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Abstract

CUG triplet repeat-binding protein 2 (CUGBP2) is a RNA-binding protein that regulates mRNA 

translation and modulates apoptosis. Here, we report the identification of two splice variants 

(termed variants 2 and 3) in cultured human intestinal epithelial cells and in mouse gastrointestinal 

tract. The variants are generated from alternative upstream promoters resulting in the inclusion of 

additional NH2-terminal residues. Although variant 2 is the predominant isoform in normal 

intestine, its expression is reduced, whereas variant 1 is overexpressed following γ-irradiation. All 

three variants bind cyclooxygenase-2 (COX-2) mRNA. However, only variant 1 inhibits the 

translation of the endogenous COX-2 mRNA and a chimeric luciferase mRNA containing the 

COX-2 3′ untranslated region. Furthermore, whereas variant 1 is predominantly nuclear, variants 2 

and 3 are predominantly cytoplasmic. These data imply that the additional amino acids affect 

CUGBP2 function. Previous studies have demonstrated that variant 1 induces intestinal epithelial 

cells to undergo apoptosis. However, in contrast to variant 1, the two novel variants do not affect 

proliferation or apoptosis of HCT116 cells. In addition, only variant 1 induced G2/M cell cycle 

arrest, which was overcome by prostaglandin E2. Moreover, variant 1 increased cellular levels of 

phosphorylated p53 and Bax and decreased Bcl2. Caspase−3 and −9 were also activated, 

suggesting the initiation of the intrinsic apoptotic pathway. Furthermore, increased 

phosphorylation of checkpoint kinase (Chk)1 and Chk2 kinases and increased nuclear localization 

of Cdc2 and cyclin B1 suggested that cells were in mitotic transition. Taken together, these data 

demonstrate that cells expressing CUGBP2 variant 1 undergo apoptosis during mitosis, suggesting 

mitotic catastrophe.
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CUGBP2 (CUG triplet repeat-binding protein 2, also known as ETR3, NAPOR2, and 

BRUNOL2) is an ubiquitously expressed RNA-binding protein that was originally identified 

in skeletal muscle through its interaction with CUG triplet repeats (11, 28, 30). CUGBP2 is 

a member of a family of proteins, which have been collectively termed CELF (CUGBP1, 

CUGBP2, and CELF3 through CELF6) (23). All the members of this family contain two 

RNA recognition motifs (RRMs) near the NH2 terminus and a third RRM near the COOH 

terminus (11, 23, 30). However, an important difference between the members of this family 

is the presence of a divergent domain of 160 to 230 amino acids between the second and 

third RRMs.

The CELF family members have been demonstrated to regulate multiple RNA pathways 

including splicing, editing, and translation. In muscle cells, CUGBP2 is involved in 

alternative splicing of muscle-specific genes including exon 5 of cardiac troponin T, exon 11 

of insulin receptor, intron 2 of chloride channel 1, exons 5 and 21 of 1N-methyl-D-aspartate 

receptor-1, and the muscle-specific exon of α-actinin (3, 16, 19, 23, 27). A second function 

for CUGBP2 relates to its ability to bind to AU-rich sequences in 3’untranslated region 

(3’UTR) of the target mRNAs (34, 35). Upon binding to AU-rich sequences in 

cyclooxygenase-2 (COX-2) 3’UTR, CUGBP2 induces the stability of COX-2 mRNA. 

However, CUGBP2 binding also results in the inhibition of COX-2 mRNA translation. In 

addition, CUGBP2 can interact with HuR, a key inducer of RNA stability and translation, 

and competitively inhibit HuR function (46). More recently, plate-let-derived growth factor 

was shown to enhance CUGBP2 binding to COX-2 mRNA through increased 

phosphorylation of a tyrosine residue at position 39 in the protein (53). These data suggest 

that posttranscriptional control mechanisms are in place to modulate the CUGBP2 function 

as a regulator of stability and translation of AU-rich transcripts.

CUGBP2 expression is relatively lower in the intestinal epithelial cells compared with the 

skeletal or cardiac muscle (30, 36). Furthermore, overexpression of CUGBP2 results in 

HT-29 colon cancer cells undergoing apoptosis-mediated cell death (34). The mechanism 

for this function was correlated to the loss of COX-2 protein expression, thereby decreasing 

prostaglandin E2 (PGE2) production. CUGBP2 was also observed to regulate COX-2 mRNA 

translation in response to γ-irradiation (36). COX-2 mRNA has been shown to be 

significantly upregulated in the intestinal epithelial cells of mice within minutes of exposure 

to whole-body γ-irradiation (21, 36, 48). However, protein levels do not increase, due to the 

concomitant increase in CUGBP2 protein levels (36). The consequence of this is that there is 

a significant increase in radiation-mediated damage to the intestine. In contrast, 

administration of lipopolysaccharide to the animal radioprotects the intestinal epithelial 

cells, in part due to suppression of CUGBP2 expression and induction of COX-2-mediated 

PGE2 production (4, 37, 41, 42). Taken together, these data demonstrate that CUGBP2 is a 

potent inducer of cell death although the mechanism involving translational inhibition of 

COX-2 mRNA has not been described.
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One intriguing point relates to the role of CUGBP2 in the normal intestine since it does not 

seem to cause apoptosis of the intestinal epithelial cells. This has led us to determine 

whether there is a difference in the CUGBP2 that is expressed under normal conditions and 

following radiation. In this regard, we now report that CUGBP2 is expressed from three 

distinct promoters and that the protein expressed from the proximal promoter is the 

prototype CUGBP2 protein that is 490 amino acids long. We have identified that there are 

two additional variants (termed variants 2 and 3) that are expressed in cultured intestinal 

epithelial cells, which arise as a result of transcription driven by two independent upstream 

promoters. The consequence of this is that the translation occurs from upstream sites, 

resulting in the presence of additional amino acids in the amino-terminus of the protein. 

These three variants were also expressed throughout the gastrointestinal tract in the mouse. 

