’
recruitment while in the cells treated with glucagon or leptin the SREBP-1c recruitment was
about 30% of that of the untreated cells (Fig. 8C). When cells were treated with 50μM H7 for
2 hours followed by treatment with 1000 nM of insulin or glucagon there was no increase or
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decrease of both ChREBP and SREBP-1c recruitment and was almost similar to the SREBP-1c
recruitment of the untreated cells (Fig. 8B, C). Similarly, when cells were treated with 20 μM
wortmannin for 2 hours followed by treatment with 1000 nM of glucagon or leptin, they showed
no such increase or decrease of recruitment of SREBP-1c (Fig. 8B, C).

Discussion
The present study provides insight into the mechanism of the transcriptional regulation of rat
mtGPAT gene. We have demonstrated here that the distal promoter is the regulatory promoter
under the influence of hormones and growth factor while the proximal promoter acts
constitutively. We have further investigated the mechanism of the transcriptional regulation
by the distal promoter and have determined that the distal promoter controls the transcriptional
regulation by lipogenic transcription factors such as ChREBP and SREBP-1c.

We have previously established the presence of two promoter sequences controlling the
transcription of rat mtGPAT gene [13]. The distal promoter is ~30 kb upstream (first intron)
of the first translational codon while the proximal promoter is 63 bp upstream of second
translational codon (Fig. 1A). The significance of these two promoter regions remains unclear.
Previous study showed that when cells were starved and refed, luciferase activity regulated by
the distal promoter was about three fold as compared to the cells grown in complete media.
Conversely, the proximal promoter’s luciferase activity remained unchanged [13].

Fig 4A shows two initiating codons. Probably two proteins are produced under different
conditions. We know, from our previous experiments (Onorato et al, 2005, Ref. 23; Balija and
Haldar, Unpublished results) that the whole or a partially truncated (165 bp) mitochondrial
GPAT cDNA can be used to express the active acyltransferase. However, these two proteins,
even if they are produced simultaneously, cannot be detected as separate entities by Western
blot. However, when expressed separately, each of them react to the same antibody.

In this study we found that the levels of expression of the distal transcript were more variable
than that of the proximal transcript (Fig. 4B, D) after treating the cells with the agents and were
more closely correlated with the expression and specific activity of mtGPAT protein (Fig. 3A,
B). This was consistent with the idea that the distal promoter is the regulatory promoter which
causes inducible/repressible level of expression of the distal transcript while the proximal
promoter maintains a basal level of expression as shown by the semiquantitative RTPCR (Fig.
4 B, D). The distal transcript is synthesized from TSS1 present in exon 1 while the proximal
transcript is synthesized from TSS2 present in exon 3. When usual range of concentrations of
the four agents was used similar to previous studies [19–22], we found similar dose dependent
changes caused in the luciferase activity of the distal promoter. However, it must be mentioned
here that the higher concentrations of insulin might be working in part through the IGF-1
(insulin-like growth factor I) receptor pathway [30]. Previous studies have shown that high-
dose (1μM) of insulin activate IGF-1 receptor and induce an increase in SREBP-1 mRNA,
protein and total lipid production in human SEB-1 sebocytes [31]. Thus, it seems possible that
the high concentrations of insulin could also activate IGF-1 receptors and up-regulate SREBP-1
protein which then bind to the distal promoter of mtGPAT, thereby causing an increase in
lipogenesis. In obesity, there is a development of insulin resistance causing an increase in
insulin levels and cause an increase in bioavailable IGF-1. These two promote cell growth and
inhibit apoptosis thereby contributing to tumorigenesis. However, the differential behavior of
the two promoters under the influence of the four agents is obvious (Fig. 2A, B, C, D). There
is a growing body of evidence that suggests that a number of mammalian genes are regulated
by multiple promoters and have transcripts with different TSSs [32–35]. These multiple
promoters behave differentially depending on the cellular conditions [36, 37]. For example,
proximal promoter of the rat pyruvate carboxylase gene plays a major role in gluconeogenesis
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and lipogenesis, whereas the distal promoter is necessary for anaplerosis [38]. The general
view about multiple promoters is that when a single gene is transcribed from multiple
promoters, an organism gains additional flexibility in the control of the expression of that gene
[39]. This could be the case with rat mtGPAT gene where the two promoters function
differentially under the influence of nutritional or hormonal changes. Hence it is important to
determine which of the two promoters is responsible for the transcriptional regulation of rat
mtGPAT gene under the influence of the hormones and EGF. Although studies show that
SREBP-1c and ChREBP act in synergy to induce lipogenic enzymes like ACC and FAS [18],
the role of these transcription factors in the transcriptional regulation of the regulatory distal
promoter have not been identified. In this study we have demonstrated that the up- or down-
regulation of the distal promoter occurs due to these transcription factors (Fig. 8B, C). Previous
studies have shown that exposure of insulin to hepatocytes causes an increase in lipogenic
enzyme transcription mediated by an increase in SREBP-1c transcription.

