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Abstract

mRNA stability appears to play a key role in the ontogenic regulation of the apical sodium 

dependent bile acid transporter (ASBT). The RNA binding proteins, Hu antigen R (HuR) and 

Tristetraprolin (TTP), stabilize and destabilize ASBT mRNA, respectively. Potential HuR binding 

sites were assessed by sequence analysis in the context of prior in vitro functional analyses of the 

rat ASBT 3′UTR. Wild type and mutant binding sites were investigated by gel shift analysis using 

IEC-6 cell extracts. The functional consequences of binding site mutations were assessed using 

two different hybrid reporter constructs linking the 3′UTR element to a either a luciferase or a β-

globin coding mRNA sequence. A specific metastasis associated gene 1 cis-element (MTA1) was 

identified in the ASBT 3′UTR that became associated with proteins in IEC-6 cell extracts and 

could be supershifted by HuR or TTP antibodies. Mutation of this cis-element abrogated the gel 

shift of IEC-6 proteins. Furthermore hybrid constructs containing a mutant MTA1 element had 

reduced responses to modulation of HuR or TTP. For the first time we have identified a single 

specific sequence element in the 3′UTR of the rat ASBT mRNA that mediates counter-regulatory 

changes in mRNA abundance in response to both HuR and TTP.
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INTRODUCTION

Bile acids are synthesized from cholesterol in the liver and secreted into the small intestine 

where they facilitate absorption of long chain fatty acids and fat-soluble vitamins. The apical 

sodium-dependent bile acid transporter (ASBT) is the major carrier protein involved in the 

ileal reabsorption of bile acids [1]. Considering its central role in the enterohepatic 

circulation, ASBT may play a role in the pathogenesis or clinical presentation of a variety of 

gastrointestinal problems and diseases, including primary bile acid malabsorption [2], 
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hypertriglyceridemia [3], cholelithiasis [4], Crohn disease [5], necrotizing enterocolitis [6]; 

amongst others. Bile acids may also serve as signaling molecules and as such their 

reabsorption in the terminal ileum is implicated in glucose and lipid metabolism [7].

The expression of ASBT is highly regulated in part due to its central role in varied 

homeostatic processes. An extensive literature exists describing transcriptional regulation of 

ASBT expression [5, 8–14]. Investigations have begun to examine post-transcriptional 

regulatory processes including mRNA stability in the regulation of ASBT. Descriptive 

analyses of the ontogeny of ASBT in rat ileum and kidney suggested that ASBT expression 

may be controlled in part by regulated changes in mRNA stability [15, 16]. Recent studies 

have revealed a novel role for HuR and TTP in the regulation of ASBT at the level of mRNA 

turnover. HuR stabilizes while TTP destabilizes ASBT mRNA [17]. Counter-regulatory 

control of mRNA stability by HuR and TTP has been described for cyclooxygenase 2 in 

colon cancer [18]. We suspect that HuR/TTP based counter-regulation may be a more 

generalized paradigm for gene regulation and thus we have focused efforts to understand the 

molecular mechanisms of that counter-regulation. As an initial step we sought to identify a 

potential cis-element in the 3′untranslated region of ASBT that mediates HuR or TTP 

response using published potential HuR target RNA motifs [17, 19]. The focus of these 

investigations is on one of these HuR target motifs, MTA1, which was identified in a 0.3 kb 

region of the rat ASBT 3′UTR that mediated changes in mRNA stability in response to 

HuR.

MATERIALS AND METHODS

Cell lines, siRNA, expression constructs

Rat IEC-6 intestinal epithelial cells (American Type Culture Collection, Manassas, VA) were 

maintained in Minimum Essential Medium (MEM) containing 10% fetal bovine serum 

(FBS). The HuR and TTP small interfering RNAs (siRNA) were purchased from Santa Cruz 

Biotechnologies, Inc. (Santa Cruz, CA). Exogenous HuR was expressed in cells following 

transfection of the plasmid construct pcDNA3.1/mHuRcoding-3′ untranslated region 

(UTR)/Flag (generous gift from Dr. Beth S. Lee, Ohio State University, Columbus, OH) 

(15). TTP was overexpressed in cells by transfection of cells with the plasmid construct 

pCMV/hTTP that was prepared from an original clone (Clone ID: LIFESEQ3352575) 

(Thermo Scientific Life Science Research, Waltham, MA).