Furthermore, under normal conditions, variant 2 is the predominant isoform. However, 

following exposure to 12 Gy γ-irradiation, there is a transcriptional switch, and variant 1 is 

the predominant isoform. The two novel variants neither affect COX-2 mRNA translation 

nor cell viability. We have also determined that CUGBP2 variant 1 (the prototype protein) 

causes cells to undergo mitotic catastrophe. These data suggest that, although variants 2 and 

3 might have a physiological role in the normal intestine related to its splicing regulatory 

function, variant 1 regulates cell viability in response to injury.

MATERIALS AND METHODS

Animals

Wild-type C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). The 

mice were maintained on a 12 h:12 h light-dark schedule and fed standard laboratory chow. 

Mice were irradiated at 8 wk in a Gammacel 40-cesium irradiator at 0.96 cGy/min and 

allowed to recover. The proximal and distal jejunum were isolated and snap frozen in liquid 

nitrogen for RNA isolation. The animal protocol used in these studies was approved by the 

University of Oklahoma Institutional Animal Care and Use Committee.

Cells

HCT116, SW480, and HT-29 colon adenocarcinoma cells were obtained from American 

Type Culture Center and cultured in DMEM containing 10% heat-inactivated fetal bovine 

serum (Sigma Chemical, St. Louis, MO) and standard antibiotics in a carbon dioxide 

incubator with 5% CO2 at 37°C.

Plasmids

The full-length coding region of human CUGBP2 variants were amplified by RT-PCR and 

cloned in pGEM-T EZ (Promega, Madison, WI). After sequencing, the product was 

subcloned into pCMV-Tag2B (a cytomegalovirus immediate early promoter-driven 

expression vector) (Stratagene, La Jolla, CA) at the HindIII and XhoI restriction sites and 

expressed as amino-terminal Flag epitope-tagged proteins. Primers used for the cloning are: 

variant 1 5′-AAGCTTATGAACGGAGCTTTGGAT-3′ and 5′- CTCGAGT-

CAGTAAGGTTTGCTGTCGTT-3′, variant 2 5′- AAGCTTATGAT-

GGTCGAGGGCCGCCT-3 ′ and 5′-CTCGAGTCAGTAAGGTTTG-CTGTCGT-3′, and 

variant 3 5′-AAGCTTATGCGCTGTCCCAAATC-CGCT-3′ and 5′-
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CTCGAGTCAGTAAGGTTTGCTGTCGTT-3′. The luciferase expression vector containing 

the full-length murine COX-2 3 ′ UTR has been previously published (12).

Cell proliferation

HCT116 cells were seeded on 96-well plates at a density of 1 × 103 cells/well and allowed 

to adhere. The cells were also simultaneously transfected with plasmid pCMV-Tag2B–

CUGBP2 variant 1, 2, or 3, or just the vector (as controls). Following 48-h incubation, 

proliferation was determined by hexosaminidase enzyme assay as previously described (26). 

Results were further confirmed by manual cell counts.

Apoptosis

HCT116 cells were grown in 96-well black plates. As mentioned above, the cells were also 

simultaneously transfected with plasmid pCMV-Tag2B–CUGBP2 variant 1, 2, or 3, or just 

the vector (as controls). After 48 h, caspase-3 and caspase-7 activity was measured with the 

Apo-one Homogeneous caspase-3 and caspase-7 Assay per the manufacturer’s instructions 

(Promega).

Cell cycle analyses

HCT116 cells transiently expressing Flag-tagged CUGBP2 were harvested by trypsinization 

and suspended in PBS. The single-cell suspensions were fixed with 70% ethanol for 2 h and 

subsequently permeabilized with PBS containing 1 mg/ml propidium iodide (Sigma-

Aldrich), 0.1% vol/vol Triton X-100 (Sigma-Aldrich) and 2 mg DNase-free RNase (Sigma-

Aldrich) at room temperature. Flow cytometry was done with a FACSCalibur analyzer 3-

color (Becton Dickinson, Mountain View, CA), capturing 50,000 events for each sample; 

results were analyzed with ModFit LT software (Verity Software House, Topsham, ME).

Colony formation assay

Six-well dishes were seeded with 1,000 viable cells and simultaneously transfected with 

plasmid expressing the three CUGBP2 variants in complete medium. After 48 h, the cells 

were washed in PBS and incubated for an additional 15 days in complete medium. Each 

treatment was done in triplicate. The colonies obtained were washed with PBS and fixed in 

10% formalin for 10 min at room temperature and were then washed with PBS followed by 

staining with hematoxylin. The colonies were counted and compared with untreated cells.

RT-PCR analyses

Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA). Complementary 

DNAs were prepared using random hexamer oligonucleotides and used for semiquantitative 

polymerase chain reaction analysis using Jumpstart Taq DNA polymerase (Sigma) and 

α32P-dCTP (Perkin Elmer, Boston, MA). The products were resolved in a 5% native PAGE, 

0.5X Tris-borate EDTA and autoradiographed. Radioactive products were also quantified 

with a Storm Phosphorimager apparatus (Bio-Rad Laboratories, Hercules, CA). Primers 

used in this study were as follows: β-actin, 5′-GAGT-GCTGTCTCCATGTTTGATG-3′ and 

5′-CTCTAAGTTGCCAGC-CCTCCT-3′; COX-2, 5′-GAATCATTCACCAGGCAAA-

TTG-3′ and 5′-TCTGTACTGCGGGTGGAACA-3′, mouse variant 1 5′- 
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AGAATGGTCCCAGCATGCTGG-3′ and 5′-CTTGTTGGCT-GTGCCGTTAC-3′, human 

variant 1 5′-AGCTCTGCCTTTCTTTC-CCAG-3′ and the same reverse primer from mouse 

variant 1, mouse and human variant 2 5′-ATGATGGTCGAGGGCCGCCT-3′ and 5′-

CGGAGGATCCGGCATTCTTC-3′, mouse and human variant 3 5′-

ATGCGCTGTCCCAAATCCGCT-3′ and 5′-CGGAGGATCCG-GCATTCTTC-3′.

