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Introduction

Discs large 1 (DLG1 ⁄SAP97), a mammalian homo-

logue of the Drosophila discs large (DLGA) protein, is

a representative member of a family of scaffolding pro-

teins termed membrane-associated guanylate kinase

homologues. These proteins contain multiple protein

domains including PSD-95 ⁄DLG ⁄ZO-1 (PDZ) motifs

that function as protein–protein interaction modules

[1,2]. In Drosophila, DLGA was identified as a tumour

suppressor and it was demonstrated to be involved in

the regulation of both cell polarity and cell prolifera-

tion [3,4]. Moreover, inactivating mutations in the

DLGA gene led to neoplastic overgrowth of imaginal

discs [5]. Mammalian homologues of DLGA are func-

tionally conserved and it has been postulated that they
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Human Disc large (DLG1) has been demonstrated to be involved in the

control of cell polarity and maintenance of tissue architecture, and is fre-

quently lost in human tumours. However, the mechanisms controlling

DLG1 expression are poorly understood. To further examine the regulation

of DLG1 expression, we analysed the 5¢ ends of DLG1 transcripts by rapid

amplification of cDNA ends polymerase chain reaction. We identified an

alternative splicing event in the 5¢ region of DLG1 mRNA that generates

transcripts with two different 5¢ untranslated regions (5¢-UTRs). We show

by reporter assays that the DLG1 5¢-UTR containing an alternatively

spliced exon interferes with the translation of a downstream open reading

frame (ORF). However, no significant differences in mRNA stability

among the DLG1 5¢-UTR variants were observed. Sequence analysis of the

additional exon present in the larger DLG1 5¢-UTR showed the presence

of an upstream short ORF which is lost in the short version of the 5¢-UTR

DLG1. By mutagenesis and luciferase assays, we analysed the contribution

of this upstream short ORF in reducing translation efficiency, and showed

that its disruption can revert, to some extent, the negative regulation of

large 5¢-UTR. Using computational modelling we also show that the large

DLG1 5¢-UTR isoform forms a more stable structure than the short ver-

sion, and this may contribute to its ability to repress translation. This rep-

resents the first analysis of the 5¢ region of the DLG1 transcripts and

shows that differential expression of alternatively spliced 5¢-UTRs with dif-

ferent translational properties could result in changes in DLG1 abundance.
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also have tumour suppressor activities. DLG1 is local-

ized in the cytoplasm and at the adherens junctions of

polarized epithelial cells [6,7] and, together with the

Scribble and the Lg1 proteins, forms the Scrib lateral

polarity complex, which has important roles in the

establishment of apical–basal polarity [8].

DLG1 has the ability to interact with a variety of

proteins through its PDZ domains. Interestingly,

DLG1 binds to the adenomatous polyposis coli (APC)

oncosuppressor and this DLG1–APC complex inhibits

cell cycle progression in response to cell contact in epi-

thelial cells, indicating a role for DLG1 in growth con-

trol [9]. In addition, DLG1 binds to the adenovirus

E4-ORF1 protein, the human T-cell leukaemia virus

type 1 Tax protein and the high risk human papilloma-

virus (HPV) E6 protein, and the tumourigenic poten-

tial of these viral oncoproteins depends, in part, on the

ability to inactivate this cellular factor [10–12]. More-

over, high risk HPV E6 proteins can target DLG1 for

ubiquitin-mediated degradation and this activity is

absent in E6 proteins derived from low risk HPV

[11,13,14].

Although the existing data support a role for DLG1

in tumour suppression, the actual contribution to

human carcinogenesis is not fully understood. Several

recent reports, however, showed a strong correlation

between decreased expression of human DLG1 and

tumour progression. Changes in the distribution and

abundance of DLG1 were observed in gastric, cervical,

breast and colon cancer during the different stages of

tumour formation, with a loss of DLG1 expression

being associated with complete lack of cell polarity

and tissue architecture during the latest stages of

malignant progression [15–19]. However, the molecular

mechanisms regulating DLG1 expression, which may

be responsible for the changes in its localization and

abundance during carcinogenesis, are poorly under-

stood.