Generation of recombinant plasmid constructs

The hybrid construct pGL3-rASBT3′/0.3 was generated from an SV-40 driven luciferase 

reporter plasmid pGL3-Promoter (Promega, Madison, WI), as described previously (13). 

The construct contains 0.3kb rat (2114–2434, GenBank NM_017222) ASBT 3′UTR 

sequence downstream of a firefly luciferase coding sequence. The hybrid constructs Globin/

rASBT3′ was prepared from a c-fos promoter driven β-globin reporter plasmid, where the 

same 0.3 kb rat ASBT 3′UTR is downstream of the globin coding sequence (13).
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Site-directed mutagenesis of ASBT 3′UTR sequence

The constructs pGL3-rASBT3′/0.3 and Globin/rASBT3′ were used as templates for site 

directed mutagenesis to make point mutations in the ASBT mRNA stability-related region 

using the QuickChange™ Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA) [8]. The 

specific nucleotides for mutagenesis in the MTA1 cis-element were chosen on the basis of 

prior studies and comparison of the 3′UTR of ASBT in multiple species (Figure 1A) and on 

predicted structure derived at http:\\rna.tbi.univie.ac.at. (Figures 1B and 1C, see results and 

discussion). Two highly conserved nucleotides in the predicted loop of the MTA1 cis-

element were targeting in the MTA1 cis-element, positioned from 2366 to 2383 in the rat 

ASBT 3′UTR. A DNA oligonucleotide primer was synthesized, with the sequences of 5′-

CAGCTCATAGGAGGTGCCATACCAGCCACCACG-3′, which contained mutations at the 

site as shown by bold nucleotides (T to C, G to A). The PCR products, pGL3-rASBT3′/0.3-

MTA1mu and Globin/rASBT3′-MTA1mu were examined by DNA sequencing for the point 

mutations contained within the ASBT 3′UTRs.

Transient transfection and dual luciferase assay

IEC-6 cells (5x105/well) were transfected with 3μg of the rat ASBT3′UTR-luciferase 

construct of interest and 0.1μg of a quantification control plasmid pRL-TK containing a 

thymidine kinase-promoter-driven Renilla luciferase gene (Promega, Madison, WI). Co-

transfection was performed with the overexpression vector or silencing RNA of interest. 

Dual luciferase reporter assay system was performed according to manufacturer’s 

instructions. Results are expressed as relative lights units (RLU), the ratio of firefly to 

Renilla luciferase activities. Reporter activity was normalized to the wild type construct, set 

as 100%.

Gel shift analysis

Gel shift analysis was performed with 20 μg of cytoplasmic proteins prepared as previously 

described [17]. Proteins were incubated at 37°C for 30 minutes with 25 pM of 32P-labelled 

RNA probe in 15 mmol/L KCl, 5 mmol/L MgCl2, 0.25 mmol/L EDTA, 0.25 mmol/L 

dithiothreitol, 12 mmol/L Hepes (pH 7.9), 10% glycerol, and 200 ng/μL Escherichia coli 
transfer RNA. The 32P-labeled RNA probes of the 0.3 kb rASBT 3′UTR was prepared by in 
vitro transcription of 0.5 μg of the construct pSPT18-rASBT3′/0.3, using an SP6/T7 in vitro 
transcription kit (Roche, Nutley, NJ). Transcripts were purified using native polyacrylamide 

gel electrophoresis. All RNA oligonucleotides used in the studies were in vitro synthesized 

(Invitrogen, Carlsbad, CA). RNA oligonucleotides were 3′-end labeled with 32P-CTP and 

SP6 using Ambion’s protocol (Ambion, Austin, TX). Unincorporated label was removed 

using a NucAway spin column (Ambion, Austin, TX). Gel supershift assays were performed 

with 2 μg of HuR or TTP antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Unbound 

RNA probes were digested for 30 minutes with RNase T1 (Invitrogen, Carlsbad, CA). 