Immunoprecipitation coupled RT-PCR analyses

Cells were subjected to treatment with 1% formaldehyde for 10 min, and cell lysates were 

prepared by sonication. CUGBP2 variants were immunoprecipitated using an anti-Flag 

antibody. Total RNA was isolated from the precipitate and supernatant and subjected to RT-

PCR analyses for COX-2 and β-actin as mentioned above.

Western blot analyses

HCT116 cells transfected with the indicated CUGBP2 isoform were allowed to grow for 48 

h. Cell lysates were prepared and subjected to polyacrylamide gel electrophoresis and 

blotted onto Immobilon polyvinylidene difluoride membranes (Milli-pore, Bedford, MA). 

Antibodies were purchased from either Santa Cruz Biotechnology (Santa Cruz, CA) or Cell 

Signaling (Bedford, MA). Specific proteins were detected by an enhanced 

chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ). Spot 

densitometry on an Alpha Innotech Flurochem 8000 (San Leandro, CA) was used to obtain a 

density value for each spot.

Luciferase assay

Cells were transfected with plasmids pGL3-control plasmid or pGL3-Luc-COX plasmid 

encoding the murine COX-2 3′UTR using FuGENE 6 (Roche, Indianapolis, IN). Cells were 

cotransfected with plasmid pCMV-Tag2B encoding NH2-terminal Flag-tag CUGBP2 

variants, and cells were allowed to grow for 24 h. As a transfection control, test plasmids 

were cotransfected with the plasmid pRL-TK (Clontech). Renilla luciferase was expressed 

under the control of the RSV thymidine kinase promoter. Lysates were prepared, and 

luciferase levels were determined with the use of the Dual-Luciferase Reporter Assay 

System (Promega).

Immunocytochemistry and immunofluorescence

Cells were transfected with plasmids encoding NH2-terminal Flag-tagged CUGBP2 variants 

and allowed to grow for 48 h. The cells were fixed with 10% buffer for 10 min at room 

temperature and subsequently washed three times with PBS. The cells were then 

permeabilized with PBS containing 0.5% Triton X-100 for 10 min at room temperature. For 

immunocytochemistry analyses of cyclin B1 and Cdc2, the cells were incubated with rabbit 

anticyclin B1 (Santa Cruz) and rabbit anti-Cdc2 antibodies (AbCam, Cambridge, MA), 

followed by biotinylated anti-rabbit IgG. The slides were further processed using Vectastain 

ABC Kit (Vector Laboratories, Burlingame, CA) followed by diamino-benzidine staining. 

For immunofluorescence, the cells were incubated with rabbit anti-Flag antibody (Affinity 

Bioreagents) followed by FITC-conjugated anti-rabbit IgG. The slides were mounted and 
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examined with the use of Zeiss Axioskop 2 MOT plus microscope (Carl Zeiss, Thornwood, 

NY).

Statistical analysis

The values are expressed as the means ± SE. Data were analyzed using an unpaired 

Student’s t-test. We considered a P value of less than 0.05 to be statistically significant.

RESULTS

Differential promoter usage governs CUGBP2 expression in the mouse gastrointestinal 
tract

Mouse CUGBP2 gene spans 350 kb and consists of 20 exons in total. The expression is 

controlled by three distinct promoters located upstream of exons 1a, 1b, and 1c (Fig. 1A). 

All three transcripts splice into exon 2. Variant 1 is translated from the first AUG located in 

exon 2, whereas variants 2 and 3 are translated from an upstream AUG that is in frame with 

the AUG in exon 2. As a result, variants 2 and 3 have additional 20 and 44 amino acids 

added to the NH2 terminus (Fig. 1A). We first determined the expression of the three 

variants in the different regions of the gastrointestinal tract of mice. Semiquantitative 

radioactive PCR demonstrated that all three variants are expressed throughout the GI tract 

from the stomach to the distal colon (Fig. 1B). Quantitation of the expression demonstrated 

that variant 2 is expressed at the highest levels in all areas (Fig. 1C). More importantly, 

variant 1 was expressed at very low levels, with highest expression seen in the duodenum.

Switch in CUGBP2 variant expression following radiation injury

In previous studies (34), we have demonstrated that CUGBP2 expression is rapidly induced 

in the mouse small intestine following exposure to γ-irradiation. Furthermore, administration 

of bacterial lipopolysaccharide before γ-irradiation protected the intestinal cells, in part, 

through inhibition of CUGBP2 expression in a prostaglandin-dependent mechanism (34). 

Therefore, we determined the expression of the three CUGBP2 variants following whole-

body administration of 6 Gy γ-irradiation to the mice. This dose was chosen because 

previous studies (14, 33) have demonstrated that there is a marked increase in the number of 

epithelial cells in the intestinal crypts undergoing apoptosis at 24 h. There was a significant 

upregulation in variant 1 expression in proximal and distal jejunum 24 h after 6 Gy γ-

irradiation (Fig. 1, D and E). In contrast, there was a reduction in the expression of both 

variants 2 and 3 (Fig. 1, D and E). These data suggest that there is a switch in the promoter 

usage following radiation, resulting in the expression of variant 1. Given that CUGBP2 

overexpression after γ-irradiation results in inhibition of COX-2 mRNA, these data imply 

that CUGBP2 variant 1 might be the dominant inhibitor of COX-2 expression.

