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Abstract
Several AU-rich RNA binding element (ARE) proteins were investigated for their possible effects
on transcription of hepatic 3-hydroxy-3-methyglutaryl coenzyme A reductase (HMGR) in normal
rats. Using in vivo electroporation, four different siRNAs to each ARE protein were introduced
together with HMGR promoter (−325 to +20) luciferase construct and compared to saline
controls. All four siRNAs to tristetraprolin (TTP) completely eliminated transcription from the
HMGR promoter construct. Since insulin acts to rapidly increase hepatic HMGR transcription, the
effect of TTP siRNA on induction by insulin was tested. The 3-fold stimulation by insulin was
eliminated by this treatment. In comparison, siRNA to AU RNA binding protein/enoyl coenzyme
A hydratase (AUH) had no effect. These findings indicate a role for TTP in the insulin-mediated
activation of hepatic HMGR transcription.
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Introduction
3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), the enzyme that catalyzes the
rate-limiting step in cholesterol biosynthesis, responds rapidly to various stimuli. In rats
subjected to controlled light and dark periods, hepatic HMGR activity and immunoreactive
protein levels increase rapidly upon entering the dark period when the animals start eating
[1]. Administration of insulin to diabetic rats increases hepatic HMGR activity,
immunoreactive protein, mRNA levels and the rate of transcription within 1 hour [2–4].
Also HMGR activity is increased 3-fold within 1 hour after sub-culturing L1210 tumor
cells1, reaching a maximum of nearly 20-fold after 10 hours. The half-life of hepatic HMGR
protein is 2.5 hr [5] while the half-life of hepatic mRNA is about 3 hours in normal rats [6].
Thus, HMGR can be regarded as a rapid response gene.
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Rapid response genes typically have AU-rich sequences in the 3’-untranslated regions
(3’UTR) of their mRNAs. These mofits consist of AUUUA pentamers and UUAUUUAUU
nomers [7]. The 3’UTR of HMGR has several AUUUA sequences and a UUAUUUAUU
sequence located at 3122 to 3130 of the rat sequence [8]. These AU-rich sequences are
generally thought to function as targets for the binding of AU-rich binding proteins (ARE-
BPs) that promote degradation of these short-lived mRNAs by removal of the poly A tail
[9]. However, some ARE-BPs such as HUR act to stabilize mRNAs [10]. T-cell inhibitor of
apoptosis-1 (TIA-1) and TIA-1 related protein (TIAR) act as translational repressors [11].
Although tristetraprolin (TTP) has been widely shown to be involved in mRNA degradation
[7], recent reports have demonstrated that this CCCH zinc finger-containing protein acts to
inhibit NF-kappaB-dependent transcription [12,13].

Since hepatic HMGR is a rapid response gene, we sought to determine whether any of these
ARE-BPs play a role in modulating its expression. We carried out in vivo electroporation
studies with siRNAs to several ARE-BPs to determine whether any of these proteins affect
transcriptional activation of hepatic HMGR. Surprisingly, all four siRNAs to TTP abolished
transcription of hepatic HMGR.

Materials and methods
Experimental animals

Male Sprague-Dawley rats weighing 125 to 150 g were purchased from Harlan (Madison,
WI). The rats were housed in a reversed lighting cycle room (12 hr dark/12 hr light) and fed
Harland Teklad 22/5 rodent chow. The animals were killed at the third hr of the dark period
when hepatic HMGR expression is at its maximum. Diabetes was induced in rats by a single
subcutaneous injection of streptozotocin (Sigma), 65 mg/kg in 0.1 M sodium citrate, pH 5.5.
Diabetes was confirmed by the presence of urinary glucose detected with Clinistix (Bayer).
Some of the diabetic rats were injected subcutaneously with 3.0 units/100g of recombinant
human insulin, Novolin 70/30 (Novo Nordisk) two hrs before killing the animals.. All
procedures were carried out according to protocol 3571 approved by the University of South
Florida Institutional Animal Care and Use Committee.

Materials
Four different (A-D) siRNAs each to TTP (cat# LQ-098940-01-0010), HuR (cat#
LQ-080370-00-0010), AUF1 (cat# LQ-099225-01-0010), AUH (cat# LQ-090133-01-0010),
TIA1 (cat# LQ-095224-01-0010), KSRP (cat# LQ-093278-01-0010) were purchased from
Dharmacon. Polyclonal antibodies to TTP (#ab33058), and AUF1 (#ab61193) were
purchased from Abcam. A polyclonal antibody to AUH (#sc-82518) was purchased from
Santa Cruz Biotechnology. A mouse monoclonal antibody to HuR (sc-5261) was purchased
from Santa Cruz Biotechnology. SuperSignal West Pico Chemiluniscent Substrate was
purchased from Pierce.