Glucagon, cAMP and fatty acid lead to the phosphorylation of ChREBP and its subsequent
exclusion from nucleus, whereas glucose causes dephosphorylation and subsequent nuclear
localization of ChREBP. It is known that ChREBP is regulated at two levels, nuclear
localization brought about by phosphorylation-dependent mechanism in response to glucagon
(or hormones), cAMP, fatty acids and glucose and subsequent DNA binding. Hence in the
presence of glucagon and leptin, ChREBP and SREBP-1c are expressed less and are probably
in their inactive forms localized in the cytosol. It is known that in the presence of cAMP, a site
near the nuclear localization signal is phosphorylated by PKA and ChREBP being unable to
enter the nucleus, remains in the cytosol [11]. Also, the expression of SREBP-1c was also
found to be regulated by insulin [40], and SREBP-1c abundance is tightly related to the
nutritional state in liver and adipose tissue. SREBPs get activated by undergoing a sequential
two-step cleavage process to release their NH2-terminal segments that can then translocate to
the nucleus. This process is tightly regulated [40]. Hence when cells were treated with insulin
or EGF, higher nuclear translocation of the active ChREBP and SREBP-1c was expected and
observed (Fig. 6A, C). This might be responsible in the observed up-regulation of their bindings
to the distal promoter region. Though EGF caused an increase in the nuclear translocation of
ChREBP yet it failed to cause an increase in binding in the distal promoter. In contrast, glucagon
and leptin caused a decrease in the nuclear translocation of both the transcription factors thereby
causing a decreased binding to the distal promoter region. These observations were reversed
when cells were treated with H7 or wortmannin (Fig. 6B, D).

Previous studies have shown that ChREBP and SREBP-1c function coordinately to regulate
lipogenesis. The purpose of having two factors to control transcriptional regulation is that the
metabolic intermediates cannot be stored until all conditions such as glucose and insulin signals
which work via ChREBP and SREBP-1c, respectively, are optimally set. Another explanation
is that there is an interplay between ChREBP and SREBP-1c thereby giving a better means of
integrated transcriptional regulation [41]. For example, mice with a deletion of the SREBP-1
gene have an impaired ability to fully respond to a high-carbohydrate diet. However, these
mice do retain some significant dietary response, which is caused by ChREBP gene [41–43].
Hence the synergistic effect of the two transcription factors would provide an effective means
to regulate transcription of lipogenic enzymes by integrating multiple nutritional or hormonal
inputs. This integration is important to control the energy status in mammals [41]. Most
lipogenic enzyme genes (e.g., fatty acid synthase) have response elements for binding ChREBP
(ChoRE) and SREBP (SRE). These two factors work synergistically to induce transcription of
the lipogenic enzyme genes in the presence of glucose and insulin. Glucagon, through its
intracellular mediator cAMP, and polyunsaturated fatty acids (PUFAs) act to inhibit the activity
of ChREBP and SREBP, respectively [44]. In this manner, the output of lipogenic enzyme
gene production is integrated to multiple nutrient and hormonal signals [41].
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So, the next question arises why rat mtGPAT gene requires two promoters to regulate its
transcriptional activity? It is known that some eukaryotic genes such as rat ACC gene [45] and
rat cAMP phosphodiesterase gene have more than one promoter, usually one that has a TATA
box and one that does not [46]. Rat ACC promoter I has a TATA box and CAAT box similar
to rat mtGPAT distal promoter – both are induced under lipogenic conditions. Rat ACC
promoter II, like rat mtGPAT proximal promoter, is a TATA less promoter [46,47]. Promoter
II of rat ACC is expressed constitutively in several tissues while promoter I product is expressed
in a tissue specific manner [47]. This could be the case with rat mtGPAT gene where the distal
promoter is the regulatory promoter, whose regulation is brought about by the lipogenic
transcription factors SREBP-1c and ChREBP. Furthermore, the proximal promoter of
mtGPAT gene has the characteristics of the promoter of “housekeeping”-type genes [48].
Why? First, there is no TATA box within the promoter region. Secondly, the GC content of
the promoter region is high (about 60%) and has potential Sp1 binding sites. This is similar to
cystic fibrosis gene which too has a “housekeeping” promoter and the gene is expressed at low
levels like the mtGPAT proximal promoter transcript [49].