Differential CUGBP2 variant expression also occurs in human colon cancer cells

Three species of CUGBP2 are also present in human tissues, again resulting from 

differential promoter usage (Fig. 2A). Transcripts arising from exon 1c result in translation 

start from the AUG codon located in exon 2 leading to the generation of variant 1 CUGBP2 

protein. In contrast, transcription start from the upstream promoters results in the inclusion 

of distinct exon 1 sequences, each of which also encodes an in-frame AUG codon. 
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Translation from these AUGs results in the inclusion of additional 19 and 24 amino acids in 

variants 2 and 3, respectively. The distribution pattern of the three CUGBP2 variants was 

determined by semiquantitative RT-PCR analysis. In colon cancer cells, there were 

differences in the expression pattern of the three variants. Whereas HCT116 cells 

demonstrated the presence of all three transcripts, HT-29 and SW480 cells lacked variant 2 

(Fig. 2, B and C). Furthermore, HT-29 had higher levels of variant 3 compared with SW480 

cells. To confirm that the protein is expressed in the three colon cancer cell lines, Western 

blot analysis was performed. CUGBP2 expression was observed in all three cell lines (Fig. 

2, D and E). We next compared the localization of the two novel protein variants to the 

prototype CUGBP2 variant 1 protein. For this, the cDNAs of the three variants were inserted 

into the mammalian expression vector pCMV-Tag2B and transfected into HCT116 cells. 

Western blot analysis confirmed the increased expression of the proteins in the transfected 

cells (Fig. 2, F and G). To determine whether the presence of the additional amino acids 

affects cellular localization of the variants, transfected cells were immunolabeled with anti-

Flag antibody. Variant 1 protein was strongly enriched in the nucleus, which was somewhat 

diffuse but not present in the nucleolus (Fig. 2H). This is similar to the pattern previously 

demonstrated for the endogenous protein (34, 46). In contrast, both variants 2 and 3 were 

predominantly localized to the cytoplasm that was somewhat diffuse (Fig. 2H). However, 

there was an enrichment of variant 2 in distinct regions of the cytoplasm. In addition, variant 

3 was predominantly localized to the perinuclear region of the cells.

Only variant 1 inhibits COX-2 mRNA translation

Previous studies (34, 46) have demonstrated that CUGBP2 variant 1 binds to AU-rich 

sequences in the 3’UTR of COX-2 mRNA and stabilizes the mRNA but inhibits its 

translation. To determine whether the additional amino acids in the NH2 terminus of variants 

2 and 3 affect the translation activity, we next transfected the plasmids into HCT116 cells 

and tested for COX-2 levels. Semiquantitative RT-PCR assays demonstrated that COX-2 

mRNA levels were significantly upregulated following expression of all three CUGBP2 

variants (Fig. 3, A and B). Furthermore, real-time RT-PCR demonstrated that there was a 

three- to fourfold increase in COX-2 mRNA levels due to the expression of CUGBP2 

variants (data not shown). In previous studies, we have demonstrated that CUGBP2 variant 

1 increased COX-2 mRNA stability but inhibits COX-2 mRNA translation (34, 46). To 

determine whether variants 2 and 3 also regulate COX-2 mRNA stability, cell lysates were 

subjected to Western blot analysis for COX-2 protein. CUGBP2 variant 1 significantly 

inhibited COX-2 protein levels (Fig. 3, C and D). In contrast, neither variant 2 nor variant 3 

inhibited COX-2 protein levels. These data suggest that the additional amino acids present in 

the NH2 terminus of CUGBP2 variants 2 and 3 affect the ability of the protein to inhibit 

COX-2 mRNA translation. To confirm that this is not due to a loss in RNA-binding activity, 

a coupled immunoprecipitation-RT-PCR analysis was performed with cells in which 

CUGBP2 variant 2 was transfected. Extracts were immunoprecipitated for the transfected 

variant 2 with the use of anti-Flag antibody and subjected to radioactive RT-PCR. COX-2 

mRNA was identified in both the precipitate and the supernatant, suggesting that the 

transiently expressed protein binds to the COX-2 mRNA (Fig. 3 E). Similar results were 

obtained with variants 1 and 3 (data not shown). In previous studies (34, 46), we have 

demonstrated that CUGBP2 mediated increased COX-2 mRNA stability and inhibition of 
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translation occurs through the 3′UTR. To confirm the role of COX-2 3′UTR in CUGBP2 

function, cells were transfected with a luciferase construct encoding the COX-2 3′UTR 

along with the CUGBP2 variants (Fig. 3F). Luciferase assays demonstrated that only variant 

1 but not variants 2 and 3 inhibited luciferase mRNA translation (Fig. 3G). These data 

confirm the Western blot results that only CUGBP2 variant 1 inhibits COX-2 mRNA 

translation.

CUGBP2 variant 1 induces cells to undergo G2/M arrest

Stable cell lines of CUGBP2 variant 1 have been problematic (34). To determine the cell 

fate after expression of the CUGBP2 variants, HCT116 cells were transfected with the 

pCMV-Tag2B plasmids expressing Flag-tagged CUGBP2 variants, and growth of the cells 

was monitored. Cell proliferation was not affected by variants 2 and 3, whereas variant 1 

significantly retarded the growth of the cells in culture (Fig. 4A). Furthermore, analysis for 

cell death using the caspase-3/7 activity assay demonstrated that only the cells expressing 

CUGBP2 variant 1, but not with variant 2 or variant 3, undergo apoptosis (Fig. 4B). To 

confirm these results, cell cycle analysis was performed following propidium iodide 

staining. There were increased numbers of cells in G2/M phase of the cell cycle in the 

presence of variant 1, but not in the presence of variants 2 and 3, suggesting that the 

decreased proliferation of the cells in the presence of variant 1 is due to an arrest in the 

G2/M phase of the cell cycle (Fig. 4C). The effect of CUGBP2 variant 1 on G2/M phase 

arrest in the cells was largely at the expense of the S phase, with a nonsignificant change in 

G0/G1 phase when compared with untransfected or vector-transfected cells. Given the effect 

on proliferation and cell cycle, we next investigated whether CUGBP2 variants affect colony 

formation. Whereas expression of variant 1 significantly decreased the number of HCT116 

colonies formed compared with the control group, there was no effect observed when the 

cells expressed variants 2 or 3 (Fig. 4, D and E). These data suggest that variant 1, but not 

variants 2 and 3, inhibits cell proliferation and induces cell death at the G2/M stage of cell 

cycle.