In vivo electroporation
Ten μg of −325/+20 HMGR promoter in pGL3-Basic [4] with and without 5 μg of siRNAs
to several ARE-BPs was introduced in duplicate in the left, right and medial liver lobes of
the rats. pHRL-CMV Renilla vector was co-electroporated at a 1 to 2,000 dilution to control
for electroporation efficiency. The electroporation procedure and parameters used were as
previously described [14,15].

Luciferase assays
Twenty-four hr after in vivo electroporation, the electroporated sites in the liver lobes were
removed using a 5 mm cork-borer. The liver piece, approximately 0.1 g, was homogenized
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in passive lysis buffer (Promega) and processed for luciferase activity using the dual
luciferase assay kit from Promega [15]. Luciferase activity was calculated as the ratio of
firefly (reporter) to Renilla (transfection control).

Western blotting analysis
Liver nuclear extracts were prepared as previously described [16]. Protein concentrations
were determined using the Bradford assay. Twenty μg of protein in 20 μl of 0.25 M sucrose
were mixed with 20 μl of Laemmli sample buffer containing 2% SDS and 5% 2-
mercaptoethanol and denatured at 94°C. The denatured samples were subjected to
electrophoresis on pre-cast 4–20% SDS PAGE gels. Dual color precision plus protein
standard markers were applied to one lane. After electrophoresis for 1 hr the proteins were
transferred to nitrocellulose membranes. Detection of TTP and AUF1 was done with 1 to
1,000 dilutions of the primary rabbit antibodies and 1 to 10,000 dilutions of goat secondary
antibodies. Detection of HuR was preformed using a 1 to 100 dilution of the primary mouse
monoclonal antibody and a 1 to 10,000 dilution of the goat secondary antibody.
Immunoreactive proteins were visualized using SuperSignal West Pico Chemiluniscent
substrate and exposure times ranging from 2 seconds to 5 minutes. Quantitation was
performed with a Bio-Rad Quantity One 4.6.6 densiometer equipped with a ChemiDoc XRS
scanner.

Results
Effects of ARE-BP siRNAS on hepatic HMGR promoter activity

Since it has been established that insulin acts to rapidly increase expression of hepatic
HMGR by increasing the rate of transcription, we embarked on a series of experiments using
siRNAs to several ARE-BPs to see if they would act to decrease HMGR promoter activity.
To test this in a physiological setting, HMGR promoter constructs with and without the
siRNAs were introduced into liver lobes of normal rats by in vivo electroporation.

All four of the siRNAs to TTP completely abolished HMGR promoter activity (Fig. 1). Two
of the four siRNAS to HuR and TIA1 significantly reduced HMGR promoter activity; but
the other two had no effect. siRNA B to KH-type splicing regulatory protein (KSRP)
significantly reduced promoter activity but the other three siRNAs did not. siRNAs to AUH
had no effect while two siRNAs to AUF1 appeared to stimulate promoter activity.

Effects of diabetes and insulin treatment on hepatic ARE-BP protein levels
Since hepatic HMGR is rapidly induced by insulin [4] and ARE-BP proteins are known to
participate in modulating the expression of “immediate-early response” genes [17, 18], we
sought to determine whether the levels of any of these proteins are quickly changed in
response to insulin. Western blotting analysis of liver nuclear extracts was performed.
Administration of insulin markedly increased TTP levels (Fig. 2). This is in agreement with
a previous report showing that insulin treatment dramatically increased TTP mRNA levels
within 10 minutes (19). AUF1 protein levels were increased slightly but not significantly by
insulin while HUR levels were not affected (Fig.2). AUH could not be detected.

Effect of TTP siRNA on the rapid activation of hepatic HMGR promoter activity
Since siRNAs to TTP abolished HMGR promoter activity in livers of normal rats, we
wished to determine their effect on the rapid, near 3-fold increase in HMGR transcription
caused by insulin treatment of diabetic rats [4]. The HMGR promoter luciferase construct
was introduced by in vivo electroporation in duplicate into the left, right and medial lobes of
diabetic rats. TTP siRNA was co-electroporated into the left lobe while AUH siRNA was
co-electroporated into the right lobe. The medial lobe had only the HMGR construct.
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Twenty-two hrs later, the rats were given 3 units per 100 g of insulin. Two hrs later, the rats
were killed and the electroporated areas were punched out and analysized for luciferase
activity. Introduction of TTP siRNA decreased HMGR promoter activity to about 38% (Fig.
3A), which agrees with the magnitude of the increase in transcription caused by insulin in
these animals (Fig. 3B). In contrast, siRNA to AUH had no effect (Fig. 3A). In parallel
experiments, siRNA to AUF1 also had no effect while HUR D siRNA caused a 50%
reduction, which was not statistically significant, and HUR A siRNA had no effect (Fig.
3A). However, insulin did not alter levels of HUR in liver nuclear extracts (Fig. 2).