The novel feature of the work presented here is that it further reveals a remarkable similarity
how ACC and mtGPAT are regulated. These are two important enzymes strategically located
in the overall biosynthetic pathway of glycerolipids including triacylglycerols. Both enzymes
are stimulated by ATP, citrate [3], insulin and EGF, but inhibited by AMPK, glucagon, leptin,
adrenaline and casein kinase II [23]. Moreover, multiple promoters control the expression of
ACC (45) and mtGPAT [13]. Only one of the promoters, that contains TATA box, appears to
be affected by the hormones and growth factor, the other promoter(s) act(s) constitutively. Why
is this similarity important? Increasing the rate of fatty acid synthesis by stimulating ACC may
not guarantee that the fatty acids will be diverted towards triacylglycerol biosynthesis. Without
the mtGPAT being similarly regulated as ACC, the fatty acids may be used either for
biosynthesis of glycerolipids or for degradation via β-oxidation in the mitochondrial matrix.

In summary, we have investigated the role of the two promoters in the transcriptional regulation
of rat mtGPAT gene. Our results indicate that the distal promoter is the regulatory promoter
and is capable of up- or down- regulating its transcript (distal transcript) via key lipogenic
transcription factors such as ChREBP and SREBP-1c. The proximal promoter, on the other
hand, acts like a “housekeeping”-type promoter and maintains a low basal level of transcription
of its product (proximal transcript). Knowledge of the ways in which these promoters control
the transcription may prove useful in targeting mtGPAT gene for obesity related drugs.
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The abbreviations used are
ACC  

acetyl-CoA carboxylase

ChIP  
chromatin Immunoprecipitation

ChREBP  
Carbohydrate response element binding protein

EGF  
epidermal growth factor

EMSA  
electromobility shift assay

FAS  
fatty acid synthase

GPAT  
glycerol-3-phosphate acyltransferase

H7  
1--(5-isoquinolinylsulfonyl)-2-methylpiperazine
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mtGPAT  
mitochondrial glycerophosphate acyltransferase