Cell death mediated by CUGBP2 variant 1 is due to mitotic catastrophe that occurs in part 
through loss of PGE2

The results from above demonstrate that cells expressing CUGBP2 variant 1 undergo G2/M 

arrest and have decreased colonies, suggesting that cell death occurs during the G2/M stage 

of cell cycle. In addition, there was an increase in effector caspase activity. To determine 

whether expression of CUGBP2 variant 1 resulted in increased intrinsic caspase pathway, 

Western blot analyses were performed. Confirmation of caspase-3 activation was first 

obtained. Activated caspase-3 was observed in cells transfected with CUGBP2 variant 1 

(Fig. 5, A and B). Furthermore, caspase-9 was also activated in cells expressing variant 1. 

Since variant 1 inhibited the expression of COX-2 protein, we determined whether the 

activation of the two caspases occurred due to loss of prostaglandins, the product of COX-2 

enzyme activity. Hence, we also treated cells with PGE2, a potent prostaglandin that inhibits 

apoptosis through inhibition of caspase activation (38, 47, 50, 52). When the cells 

expressing CUGBP2 variant 1 were also treated with PGE2, the activation of both caspase-9 

and caspase-3 was inhibited (Fig. 5, A and B). Caspase-9 activation typically occurs 

following stimulation of the intrinsic or mitochondrial pathway of apoptotic cell death (20, 
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22). Bcl2, an integral membrane protein, is a potent inhibitor of apoptosis, and inactivation 

of the protein augments apoptosis (5, 54, 55). On the other hand, Bax is a cytosolic 

monomer protein in healthy cells that changes conformation during apoptosis and integrates 

into the outer mitochondrial membrane (5, 54, 55). Bax then oligomerizes, which 

contributes to the permeabilization of the outer mitochondrial membrane, thereby allowing 

the efflux of proteins involved in apoptosis (5, 54, 55). Western blot analyses demonstrated 

that, at baseline, Bcl2 expression was higher than Bax (Fig. 5, C and D). In contrast, cells 

expressing CUGBP2 variant 1 contained higher Bax (eightfold) and lower Bcl2 (two- to 

threefold). This was somewhat abrogated when the cells were also treated with PGE2 (Fig. 

5, C and D). There was also a small increase in Bax expression following PGE2 treatment. 

However, given the significant increase in Bcl2, the ratio of Bax:Bcl2 suggests that this 

increase in Bax expression does not affect the cell. These data suggest that CUGBP2 variant 

1-mediated apoptosis occurs in part through increasing the proapoptotic Bax-Bcl2 ratio in 

the cells.

Presence of increased numbers of cells in the G2/M stage of cell cycle suggested that 

CUGBP2 might affect mitosis (1, 13, 32). Checkpoint failure increases genomic instability, 

which, in turn, could lead to cell death. Chk1 and Chk2 are regulated by phosphorylation 

and play an important role in mediating G2/M DNA damage checkpoint that prevents 

mitosis when DNA is being repaired (31, 40, 51). To determine whether Chk1 and Chk2 are 

activated in CUGBP2 variant 1-expressing cells, Western blot analysis was performed. Both 

Chk1 and Chk2 were phosphorylated in Ser345 and Thr68, respectively, in response to 

CUGBP2 variant 1 overexpression (Fig. 5, E and F). Furthermore, treatment with PGE2 

only partially suppressed the phosphorylation of the two checkpoint proteins. Chk1 is known 

to phosphorylate Cdc25c on Ser216 (8, 18, 25). Since both Chk1 and Chk2 are activated in 

the CUGBP2 variant 1-overexpressing cells, we also determined the phosphorylation status 

of Cdc25c. In CUGBP2 variant 1-overexpressing cells, there was a significant amount of 

Cdc25c that was phosphorylated at Ser216 residue (Fig. 5, E and F). p53-induced growth 

arrest occurs during G1/S or G2/M stages and is required for apoptosis (6, 29). 

Phosphorylation of p53 on Ser15 is known to lead to its stabilization and subsequent 

activation as a transcription factor (49). Here we observed that in cells overexpressing 

CUGBP2 variant 1, there was increased phosphorylation of p53 (Fig. 5, E and F). Cyclin-

dependent kinase Cdc2 is an important activator of mitosis that associates with its regulatory 

subunit, cyclin B1, whose levels rise during S phase and G2 and peak in mitosis (2, 15, 45). 

They are kept in the inactive state by phosphorylation at Thr14 and Tyr15 through the 

actions of wee1 protein kinase (7). To determine whether Cdc2 and cyclin B1 are affected, 

Western blot analyses were performed and total levels of the two proteins were determined. 

Cdc2 expression was significantly upregulated by both PGE2 treatment and CUGBP2 

variant 1 overexpression. However, cyclin B1 expression was upregulated only in the 

presence of CUGBP2 variant 1 (Fig. 5, G and H). At the end of G2, rapid dephosphorylation 

of Cdc2 by the Cdc25c phosphatase triggers the Cdc2-cyclin B1 complex to enter the 

nucleus and trigger mitosis. Therefore, we performed immunocytochemistry analysis to 

determine the cellular localization of Cdc2 and cyclin B1. Although both Cdc2 and cyclin 

B1 are present in the cytoplasm of control cells, they accumulate significantly in the nucleus 

in the CUGBP2 variant 1-overexpressing cells (Fig. 5I). This suggests that the CUGBP2 
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variant 1-overexpressing cells are undergoing mitosis. All the data implies that cells 

undergoing mitosis are also undergoing apoptosis, suggesting that the cells are undergoing 

mitotic catastrophe (9, 44). To confirm that the cells are indeed undergoing mitosis and 

apoptosis at the same time, we performed immunocytochemistry analysis. In CUGBP2 

variant 1-overexpressing cells, there were high levels of nuclear-phosphorylated histone H3 

(signaling active cell division) and terminal deoxynucleotidyl transferase dUTP-mediated 

nick-end labeling (TUNEL) positivity (signaling apoptosis) (9, 39) (Fig. 5J). Furthermore, 

there was colocalization of the phosphorylated histone 3 with TUNEL staining. In contrast, 

the control cells neither demonstrate any nuclear-phosphorylated histone H3 nor were 

positive for TUNEL. Taken together, these data demonstrate that cells in which CUGBP2 

variant 1 is overexpressed are driven to undergo mitotic catastrophe.