Nonspecific protein binding was reduced by adding 5 mg/mL heparin to the mixture for a 

10-minute incubation at room temperature. Samples were then subjected to electrophoresis 

in a 7% native polyacrylamide gel with 0.5X Tris-borate-EDTA running buffer. The gels 

were dried and exposed to Kodak BIOMAX MS films (Kodak, Rochester, NY) at −80°C.
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Northern blot analysis and mRNA half-life assay

IEC-6 cells were plated on a 150cm2 culture vessel and transfected with 60μg of Globin/

rASBT3′ or Globin/rASBT3′-muMTA1 3′UTR-β-globin hybrid construct plus or minus 

siHuR or TTP wild type expression vector. Eighteen hours after transfection, cells were 

incubated in 10% minimum essential media without serum and with 1% penicillin-

streptomycin at 8% CO2 for 24 hours to force the cells to enter a quiescent state. After 

serum starvation for 24 hours culture medium was removed and fresh media with 10% 

serum was added for another 24 hours [20]. Serum was then withdrawn to arrest 

transcription of new mRNA and cells were harvested at desired time points using TRIzol 

reagent. Twenty micrograms of total cellular RNA were analyzed by Northern blotting 

with 32P-labeled β-globin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

cDNA. Signal was quantified using a Phosphorimager (Bio-Rad, Hercules, CA). mRNA 

half-life was determined by linear regression analysis. The decay rate constant is obtained 

from the slope of a semi-logarithmic plot of mRNA as a function of time. The half-life was 

then calculated with equation: t½= ln2/k decay.

Statistical analysis

Statistical analysis was performed using In-Stat software (GraphPad Software, Inc., San 

Diego CA). Unless otherwise stated, means were compared using the Tukey-Kramer 

multiple comparisons test, all values were mean ± SD, and a value of p<0.05 was considered 

statistically significant. Graph analysis was performed using PRISM (GraphPad Software, 

Inc., San Diego CA).

RESULTS AND DISCUSSION

There are a variety of potential mechanisms by which RNA binding proteins can counter-

regulate gene expression including competitive binding at the same RNA cis-element 

binding site. We sought to explore the biology of the regulation of ASBT to provide insight 

into this question. Initial searches for possible HuR binding sites were informed by the 

predictions generated by the studies of Lopez de Silanes [19]. Interrogation of the 3′UTR of 

ASBT identified several candidate binding sites [17]. The MTA1 site had a high likelihood 

for biologic relevance for the regulation of ASBT. This site was identified in the metastasis 

associated gene 1 mRNA, which has been shown to have potential clinical importance for 

breast, gastric, colorectal, pancreatic and hepatocellular cancers [21–23]. A potential MTA1 

site was identified in a 300 base pair fragment of the rat ASBT 3′UTR [17]. The MTA1 site 

was the only potential HuR binding site found in this 300 base pair sequence. This small 

fragment had been shown to impart RNA destabilizing effects in heterologous constructs and 

the effects could be altered by changes in HuR expression [17]. In addition, the binding site 

was found in the 3′UTR of ASBT in a variety of higher eukaryotic species (Figure 1A). A 

highly conserved TG dinucleotide was identified, which is predicted to be in the loop of a 

stem-loop structure (Figures 1B and 1C) [19]. This conserved dinucleotide was mutated in 

the functional assays in this study.

Initial investigations relied upon competition gel-shift analyses that were performed using 

extracts from rat intestinal derived, IEC-6 cells, incubated with oligonucleotide probes based 
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upon the potential binding site, MTA1. wtMTA1 but not scrMTA1 competed for binding of 

IEC-6 extracts with the rat ASBT 0.3kb 3′UTR construct (Figure 2A). Gel shift analysis of 

IEC-6 cell extracts and MTA1 oligonucleotides was performed. Gel shift was observed with 

IEC-6 cell extracts incubated with either the ASBT 0.3kb 3′ UTR RNA or the wild type 

MTA1 oligonucleotide. A shifted complex was not observed when IEC-6 cell extracts were 

incubated with the three different mutated 3′UTR constructs. These studies suggest that an 

intact MTA1 site is required for HuR binding (Figure 2B). Supershifting was observed with 

either HuR or TTP antibodies and either the 0.3 kb rat ASBT 3′UTR or the MTA1 

oligonucleotide (Figure 2C) indicating that the MTA1 site is bound by both HuR and TTP.