Some post-translational modifications of DLG1

have been reported in epithelial cells, and they are

mostly related to the control of DLG1 subcellular

localization and functions. DLG1 has been shown to

be post-translationally modified, under certain condi-

tions, by the Jun N-terminal kinase, the P38c MAP

kinase, the cyclin-dependent kinases 1 and 2 and the

PDZ-binding kinase, resulting in changes in distribu-

tion and stability of the protein [20–23]. Thus, altera-

tions in the normal activity of these kinases might

account for some of the changes in DLG1 expression

observed during tumour development.

However, the loss of DLG1 observed in different

cancers may be the result of different particular mech-

anisms, and transcriptional downregulation may also

play an important role. Indeed, it was shown that in

HPV-negative cervical cancer derived cells DLG1 tran-

scription levels were extremely low [24]. Nevertheless,

very little is known about the molecular pathways that

determine the transcriptional regulation of the human

DLG1 gene. We have therefore initiated studies to

investigate the mechanisms that control DLG1 gene

expression; we have recently reported the cloning and

functional analysis of a genomic 5¢ flanking region of

DLG1 ORF with promoter activity, and determined

cis elements required for efficient transcription.

We also demonstrated that the Snail family of tran-

scription factors, which are repressors of several epi-

thelial markers (such as E-cadherin, occludin, claudins

and ZO-1) and inducers of the epithelial–mesenchymal

transition [25], are involved in DLG1 downregulation

[26].

To further examine the regulation of DLG1 expres-

sion, we analysed the 5¢ ends of DLG1 transcripts by

RACE-PCR and have identified an alternative splicing

event in the 5¢ region of DLG1 mRNA that generates

transcripts with two different 5¢-UTRs. A genome-wide

screening of alternative splicing and transcriptional ini-

tiation estimated that a significant number of genes are

differentially spliced within 5¢-UTRs, and UTR hetero-

geneity for a specific gene is likely to have a differen-

tial impact on protein expression [27–29]. In this sense,

many oncogenes and tumour suppressor genes tend to

express atypically complex 5¢-UTRs and it is thought

that deregulation of translation, via these 5¢-UTR

sequences, is responsible for expression changes in can-

cer cells, playing a key role in carcinogenesis [30]. In

this respect, Smith et al. recently reported that the effi-

ciency of translation of oestrogen receptor isoforms

(ERb) is regulated by alternative 5¢-UTRs. Moreover,

the different ERb 5¢-UTRs are differentially expressed

between normal and tumour tissues of breast and lung

origin thereby resulting in changes in the levels of ERb
expression during carcinogenesis [31].

It is well established that translation control is medi-

ated by 5¢-UTRs that may influence the amount of

protein produced from messages by altering mRNA

stability, localization or translational efficiency [27,28].

Within 5¢-UTRs, the presence of stable secondary

structures, binding sites for trans-acting factors or

short ORFs upstream (uORFs) of the main coding

sequence can have a strong influence on cap-dependent

translation [27]. Moreover, some factors that are

known to reduce translation efficiency are longer

5¢-UTRs with multiple start codons that may result in

false starts or short ORF segments that lead to non-

sense products [32–34]. In this work, we have shown

by reporter assays that the DLG1 5¢-UTR with an
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alternatively spliced exon interferes with the translation

of a downstream ORF, suggesting that the splicing

event within the 5¢-UTR contributes to regulation of

DLG1 expression. We have also observed that the

large version of the DLG1 5¢-UTR generates stable

secondary structures that may contribute to its ability

to repress translation. The data presented in this study

suggest that multiple mechanisms contribute to DLG1

regulation, and show that differential expression of

alternative 5¢-UTRs with different translational proper-

ties, in the total pool of DLG1 mRNAs, could result

in changes in DLG1 abundance.