DISCUSSION

CUGBP2 is a protein with many functions in RNA metabolism including modulation of 

splicing, editing, stability, and translation. Its expression is highest in skeletal and cardiac 

muscle cells where it has been shown to bind to specific sequences in the intron and oppose 

hnRNP-I/PTB activity to induce splicing of muscle-specific transcripts such as troponin T 

and α-actinin (10, 19). CUGBP2 is also expressed in other cell types, and one physiological 

function is in regulation of apolipoprotein B mRNA editing in hepatocytes (3). However, its 

function in other cells, including the intestinal epithelial cells, is presently unknown. Given 

its ability to regulate alternative splicing in the muscle cells, the possibility exists that the 

protein also regulates such transcripts in the epithelial cells. In this regard, it was shown that 

CUGBP2 can activate alternative splicing of the transcript encoding cystic fibrosis 

transmembrane conductance regulator (CFTR) in in vitro studies (16). However, in vivo 

studies are required to demonstrate this function in intestinal epithelial cells. If CUGBP2 

does regulate CFTR splicing in vivo, it would be interesting to determine whether CFTR 

splicing is altered following radiation.

Here, we have identified that the two novel splice variants of CUGBP2 that result from 

alternative transcription from upstream promoters resulting in additional NH2-terminal 

amino acids. These splice variants are expressed in the intestinal epithelial cells in the 

mouse. As mentioned above, one physiological function for the three variants might be in 

regulating alternative splicing of distinct transcripts. In previous studies, we have 

demonstrated that CUGBP2, which we now call variant 1, is predominantly nuclear in 

intestinal epithelial cells and is significantly upregulated when the cells are exposed to γ-

irradiation (34). Furthermore, CUGBP2 binds to AU-rich sequences in the 3′UTR of COX-2 

mRNA and increases the stability of the mRNA but inhibits translation, resulting in 

decreased PGE2 production, thereby leading to cell death (34). However, the primers used 

for the identification of the transcript were located within the coding region that would not 

differentiate between the three variants. On the basis of the data in Fig. 1, it is now apparent 

that the variant that was observed before radiation was predominantly variant 2, whereas 

seen after radiation was variant 1. We believe this is significant because all three variants 

increased the steady-state levels of COX-2 mRNA; however, only variant 1 inhibited 

COX-2 mRNA translation. Furthermore, overexpression of variant 1, but not variants 2 or 3, 

resulted in cells undergoing mitotic catastrophe. Indeed, in normal tissue, variant 2 is the 
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predominant isoform that is expressed, whereas variant 1 is very low. This suggests that 

CUGBP2 expression is tightly regulated with distinct function for the variants.

An interesting point to note is that the presence of additional amino acids in the NH2 

terminus of variants 2 and 3 results in altered localization of the protein. Whereas variant 1 

is nuclear, the two novel variants are predominantly localized in the cytoplasm. This change 

in localization is somewhat perplexing because previous studies have demonstrated that the 

nuclear localization signals are located within the divergent region and third RRM that are 

present in the carboxyl terminus of the protein (24). However, the first two RRMs located 

near the amino-terminus have been shown to potentially include signals for cytoplasmic 

localization (24). The possibility therefore exists that the presence of the additional amino 

acids in the amino-terminus of CUGBP2 might unmask these domains, resulting in 

increased cytoplasmic localization of the protein. An additional possibility is that the 

additional amino acids themselves encode cytoplasmic localization signals for which 

additional studies are necessary. However, database searches did not reveal the presence of 

any of the known signals that direct a protein to the cytoplasm.

We have observed that there is a differential expression pattern for the three splice variants 

in the three colon cancer cell lines tested. Furthermore, variant 1 was demonstrated to affect 

COX-2 mRNA translation, which was confirmed in this manuscript. However, the two novel 

splice variants did not have any effect on COX-2 mRNA translation, although they also 

increased steady-state COX-2 mRNA levels. These data suggest that, although the two 

variants retain the ability to stabilize COX-2 mRNA, they have lost the translation inhibitory 

function. Once additional mRNA targets for CUGBP2 are identified, it would be interesting 

to determine whether the loss of translation inhibitory function is a general phenomenon or 

specific to COX-2 mRNA.

Mitotic catastrophe is a unique form of cell death that occurs either during mitosis or 

resulting from failed mitosis, the molecular mechanisms involving premature activation of 

Chk1 and Chk2 (9, 44). Under normal conditions, Chk1 and Chk2 are supposed to prevent 

the activation of Cdc2-cyclin B1 complex, thereby arresting the cells in G2 phase of the cell 

cycle through the activation of Cdc25c (17, 43). These are the first studies demonstrating the 

ability of CUGBP2 variant 1 to induce mitotic catastrophe. We demonstrate that 

overexpression of CUGBP2 variant 1 results in activation of Chk1 and Chk2 and activation 

of Cdc25c. As would be predicted from this, Cdc2 and cyclin B1 are localized to the 

nucleus, suggesting that they, too, have been activated, their function in the nucleus being to 

induce mitosis. However, it is not clear how p53 is being phosphorylated and whether this is 

a major cause of the mitotic catastrophe that is observed following the overexpression of 

CUGBP2 variant 1. One p53 transcriptional target gene is Bax, which induces mitochondrial 

membrane permeabilization with subsequent cytochrome c-mediated caspase activation (5, 

55). Indeed, our results demonstrate induction of Bax expression. Further studies are 

required to determine whether this is a major pathway for CUGBP2 variant 1-mediated 

increased cell death. Studies are also required to determine whether inhibition of Chk1 and 