NEM  
N-ethylmaleimide

PI3K  
Phosphoinositide 3-kinases

SREBP-1  
Sterol regulatory element binding protein-1

TSS  
transcription start site
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Fig. 1. Deletion analysis of rat mtGPAT distal promoter by using Luciferase reporter gene
constructs
A. Schematic presentation of the distal and proximal promoters. TSS1 is represented as +1 and
TSS2 as +1*. The distal promoter is ~30kb upstream of the proximal promoter region.
Transcription factor binding sites, TATA box, inverted CAAT box and 5′UTR of both the distal
and the proximal promoters relative to their individual TSSs are shown. Luciferase constructs
of the distal promoter are shown with the numbers indicating the number of nucleotides
upstream of TSS1. B. Cells were cotransfected with serial deletion constructs and pRLTK
(internal control) or with the promoterless vector (pGL3-basic) and pRLTK. Luciferase activity
was measured 24 hours post-transfection. Promoter activity is expressed in relative light units.
Results are the averages of three independent experiments performed in triplicates ± S.E.
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Fig. 2. Effect of the hormones and EGF on the luciferase activity of distal and proximal promoters
A, B.Plasmid D 520 was cotransfected with pRLTK (internal control) into cells and treated
with increasing concentrations (1 nM–1000 nM) of insulin, EGF, glucagon or leptin for 24
hours. Luciferase assay of cells treated with 20 μM Wortmannin (W) or 50 μM of H7 for 2
hours followed by treatment with 100 nM of EGF, leptin, insulin or glucagon for 24 hours are
denoted as E+W, L+W, I+H7 and Gn+H7, respectively. Results are expressed as fold over the
luciferase activity of the untreated cells’ (control). The results are the averages of three
independent experiments performed in triplicates ± S.E. C, D. Plasmid Proximal 500 was
cotransfected with pRLTK (internal control) into cells. Cells were treated or untreated with
increasing concentrations (1nM–1000 nM) of insulin, EGF, glucagon or leptin for 24 hours.
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Luciferase assay of cells treated with 20 μM Wortmannin (W) or 50 μM of H7 for 2 hours
followed by treatment with 100 nM of EGF, leptin, insulin or glucagon for 24 hours are denoted
as E+W, L+W, I+H7 and Gn+H7, respectively. Results are expressed as fold over the luciferase
activity of the untreated cells’ (control). The results are the averages of three independent
experiments performed in triplicates ± S.E.
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Fig. 3. Effect of the four agents on mtGPAT protein expression and specific activity
A. GPAT specific activity (nmole/min/mg) was measured for mitochondria isolated from the
untreated cells and cells treated cells as described in “Materials and Methods”. Results are
average of three independent experiments performed in triplicates. Error bars indicate ± S.E.
B. Whole mitochondria (5μg) were subjected to 10% SDS-PAGE and immunoprecipitated
with IM1GAT antibody. Equal amount of loading was confirmed by stripping the membrane
and reprobing with β-actin antibody.
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Fig. 4. Effect of the agents on the distal and proximal promoter transcript of mtGPAT gene
A. Schematic presentation of the genomic region of mtGPAT gene with the arrangement of
exons and introns and their respective sizes. Dotted boxes indicate promoters (D –distal
promoter, P – proximal promoter), solid boxes indicate exons and lines indicate the introns.
B, D. Total RNA, 2 μg from cells treated with insulin and EGF (stimulators) and 4 μg from
cells treated with glucagon and leptin (inhibitors), was used to synthesize the first strand cDNA.
PCR was performed for 40 cycles and the products were run on 1.5% agarose gel. Upper band
is from the distal promoter transcript while the lower band is from the proximal promoter
transcript. β-actin was used as a loading control. C, E. Densitometric analysis of the band
intensities. Black bars and white bars represent average values obtained from the densitometric
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analysis of the distal and proximal products obtained from four different experiments. Error
bars indicate ± S.E. The intensities of each band in the top panel were normalized to the intensity
of the corresponding actin band for each lane in the bottom panel to correct for differences in
loading. The values are expressed as a percentage of the band intensities of the untreated cells.
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Fig. 5. Effect of 100 nM and 1000 nM of each of the agents on distal transcript of rat mtGPAT gene
Cells were treated with either 100 nM or 1000 nM of each of insulin, EGF, glucagon or leptin.
A. After 24 hours of treatment, total RNA was isolated and distal transcript (683 bp) and β-
actin (120 bp) mRNA expression levels were analyzed by semiquantitative RT-PCR as
described under “Materials and Methods”. The RT-PCR products were electrophoresed in 2%
agarose gel. B. Quantification of distal promoter transcript by real-time PCR in untreated and
treated cells. To correct for variations in input RNA, the data were normalized using β-actin.
Data are represented as fold over control (untreated cells) mRNA levels as determined by
ΔΔCt method. Data are represented as the average of four different experiments ± S.E.
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Fig. 6. Protein levels of ChREBP and SREBP-1 in the nucleus of the treated cells
A, C Nuclear extracts from cells treated with 100 nM or 1000 nM of the agents were used to
perform Western blotting to detect the amount of ChREBP and SREBP-1 available for binding
to the promoter. B, D. Nuclear extracts from cells pretreated with H7 or wortmannin (W) for
2 hours followed by treatment with 100 nM of the respective four agents viz. insulin (I), EGF
(E), glucagon (G) and leptin (L) as explained in “Materials and Methods” were used to perform
Western blotting to detect the amount of ChREBP and SREBP-1.
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Fig. 7. Electromobility shift assay for SREBP-1c and ChREBP binding to distal promoter
EMSAs were performed using radiolabeled oligonucleotide as mentioned in “Materials and
Methods” for either the distal promoter containing the ChREBP (hot probe) binding site (A)
or the SREBP-1 (hot probe) binding site (B), and nuclear extracts from untreated cells. The
arrows denote the migration of SREBP-1 or ChREBP complex. Specificity of binding of
ChREBP and SREBP-1c is demonstrated by competition by the respective non-radiolabeled
probes (cold probe) added in excess (30 M) and the failure of the radiolabeled mutated probes
to bind with the respective transcription factors. Competition assay was performed in the
absence or presence of the indicated molar excess of unlabeled oligonucleotides. Supershift
assay performed with the respective antibodies completely abolished the migration of the
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respective complexes. C. Chromatin immunoprecipitation of distal promoter region for binding
of ChREBP and SREBP-1 to their respective binding sites. Input DNA or DNA
immunoprecipitated with ChREBP or SREBP-1 antibodies or IgG were amplified as explained
in “Materials and Methods”. In, input DNA; IP, immunoprecipitated DNA;-IP, no
immunoprecipitation; IgG, immunoprecipitated with normal rabbit IgG.
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Fig. 8. Chromatin Immunoprecipitation analysis of ChREBP and SREBP-1c binding to the
mtGPAT distal promoter
A. Schematic presentation of the putative ChREBP and SREBP-1c binding sites in the distal
promoter region and the primers used for the ChREBP and SREBP-1c. The numbers represent
the distance in nucleotides from the TSS1. B, C. Cells were treated with 100 nM or 1000 nM
of insulin, EGF, glucagon or leptin for 24 hours. DNA binding proteins were crosslinked with
formaldelhyde and chromatin was sonicated. Immunoprecipitation was performed using either
specific antibodies such as ChREBP/SREBP-1 or with non specific antibody (normal rabbit
serum). After reversing the cross links, immunoprecipitated DNA was isolated and analyzed.
The primers that amplified 164 bp and 200 bp flanking the SREBP-1 and ChREBP binding
sites in the distal promoter were used. Data represent the average of at least 9 determinations
± S.D., and are presented as fold-differences relative to control conditions (untreated cells).
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Table 1
Oligonucleotide PCR primers
List of primers used for serial deletion constructs, ChIP assay, EMSA and
semiquantitative PCR, respectively.