The functional role of the MTA1 site in mediating changes in RNA stability was first studied 

using the luciferase reporter construct containing the 0.3 kb rat ASBT 3′ UTR with a native 

and mutated MTA1 site. Lucifererase activity in this assay is dependent upon both mRNA 

abundance and translation of that mRNA. Basal activity of the MTA1 mutant was increased 

compared to the wild type construct suggesting that in IEC-6 cells the destabilizing effect of 

TTP predominates over HuR and thus the presence of an MTA1 site imparts reduced 

expression (Figures 3A and 3B). A complete abrogation of the response to HuR or TTP was 

observed when the MTA1 site was mutated [(wt: 100 ± 3; +HuR 222 ± 15; +TTP 22 ± 3; 

p<0.001), (muMTA1: 270 ± 56; +HuR 314 ± 55, +TTP 284 ± 25; p>0.05)]; [(wt: 100 ± 4; 

+siHuR 18 ± 2; +siTTP 219 ± 24; p<0.001), (muMTA1: 255 ± 27; +siHuR 255 ± 29, + 

siTTP 251 ± 27; p>0.05)] (Figures 3A and 3B). Thus, site directed mutagenesis of the two 

conserved and apparently critical nucleotides in the MTA-1 element abrogated changes in 

luciferase reporter activity in response to alterations in the expression of either HuR or TTP.

The luciferase reporter system used in the aforementioned experiments can be influenced by 

effects on both mRNA stability and translation. Therefore kinetic analyses of mRNA half-

life of globin:ASBT 3′UTR mRNA hybrid constructs were utilized to test for a direct effect 

on mRNA stability. The same 0.3 kb rat ASBT 3′UTR fragments (wild type and MTA1 

mutant) were incorporated into Globin/rASBT3′ constructs and mRNA half-life was 

measured by a transcriptional-pulsing method based on the cfos-serum inducible promoter 

system [24]. mRNA half-life was assessed for the wild type 0.3 kb Globin/rASBT3′ 
construct and the MTA1 mutant Globin/rASBT3′ hybrid construct in the presence or 

absence of siHuR or TTP wild type expression vector (Figures 4A – 4D). The basal half-life 

of the wild type construct was 2.6±0.2hrs (Figure 4A and 4D) and decreased to 0.60±0.04hrs 

when HuR was silenced (77% reduction) (Figure 4B and 4D) and to 0.80±0.06hrs when 

TTP was overexpressed (69% reduction) (Figure 4C and 4D). In contrast, compared to the 

wild type construct, the Globin/rASBT3′-muMTA1 had a markedly longer half-life of 

21.7±1.6hrs (Figure 4A and 4D). As in the luciferase-based studies, this finding indicates 

that in IEC-6 cells an intact MTA1 site imparts relative instability to mRNA (Figure 5). 

Silencing HuR or overexpressing TTP led to an attenuated change in mRNA decay rate 

compared to the wild type with a half-life of 14.4±2.1hrs (34% reduction) (Figure 4B and 

4D) and 13.3±0.7hrs (39% reduction) (Figure 4C and 4D), respectively. This attenuated but 

not absent response may be explained by previous studies demonstrating that the β-globin 

construct itself may be affected by HuR as the basal construct had a half-life of 15.8±4 hrs, 

and with si HuR treatment the β-globin construct had a half-life of 13.6±2.1 hrs (14% 
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reduction) [17]. These findings strongly implicate the MTA1 site in mediating changes in 

ASBT mRNA stability in response to both HuR and TTP (Figure 5).

ASBT expression is controlled by a complex regulatory process, which may include 

regulated changes in mRNA stability. This is most strongly suggested on the basis of 

measurements of ASBT mRNA abundance and transcription in developing rat ileum and 

kidney [15, 16]. During normal development in the ileum there is a greater than 100-fold 

increase in ASBT mRNA abundance, while there is only a 10-fold increase in transcription 

as measured by nuclear run-on analysis. Prior to weaning transcription rates in ileum and 

kidney are similar, yet ASBT mRNA abundance in the ileum is one tenth that in the kidney. 