Discussion
The in vivo experiments presented in this report show that siRNAs to TTP dramatically
reduce hepatic HMGR transcription as well as the insulin promoted increase in HMGR
transcription. In the original report describing TTP, it was noted that other proteins with
proline-rich regions are involved in transcriptional activation [19]. The finding that insulin
induces TTP mRNA within 10 min led to speculation that TTP might be involved in
stimulating transcription of genes by insulin.

Subsequent to this report [19], numerous studies have appeared showing that TTP is an
RNA-binding protein that recognizes AU-rich elements found in mRNAs with short half-
lives. [20–25]. The binding of TTP to these mRNAs causes rapid degradation. TTP−/− mice
develop an inflammatory syndrome [20]. The macrophages from these mice overexpress
TNFα due to prolonged mRNA half-live. TTP was shown to specifically bind to the ARE of
TNFα and cause its rapid degradation [21]. A recent genome-wide analysis found 250
mRNAs to be stabilized in TT−/− mouse embryonic fibroblasts [23].

Nevertheless the data reported in this communication indicate a role for TTP in transcription
activation of hepatic HMGR by insulin. There are several possible ways by which TTP
could be involved. It could directly bind the HMGR promoter. CTF/NF-1, a CCAAT box
binding protein has a C-terminal region that is a transcriptional activation domain containing
approximately 25% proline residues [26]. TTP has three repeats of Pro-Pro-Pro-Pro. TTP
could also bind to a DNA binding protein to stimulate transcription of HMGR; perhaps in
response to phosphorylation of TTP via insulin signaling. Another possibility might relate to
the mRNA degrading activity of TTP. TTP could target an HMGR transcriptional repressor;
leading to derepression.
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Abbreviations

ARE AU-rich RNA binding element

ARE-BP AU-rich RNA binding element binding protein

TTP tristetraprolin

HMGR 3-hydroxy-3-methylglutaryl coenzyme A reductase

AUH AU RNA binding protein/enoyl coenzyme A hydratase

HUR human antigen R
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TIA-1 T-cell inhibitor of apoptosis-1

TIAR tein

AUF1 A+U-rich element-binding factor 1

KSRP KH-type splicing regulatory protein

TNF-α tumor necrosis factor α
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Highlights

• siRNAs to tristetraprolin blocks transcription of HMGR in vivo in rat liver.

• siRNAs to tristetraprolin inhibits insulin activation of HMGR transcription.

• Insulin acts to rapidly increase tristetraprolin in liver nuclear extracts.
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Fig. 1.
Effects of siRNAs to several AU-rich RNA binding proteins on transcription of HMGR.
Normal rats were transfected with HMGR promoter luciferase with siRNAs to ARE-BPs or
saline. Four siRNAs were used for each ARE-BP. Typically, two siRNAs in duplicate
HMGR promoter were introduced by in vivo electroporation into the left and right liver
lobes while HMGR promoter with saline was introduced into the medial lobe. The data are
expressed as means ± SD for at least four duplicates of siRNAs, A-D for each ARE-BP.
Significant differences are p< 0.01 ** and p< 0.05 *.
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Fig. 2.
Effect of insulin treatment on protein levels of AU-rich RNA binding proteins in liver
nuclear extracts. Nuclear extracts were subjected to Western blotting analysis followed by
densitometric analysis. The data are expressed as means ± SD for 5 animals in each group.
Significant difference is denoted as p< 0.05.
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Fig. 3.
Effects of siRNAs to AU-rich RNA binding proteins on the insulin-promoted increase in
hepatic HMGR transcription. In A, experiments were performed as described in Fig.1 except
that the diabetic rats were injected with insulin at the time of surgery. The animals were
killed two hrs later. The promoter activity is expressed relative to the luciferase activity
observed in punches of HMGR promoter with saline (Wt HMGR). A pool of siRNAs A-D
were used for TTP and AUH. HuR A and HuR D siRNAs were also evaluated. The data are
expressed as means ± SD for at least four duplicates in each group. In B, the effect of insulin
treatment of HMGR promoter (luciferase activity) activity is presented for at least five
duplicate punches as means ± SD. Significant differences are denoted as p< 0.05.
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