Primer Primer sequence (5′→ 3′) Orientation Plasmid name Product size (bp)

Serial deletion constructs:

F1 AAACAGTTGCTAGCGCGTACCTG Forward D 932 932

R1 CGTGTAGCTAGCGAGGCTGGAGG Reverse

F2 GCCACGAGCCTAGAGCTCCATGTGAC Forward D 520 520

R1 CGTGTAGCTAGCGAGGCTGGAGG Reverse

F3 TAAATTATAACGAGCCCTAAAACTGGC Forward D 340 340

R1 CGTGTAGCTAGCGAGGCTGGAGG Reverse

F4 TGAAAGAGCCTTCCTCCTCCTCCTCCAC Forward D 215 215

R1 CGTGTAGCTAGCGAGGCTGGAGG Reverse

ChIP primers: Primer name

F5 GCCCCACTCAAGTCTCTTTCCTAGC Forward ChF 200

R5 GTAGAGATTTTTCTAACGGGGCAGGG Reverse ChR

F6 TCGAGCTTCGCAACCCTCCCCCTC Forward SREF 164

R6 AAGCATGAGAAGAGGCAGACCCAGGC Reverse SRER

RT PCR primers:

F7 GGCATTTCTCCGGGGTTACAGCCA Forward 124

R7 ATCCCCAGACAGCTTCAGAAGACAGCCT Reverse

F8 TTGCTGACAGGATGCAGAAGGAG Forward 120

R8 GTGAGGCCAGGATAGAGCCACCAATCC Reverse

EMSA primers:

SREBP-1 GCCAAGAAGACACCCCACCCCCCACTCACCCCTGTG

mutSREBP-1 GCCAAGAAGACATTTTGTTCCCCACTCACCCCTGTG

ChREBP CGAGCCTAGAGCTCCATGTGACCTCTGGATGCT

mutChREBP CGAGCCTAGAGCTCCCGAGGACCTCTGGATGCT
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Primer Primer sequence (5′→ 3′) Orientation Plasmid name Product size (bp)

Semiquantitative PCR primers:

AAP GGCCACGCGTCGACTAGTA CGGGIIGGGII GGGIIG

NGSP2 GCTGGGCAGATCCATCCGGGTTCAA
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