Results

Analysis of DLG1 mRNA 5¢ region by RACE

Having previously reported the characterization and

functional analysis of the DLG1 promoter region [26],

we wanted to fully characterize the putative regulatory

functions of the 5¢ DLG1 sequences and determine

whether the DLG1 transcriptional start site (TSS),

identified using lymphocyte RNA, was conserved in

epithelial tissue [35]. To do this, 5¢ RACE reactions

were carried out using RNA isolated from HaCaT

cells that express high levels of DLG1 mRNA and spe-

cific DLG1 primers (3¢-DLG Outer and 3¢-DLG Inner)

as described in Materials and methods. These reactions

yielded two bands of � 150 and 250 bp as detected by

gel analysis. The respective clones were sequenced and

aligned with the published DLG1 gene sequence [35],

and this analysis showed multiple transcription initia-

tion sites spread throughout a region of � 50 bp in

exon A, located upstream of the previously reported

TSS, arbitrarily designated as nucleotide +1 in our

previous report [26] (Fig. 1A). This discrepancy may

be due to cell-type-specific differences.

The products contained the 5¢-UTR and part of

exon C (containing the principal ATG), as predicted

from the published cDNA sequence of DLG1 [35]

(Fig. 1A). However, 5¢ RACE experiments also

revealed that the 5¢-UTR of DLG1 undergoes differen-

tial splicing to produce two mRNA transcripts: a large

one (5¢-UTR DLG1 large), which contains 115 addi-

tional nucleotides designated as exon B; and a short

version (5¢-UTR DLG1 short) in which the exon B is

absent (Fig. 1A). The additional 115 bp non-coding

sequence, present in the 5¢-UTR large version, matches

exactly with the DLG1 cDNA, indicating that DLG1

contains two non-coding exons (exons A and B,

Fig. 1A) and that exon B is alternatively spliced to

produce two mRNA transcripts. It is important to

point out that the original cDNA published by Lue

et al. [35] coincided with the large 5¢-UTR form.

The extra exon B is flanked by AG and GT dinucleo-

tides, so the splice junctions are consistent with the

AG in the splice acceptor site and GT in the donor site

(the GT–AG rule) [36] (Fig. 1B). However, analysis of

the exon sequences at the splicing boundaries shows

that even though the 3¢ splice site matches perfectly

with the mammalian consensus (GT), the 5¢ site CG is

not the optimal one (AG) (Fig. 1B). This could explain

the fact that the splicing machinery can bypass the site,

resulting in the large 5¢-UTR species. There was no

preferential use of a particular initiation start site for

mRNA transcripts with or without exon B. Sequence

analysis of the additional exon present in 5¢-UTR

DLG1 large showed the presence of a uATG followed

by an in-frame termination codon upstream of the

main DLG1 translation start site (Fig. 1B). This indi-

cates the existence of a short uORF, which is lost in

the short version of 5¢-UTR DLG1.

With respect to species conservation, we examined

the 5¢-UTR of Rattus norvegicus DLG1 since it shares

a 92% identity with human DLG1 at the protein level.

The reported rat cDNA sequence (GeneBank ID

U14950) showed little conservation with human DLG1

across the 5¢-UTR; however, analysis of the sequence

demonstrated the presence of consensus sites for a

potential alternative splicing, and the presence of a

uORF in the putative alternative spliced exon.

These findings seem to indicate that these alternative

5¢-UTRs may play a role in regulating DLG1 expres-

sion. As a first step, we investigated if these alternative

DLG1 5¢-UTRs were expressed in different epithelial

cell lines. We performed RT-PCR assays for the differ-

ential amplification of both 5¢-UTRs, using RNA from

different epithelial cell lines. To do this, we designed

forward specific primers for each UTR and a reverse

common primer matching sequence in exon C

(Fig. 1A). As can be seen in Fig. 1C, both large and

small 5¢-UTR forms of DLG1, shown as upper and

lower major bands respectively, could be detected in

all cell lines analysed, validating the 5¢ RACE results.

Different 5¢-UTRs define the translational

efficiency of the messages

To address the functional impact of these UTRs on

the DLG1 mRNA transcripts, and their influence on

the efficiency of translation of the subsequent ORF,

we cloned each UTR immediately upstream of the fire-

fly luciferase (LUC) cDNA in the pGL3-Promoter

vector (pGL3P; Promega, Madison, WI, USA)

(Fig. 2A). The two reporter constructs, designed as

pGL3P-5¢-UTR large and pGL3P-5¢-UTR short, were

A. L. Cavatorta et al. Different DLG1 5¢-UTRs regulate translation efficiency
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transiently transfected into HEK293 cells. Renilla-

normalized LUC activity for each construct was com-

pared with the insertionless pGL3P (promoter control)

and expressed in Fig. 2B as relative firefly luciferase

activity. As shown in Fig. 2B, the results of these

assays showed conclusively that there were significant

differences in LUC activity between the constructs.