Chk2 with several pharmacological inhibitors or by transfecting dominant negative 

constructs to gain further insights into whether CUGBP2 affects centrosomes or cyclin-

dependent kinases such as Cdk1. We believe these ongoing studies will help in identifying 
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whether CUGBP2 variant 1 drives premature induction of mitosis before the completion of 

S or G2 phase of the cell cycle.
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Fig. 1. 
Differential expression of CUG triplet repeat-binding protein 2 (CUGBP2) variants in 

mouse gastrointestinal tissues. A: schematic representation of the structure of the three 

CUGBP2 variants (var). Alternative promoter usage of the CUGBP2 gene generated 3 

transcript variants, resulting in the presence of distinct exon 1 (1a–1c). Exons are depicted 

by boxes and introns by horizontal lines. The arrows indicate transcription start sites, and the 

location of AUGs encoding CUGBP2 variants are shown. For the sake of simplicity, the 

four exons that are included within the coding region (exons 2–13) are grouped together. 
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Similarly, the 5′ exons that make up variant exons 1a and 1c are shown as one exon. The 

CUGBP2 variant 1 is 490 amino acids long starting from the AUG in exon 2. However, 

variants 2 and 3 have extra NH2-terminal 19 and 43 amino acids due to the presence of an 

additional AUG start codon in exon 1b and 1a, respectively. B: expression of the 3 variants 

in mouse gastrointestinal tissues. Representative autoradiograph of a semiquantitative RT-

PCR was performed in the presence of 32P-CTP using variant-specific primers. All 3 

isoforms are expressed. ST, stomach; DU, duodenum; PJ, proximal jejunum; DJ, distal 

jejunum; IL, ileum; CE, cecum; PC, proximal colon; DC, distal colon. C: abundance of the 3 

variants. Data demonstrates that var 2 transcript is the predominant isoform in normal 

tissues, whereas var 1 is expressed at the lowest level. Data from 5 mice. D: differential 

variant expression in the small intestine following γ-irradiation. Total RNA from the 

proximal (PJ) and distal (DJ) jejunum from mice exposed to 6 Gy γ-irradiation were 

subjected to semiquantitative RT-PCR. Whereas var 1 expression is significantly 

upregulated, both var 2 and var 3 transcripts are downregulated compared with the same 

tissues from unirradiated animals. E: abundance of variants following γ-irradiation. Data 

demonstrates the significant down-regulation of var 2 and 3 and upregulation of var 1 

transcript. Data from 3 mice.
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Fig. 2. 
Differential expression of CUGBP2 mRNA in human colorectal cancer cells. A: schematic 

representation of the origin and structure of the 3 CUGBP2 variants in 3 human cell lines. 

Like the mouse CUGBP2, alternative promoter usage generates 3 transcript variants in the 

human cells, resulting in the presence of distinct exon 1 (1a–1c). Human CUGBP2 variant 1 

is also 490 amino acids long starting from the AUG in exon 2. Variant 2 is similar to that 

seen in mouse, with addition of NH2-terminal 19 amino acids. However, variant 3 in the 

human is not as long as that observed in the mouse, with the addition of only 24 NH2-

terminal amino acids. B: RT-PCR analyses from 3 human colon cancer cell lines, HCT116, 

HT-29, and SW480, show that variant 1 is the predominant isoform in all the cell lines. 

Moreover, HCT116 has higher levels of expression of all 3 variants. β-actin was used as 

internal control for loading. C: distribution and abundance of CUGBP2 variant mRNAs in 3 

colon cancer cell lines. The percentage was calculated considering CUGBP2 mRNA 
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expression in HT29 as 100%. Data from 3 independent RT-PCR experiments. D: Western 

blot analysis for CUGBP2 expression in colon cancer cell lines. HT29 has the highest level 

of protein expression compared with HCT116 and SW480 cells. E: abundance of the 

CUGBP2 protein. Again, percentage was calculated using expression in HT-29 cells as 

100%. Data from 3 independent experiments. F: Western blot analysis for CUGBP2 

expression after transient transfection. Plasmids encoding Flag-tagged CUGBP2 variants 

were transiently transfected in HCT116. Extracts were tested for expression of the 

transfected proteins. Data shows the higher levels of transfected CUGBP2 variant proteins in 

the cells. G: abundance of CUGBP2 protein after transient expression of individual 

isoforms. Variant 1 is least expressed of the 3 variants. Data from 3 independent 

experiments. *P < 0.05 H: immunocytochemistry analysis for localization of the CUGBP2 

variants following transient transfection. Whereas variant 1 is nuclear, variants 2 and 3 are 

predominantly cytoplasmic. 4′-6-Diamidino-2-phenylindole (DAPI) is used to stain the 

nucleus.
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Fig. 3. 
Only CUGBP2 variant 1 inhibits cyclooxygenase-2 (COX-2) mRNA translation. A: 

HCT116 cells were transiently transfected with plasmid-encoding Flag-tagged CUGBP2 

variants, whereas the control cells were transfected with the empty vector (Vec). RT-PCR 

analyses showed that all the 3 variants increase COX-2 mRNA expression. B: abundance of 

COX-2 mRNA following transfection of the CUGBP2 variants. COX-2 mRNA levels 

increased following expression of all 3 variants. *P < 0.05 from 3 independent experiments. 