These findings suggest that ASBT mRNA is relatively unstable in the preweaning ileum. 

Coordinate changes in the ontogenic expression of HuR and TTP in rat ileum and kidney 

imply a novel role for the RNA-binding proteins HuR and TTP in intestinal development 

[17]. HuR is a protein that belongs to the Hu/ELAV family. It is relatively ubiquitously 

expressed and was originally identified as binding to AU-rich elements (AREs) in the 

3′untranslated regions of different cytokines and proto-oncogenes [25]. TTP is a member of 

the mammalian family of CCCH tandem zinc-finger proteins. It suppresses inflammation by 

accelerating the degradation of cytokine mRNAs [26]. HuR stabilizes ASBT mRNA leading 

to enhanced expression, whereas TTP induces the opposite effect [17]. During development 

in the ileum HuR goes from barely detectable to strongly expressed after weaning. The 

opposite is observed for TTP. Therefore, relative instability of ASBT mRNA in the 

preweaning rat ileum is induced by the coordinate down-regulation of HuR and up-

regulation of TTP.

Counter-regulation of mRNA abundance/stability is a relatively common mechanism for 

control of gene expression. Fine-tuning by simultaneous up- and down-regulation may yield 

more stable transitions in gene expression. Intestinal expression of cyclooxygenase-2 

(COX-2) is also controlled by counter-regulation by HuR and TTP. This may be relevant for 

colorectal tumorigenesis. In normal colonic tissue, low levels of nuclear HuR and higher 

TTP levels have been observed. In contrast, HuR overexpression and enhancement of its 

cytoplasmic localization has been observed in adenomas and adenocarcinomas, with the loss 

of TTP expression in both. In both adenomas and adenocarcinomas, cyclooxygenase 

(COX-2) overexpression was associated with HuR overexpression and TTP repression [18]. 

Similar counter-regulatory effects on interleukin-3 mRNA stability have been described 

[27]. Translation of tumor necrosis factor-alpha mRNA is counter-regulated by HuR and 

TTP, with enhancement of translation by HuR and potential displacement of HuR from 

relevant cis-elements by TTP [28]. Counter-regulation by HuR and TTP may also be 

relevant for gliomas via regulation of vascular endothelial growth factor and interleukin-8 

[29].

Counter-regulation by RNA binding proteins is not limited to HuR and TTP. Typically HuR 

enhances expression, with counter-regulation (i.e. repression) by the other RNA binding 

protein. The CUG-binding protein 1 represses translation of occludin mRNA [30]. The KH-

type splicing regulatory protein (KSRP) represses expression of human inducible nitric 

oxide [31]. The AU-rich element RNA-binding protein 1 (AUF1) is a negative regulator of 
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the androgen receptor, c-fos, cyclin D1 and p21 [32–34]. These interactions become more 

complex in light of the descriptions of the binding of TTP by either KSRP or AUF1 [31, 35].

There is limited information as to the specific RNA sequence elements that mediate 

regulated changes in RNA stability. HuR and AUF1 may compete for binding to elements in 

the 3′UTR of p21 and cyclin D1, although the specific elements for which they may 

compete are not known [34]. RNase footprint analysis reveals a similar binding sequence for 

HuR and AUF1 in the androgen receptor 3′ UTR [32]. TTP and HuR may compete for 

binding to the same AU rich element in the 3′UTR of tumor necrosis factor RNA with 

implications for translational regulation of that gene [28]. KSRP and HuR compete for 

binding to a 90 base pair fragment of the 3′ UTR of the inducible nitric oxide synthase 

mRNA [31]. The findings from this study are the first to identify specific nucleotides in a 

predicted binding site that alter both binding by and functional consequences of two distinct 

RNA binding proteins. The mutated nucleotides in the ASBT MTA-1 element are highly 

conserved across species (Figure 1A). The mutations that were introduced are predicted to 

have profound consequences on an alternative predicted secondary structure for this region 

of RNA (http:\\rna.tbi.univie.ac.at) (Figures 1B and 1C). The predicted secondary structure 

for this region is lost in the face of the mutations used in these studies (data not shown) [36].