The normalized LUC activity values were 2.3 and 0.66

in cells transfected with either the pGL3P-5¢-UTR

short construct or the pGL3P-5¢-UTR large plasmid,

respectively. Therefore the relative luciferase activity in

cells transfected with the pGL3P-5¢-UTR short con-

struct was nearly three-fold higher than that from cells

transfected with the large version.

To investigate the mechanism that might be respon-

sible for these differences in translation levels, we

examined the contribution of the previously identified

uORF, since uORFs can reduce the translational effi-

ciency of a subsequent reading frame by stopping a

proportion of the scanning ribosomes from reaching

the true start codon [37]. Thus, we investigated

whether the presence of the uORF in the 5¢-UTR

CTTTTCCCCGGTGGGGATCTACCCCCGGGGTCGCCAGGCGCTGTCTCTGCCGCGGAGTTGGAAA 

CGGCACTGCTGAGTGAGGTTGAGGGGTGTCTCGGTATGTGCGCCTTGGATCTGGTGTAGGCGAG 
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Fig. 1. The 5¢-UTR of DLG1 undergoes differential splicing to produce two mRNA transcripts. (A) Schematic representation of 5¢-UTR of

DLG1 and mRNA splice variants. The multiple TSSs mapped by 5¢-RACE-PCR, located upstream of the previously reported TSS (G) which is

marked as +1 (GeneBank ID U13896 and U13897), are indicated by red arrowheads. Exons containing the 5¢-UTR are indicated. The DLG

5¢-UTR large includes exon A, exon B and part of exon C. In the short version of 5¢-UTR DLG the exon B is absent. Location of primers used

for specific PCR amplification of each alternative DLG1 5¢-UTR (F3, F4 and R) and for cloning them into pGL3P (F5 and R3) are shown by

arrows. The length of each exon is not drawn to scale. (B) Nucleotide sequence of the 5¢-UTR of the DLG1 gene. The previously reported

TSS (G) is marked as +1 with a bent arrow (GeneBank ID U13896 and U13897) [35]. Numbers on the left show bases upstream ()) and

downstream (+) from the above specified TSS. The extra exon B is shown as a shaded area. The splice junctions (nucleotides AG in the

splice acceptor site and GT in the donor site) are indicated in bold. The 3¢ and 5¢ splice site on the exon sequences are underlined (GT and

CG, respectively). The uATG and the main translation start ATG are shown by boxes with continued and dotted lines, respectively. The uORF

stop codon TAG is underlined and shown in italics. (C) RT-PCR analysis of both DLG1 5¢-UTRs. Total RNA of the indicated cell lines was

extracted and subjected to RT-PCR. Both large and short 5¢-UTR forms of DLG1 are shown as upper and lower bands respectively.
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DLG1 large affects the efficiency of translation of the

LUC downstream ORF. To test this, we mutated the

uATG to a stop codon (TAA) in the pGL3P-5¢-UTR

large vector and analysed effects on LUC expression.

This mutation allowed the generation of a third repor-

ter vector, called as pGL3P-5¢-UTR large MUT

(Fig. 2A), which was transfected into HEK293 cells.

As can be seen in Fig. 2B, this mutated vector showed

a substantial increase in reporter activity compared

with the wild-type form, and in line with the above

predictions; however, the levels were restored only to

60% of the levels of the short form. This observation
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Fig. 2. 5¢-UTRs of DLG1 determine translation efficiency. (A) Schematic representation of DLG1 5¢-UTR reporter constructs. LUC reporter

gene constructs were designed to contain individual 5¢-UTRs upstream of the LUC reporter gene in the pGL3P vector (Promega): pGL3P-5¢-
UTR large (containing exons A, B and C); pGL3P-5¢-UTR short (lacking exon B) and pGL3P-5¢-UTR large MUT (containing the uATG mutated

to a stop codon: ATG fi TAA). (B) Effect of DLG1 mRNA 5¢-UTRs upon LUC activity. The different reporter plasmids (0.04 lg) were trans-