PGE2, prostaglandin E2. C: lysates from the CUGBP2 variant transfections were subjected 
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to Western blot analysis for COX-2 protein. There was a marked decrease in COX-2 protein 

levels in the Flag-tagged CUGBP2 variant 1-transfected cells. D: abundance of COX-2 

protein following expression of the CUGBP2 variants. COX-2 protein levels are 

significantly reduced following expression of variant 1. *P < 0.05 from 3 independent 

experiments. E: whole cell extracts (T) from Flag-tagged CUGBP2 variant 2-expressing 

cells were crosslinked and subjected to immunoprecipitation with anti-Flag antibody. RNA 

present in the immunoprecipitate (P) and supernatant (S) were isolated after reverse 

crosslink and subjected to RT-PCR for COX-2 mRNA. Data demonstrates the presence of 

COX-2 mRNA in the pellet. Actin was used as control to demonstrate specificity of 

CUGBP2 binding. F: schematic representation of control luciferase mRNA (Luc) and 

luciferase mRNA containing the full length mouse COX-2 3′untranslated region (3’UTR) 

(Luc-COX) that is encoded in the plasmid under the control of the SV40 promoter. G: 

relative expression of the firefly luciferase reporter activity in HCT116 cells following 

expression of the 3 CUGBP2 variants. Extracts were subjected to luciferase activity 

measurements. Data shows that over-expression of variant 1 resulted in significant reduction 

of luciferase expression. Data from 3 independent experiments. *P < 0.05.
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Fig. 4. 
CUGBP2 variant 1 inhibits the growth of colon cancer cells. A: CUGBP2 variant 1 inhibited 

the proliferation of HCT116 cells. The cells were transiently transfected with plasmid-

expressing Flag-tagged CUGBP2 variants for 48 h and subsequently analyzed for 

proliferation based on hexosaminidase enzyme activity. Data shows only variant 1 inhibited 

the proliferation of HCT116 cells. Data from 3 independent experiments. *P< 0.05. B: 

CUGBP2 variant 1 increases apoptosis of HCT116 cells. Cells were analyzed for 

caspase-3/7 activity 48 h following transient expression of Flag-tagged CUGBP2 variants. 
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CUGBP2 variant 1 overexpression resulted in increased caspase activity. *P < 0.01. C: 

CUGBP2 variant 1 overexpression induces G2/M arrest. Cell-cycle profiles were analyzed 

for HCT116 cells transiently transfected with plasmid-expressing Flag-tagged CUGBP2 

variants for 48 h by fluorescence-activated cell sorting using propidium iodide staining for 

DNA content. The percentage of cells in the G2/M phase following variant 1 overexpression 

was increased compared with either the control or vector-transfected cells. Data from 3 

independent experiments. D: CUGBP2 variant 1 induces cell death. HCT116 cells 

transiently transfected with plasmid-expressing Flag-tagged CUGBP2 variants were allowed 

to grow for 15 days. Number of colonies was identified by staining with hematoxylin. The 

data demonstrates that variant 1 expression induces cell death. E: number of colonies was 

counted and the quantitative estimation on number of colonies was presented. The graph 

shows variant 1 overexpression resulted in significantly lower number of colonies, whereas 

variants 2 and 3 had near normal values. Data from 3 independent experiments. *P < 0.01.
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Fig. 5. 
CUGBP2 variant 1 overexpression results in mitotic catastrophe. A: CUGBP2 variant 1 

overexpression resulted in activation of proapoptotic caspases. Lysates from HCT116 cells 

transiently expressing Flag-tagged CUGBP2 variant 1 and treated with PGE2 (1 µM)were 

subjected to Western blot analysis for caspase-3 and caspase-9. Both caspases were 

activated in the presence of CUGBP2 variant 1, which was partially suppressed when cells 

were also incubated with PGE2. β-actin was used as internal control for loading. B: 

abundance of caspase activity. Chemiluminescence data from 3 independent experiments 

was graphed. Expression of variant 1 significantly upregulated caspase-3 and caspase-9. a, P 

< 0.001 compared with control. b, P < 0.001 compared with CUGBP2 var 1 alone. C: 

proapoptotic Bax and antiapoptotic Bcl2 protein expression were analyzed in the lysates 

from HCT116 cells. Flag-tagged CUGBP2 variant 1 induced Bax expression but inhibited 

Bcl2. D: abundance of Bcl2 and Bax proteins. Chemiluminescence levels from 3 

independent experiments were compared with levels observed in control, vector transfected 

cells. PGE2 significantly induced, whereas CUGBP2 variant 1 inhibited expression of Bcl2. 

On the other hand, CUGBP2 induced expression of Bax protein. Data from 3 independent 

experiments. a, P < 0.001 compared with Bcl2 expression in control cells; b, P < 0.05 

compared with control cells; c, P < 0.001 compared with Bax expression in control cells. E: 

CUGBP2 variant 1 overexpression induces checkpoint proteins. Western blot analysis of 

lysates from HCT116 cells expressing Flag-tagged CUGBP2 variant 1 and treated with 

PGE2 (1 µM) demonstrated increased phosphorylation of Chk1 and Chk2 at Ser345 and 
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Thr68, respectively. In addition, Cdc25c and p53 were phosphorylated at Ser216 and Ser15, 

respectively. F: levels of phosphorylated protein expression. Data from 3 independent 

experiments were plotted comparing the expression to that observed in control, vector 

transfected cells. *P <0.05 compared with control, vector transfected cells, and **P < 0.05 

compared with CUGBP2 variant 1 alone. G: CUGBP2 variant 1 increases cyclin B1 and 

Cdc2 expression. Western blot analysis demonstrates increased levels of cyclin B1 and Cdc2 

in cells expressing CUGBP2 variant 1. Cdc2 was also significantly upregulated in cells 

treated with PGE2. H: levels of Cdc2 and cyclin B1 protein. Chemiluminescence data from 

3 independent experiments demonstrates that both proteins are upregulated following 

expression of CUGBP2 variant 1 or treatment with PGE2 *P < 0.001, **P < 0.05, both 

compared with control, vector transfected cells. I: CUGBP2 variant induces the nuclear 

localization of cyclin B1 and Cdc2. Although cyclin B1 and Cdc2 are in the cytoplasm of 

control cells, there are increased levels of both proteins in the nucleus of variant 1-

expressing cells. J: CUGBP2 overexpression leads to mitotic catastrophe. HCT116 cells 

transiently transfected with plasmid-expressing Flag-tagged CUGBP2 variant 1 were stained 

for TUNEL (green) and phosphorylated histone H3 (red). The merged image shows cells 

were yellow stain positive for colocalization. DAPI is used to stain the nucleus.
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