In summary, our data suggest that ASBT mRNA stabilization and destabilization occurs via 

post-transcriptional regulation by HuR and TTP, and these effects are mediated at least in 

part by the MTA1 sequence in the 3′UTR ASBT mRNA (Figure 5). Further investigations 

will be required to assess the functional role of other predicted RNA binding protein sites in 

the rat ASBT 3′UTR. The MTA1 element is sufficient to mediate effects of both HuR and 

TTP. The molecular mechanism by which this occurs needs to be explored. It is not known if 

this is a function of competition between HuR and TTP for the same binding sequence or 

whether it is the result of direct interactions between HuR and TTP. In light of the 

description of a similar phenomenon in the regulation of Cox-2 and the remarkable changes 

in gene expression during weaning in the intestine, the counter-regulatory effects of HuR 

and TTP may have much broader biologic significance.
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MTA metastasis associated gene
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Summary Statement

A single cis-element in the 3′UTR of the rat apical sodium dependent bile acid 

transporter mediates both mRNA stabilization by Hu antigen R and destabilization by 

tristetraprolin.
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Figure 1. Alignment of the potential HuR MTA1 binding site in the 3′untranslated region of the 
apical sodium dependent bile acid transporter from multiple species
(A) The 3′ UTR of the apical sodium dependent bile acid transporter was interrogated for 

the presence of a possible MTA1 cis-element (potential HuR binding site) using the 

published consensus sequence [19]. The sequence of various species is shown. The number 

in brackets represents the position of the sequence within the 3′UTR and the total length of 

the 3′UTR is shown in the last column. The consensus sequence for the MTA1 site based 

upon these identified elements is shown in the last line. The sequence of the mutated rat 

MTA1 site {1210–1228 mu} is shown in the second from bottom sequence (note the 

conserved TG has been changed to CA). (B) Predicted secondary structure of rat MTA1 site 

based upon structure performed at http:\\rna.tbi.univie.ac.at. Nucleotide substitutions are 

shown. (C) Entropy plot of specific nucleotides in the rat MTA1 site based upon calculations 

at http:\\rna.tbi.univie.ac.at. Position of specific nucleotide substitutions are indicated by an 

asterix.
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Figure 2. HuR and TTP binding is dependent upon an intact MTA1 site
Gel shift assays were performed using cytoplasmic extracts from IEC-6 cells and various 

oligonucleotides with supershifting induced by HuR or TTP antibodies. (A) Competition gel 

shift analysis of IEC-6 cell extracts, the rat 0.3 kb 3′UTR fragment and MTA1 

oligonucleotide. A wild type probe (wtMTA1, 5′-

CUCAUGGAGGUGCCAUACCAGCCAC-3′) and scrambled control (scrMTA1) were 

incubated with IEC-6 cell extracts. The extracts were incubated with the radiolabeled 0.3 kb 

rat ASBT 3′UTR and analyzed by gel electrophoresis. wtMTA1 but not scrMTA1 competes 

for binding of IEC-6 extracts with the rat 0.3 kb ASBT 3′UTR construct. (B) Gel shift 

analysis of IEC-6 cell extracts and MTA1 oligonucleotides. Wild type MTA 1 
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oligonucleotide (lane 1), three different mutant MTA1 oligonucleotides (lanes 2 –4) and the 

0.3 kb rat ASBT 3′UTR (lane 5) radiolabeled probes were incubated with IEC-6 cell 

extracts. Only wild type MTA1 and the 0.3 kb rat ASBT 3′UTR bind the IEC-6 cell extracts. 

(C) Supershift assay of the rat ASBT 0.3 kb 3′UTR or MTA1 oligonucleotide. IEC-6 cell 

extracts were incubated with either the 0.3 kb rat ASBT 3′UTR fragment (0.3 kb) or the 

MTA1 oligonucleotide (MTA1). Supershifting was assessed with growth hormone antibody 

(G – as a negative control), HuR antibody (H – panel A), or TTP antibody (T – panel B). 

Supershifting was observed with either HuR (*) or TTP (**) antibodies and with either the 

0.3 kb rat ASBT 3′UTR or the MTA1 oligonucleotide.
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Figure 3. An intact MTA-1 cis-element is required for responses of a luciferase reporter of the 3′ 
ASBT UTR modulation of HuR and TTP expression
0.3 kb of the rat ASBT 3′UTR was inserted downstream of the luciferase coding sequence 

and used as a reporter for effects of changes in that sequence on expression. The wild type 

(WT) construct contained the natural rat ASBT sequence, while the MTA1 mutant (MTA1μ) 

was altered as shown in Figure 1. (A) Modulation by overexpression of HuR or TTP. IEC-6 

cells were transfected with the indicated luciferase construct and either a HuR or TTP 

expression construct. Data are represented relative to control, which is the wild type 3′UTR 

that is untreated with an overexpression vector and is set to 100%. The basal activity of the 

MTA1μ construct is higher than the WT (p<0.001). WT is activated by HuR and repressed 

by TTP (p< 0.001), whereas the MTAμ is unaffected by overexpression of either HuR or 

TTP (p >0.05). (B) Modulation by silencing of HuR or TTP. As in Figure 1A, the basal 

activity of the MTA1μ construct is higher than the WT (p<0.001). WT is repressed in 

response to silencing HuR and activated by silencing TTP (p<0.001), whereas the MTAμ is 

unaffected by silencing of either HuR or TTP (p>0.05).
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Figure 4. An intact MTA-1 site is required for full changes in mRNA decay in response to 
modulation of HuR and TTP expression
The wild type Globin/rASBT3′ or the Globin/rASBT3′ MTA1 mutant (Globin/

rASBT3′mu) were positioned downstream of a globin c-DNA driven by a c-fos promoter. A 

timed pulse of transcriptional activity in IEC6 cells was induced by serum withdrawal, 

restitution and withdrawal. Time 0 coincides with the second withdrawal of serum from the 

media. At the specified time points RNA was extracted and analyzed by northern blot for 

globin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Signal intensity as 

measured with a phosphorimager is indicated below each band and has been normalized to 

100% for time 0 for each probe. Linear regression analysis was used for derivation of 

mRNA half-life. (A) mRNA half-life analysis of the Globin/rASBT3′ construct. The 

stability of the Globin/rASBT3′mu construct is greater than the wild type construct. (B) 
mRNA half-life analysis of siHuR treated Globin/rASBT3′ constructs. The stability of the 
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Globin/rASBT3′mu construct is greater than the wild type construct. (C) mRNA half-life 

analysis of TTP overexpression treated Globin/rASBT3′ constructs. The stability of the 

Globin/rASBT3′mu construct is greater than the wild type construct. Overall, mRNA half-

life is diminished with either HuR silencing or TTP overexpression. The magnitude of the 

change in half-life is reduced when the MTA1 site is mutated. (D) Data from Figures 4A – C 

are analyzed by linear regression of the ln of the % of transcript remaining at various time 

points relative to time 0. The best-fit line for each experiment is shown. Analyses of wild 

type are indicated by the closed symbols and MTA1 mutant by open symbols. The triangles 

represent untreated IEC6 cells, the squares siHuR treated cells and circles for cells treated 

with a TTP expression construct.
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Figure 5. Model of the effects of HuR and TTP on ASBT mRNA abundance
ASBT mRNA is depicted by the horizontal bar with the site of the MTA1 cis-element 

indicated by the circle (panel A). In the native state, ASBT mRNA abundance (2+) is dually 

impacted by HuR (trapezoid) and TTP (octagon), with stabilization and positive regulation 

(+) by HuR and destabilization and negative (−) regulation by TTP. In the setting of siHuR 

or TTP overexpression (panel B), ASBT mRNA abundance is diminished (1+) due to either 

diminished stabilization by HuR or enhanced destabilization by TTP. In the setting of siTTP 

or overexpression of HuR (panel C) ASBT mRNA abundance in increased (3+) due to the 

opposite regulation of either diminished destabilization by TTP or enhanced stabilization by 

HuR. When the MTA1 cis-element is mutated (panel D), the net effect in IEC-6 cells is an 

increase in ASBT mRNA abundance (3+). Presumably this is the result of the overall 

dominant effect of TTP on destabilizing ASBT mRNA through the MTA1 cis-element.
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