fected into HEK293T cells. The level of LUC was normalized with the internal Renilla control (0.004 lg). The bars show normalized LUC

activity relative to the pGL3P vector data which was arbitrarily considered to be 1. Results represent data from three independent experi-

ments, each performed in triplicate. Mean data ± standard errors are shown. *P < 0.005 pGL3P-5¢-UTR short versus pGL3P-5¢-UTR large

relative LUC activity. **P < 0.05 pGL3P-5¢-UTR large MUT versus pGL3P-5¢-UTR large relative LUC activity. (C),(D) Differences in LUC acti-

vity did not result from variations in LUC transcription. (C) cDNA fragments for LUC (upper panel), SDH (middle panel) and Renilla luciferase

(lower panel) were specifically amplified by RT-PCR from HEK293 cells transfected with the different pGL3P-5¢-UTR reporter vectors. The

levels of SDH were analysed as a control of the amount of cDNA. The levels of Renilla were analysed as an internal control for normalization

of transfection efficiency. (D) For quantification we performed RT-qPCR as described in Materials and methods. The LUC mRNA contents

were normalized to the SDH mRNA contents for all samples and the relative LUC mRNA for pGL3P (empty vector) was arbitrarily considered

to be 1 (control).
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was in agreement with previous reports that suggest

the involvement of multiple mechanisms affecting

translation efficiency [31]. Nevertheless, the data pre-

sented in Fig. 2B clearly suggest that the mutation of

the uATG in the large version of 5¢-UTR DLG1 was

able to increase translation efficiency of the down-

stream ORF, indicating that the presence of a uATG

in the exon-B-included 5¢-UTR variant decreases the

initiation efficiency of the ATG preceding the main

ORF (start ATG).

To ensure that these differences in LUC activity did

not result from variations in LUC transcription, we

performed semiquantitative RT-PCR and real-time

quantitative RT-PCR (RT-qPCR) analysis (Fig. 2C,D).

Human succinate dehydrogenase (SDH) RNA was

used as an endogenous control for assessment of rela-

tive amounts of overall cDNA template. These assays

showed no differences in LUC mRNA levels between

cells transfected with the different pGL3P-5¢-UTR

reporter vectors. Similar rates of LUC mRNA showed

also that there are no significant differences in the

amounts of input plasmid or in their transfection effi-

ciencies. It is clear then that differences in transcription

from these vectors do not account for the differences in

protein expression, and that therefore the inclusion of

exon B in the large 5¢-UTR must have diminished

translation of the downstream LUC ORF. This indi-

cates that DLG1 5¢-UTR specifies the efficiency with

which downstream ORFs are translated.

As noted above, differential expression of alternative

5¢-UTRs can be found in different tissues and has been

linked with tumour progression [31]. Therefore, we

wanted to investigate if previously reported changes in

DLG1 levels in cancer cells and tissues could be related

to differential expression of alternative DLG1 5¢-UTRs

[15,16,38]. To do this we performed RT-qPCR analyses

of the expression of short and large DLG1 5¢-UTR on

cDNA isolated from immortal and transformed epithe-

lial cells. Interestingly, the short DLG1 5¢-UTR was

upregulated in the immortalized cells relative to trans-

formed cells, in both the squamous (immortal HaCaT

with respect to tumourigenic C33A, Fig. S1A) and kid-

ney (immortal HK-2 with respect to transformed

HEK293, Fig. S1B) derived cell lines. This result, whilst

preliminary, suggests that the short and the large

DLG1 5¢-UTRs are differentially expressed between

cells with different degrees of malignant progression.

Role of the different DLG1 5¢-UTRs in mRNA

stability

The data described above suggested that the alterna-

tive splicing event in the DLG1 5¢-UTR can contribute

to the regulation of DLG1 expression efficiency. Since

it has been reported that the 5¢-UTR can affect the

stability of mRNA [34], we next wanted to examine

whether the different 5¢-UTRs modulate DLG1 mes-

sage stability. To do this, cells were treated with acti-

nomycin D in order to halt synthesis of mRNA. Cells

were incubated with actinomycin D for up to 6 h, and

cDNA was prepared at various times as indicated in

Fig. 3. We performed semiquantitative and RT-qPCR

analysis using primers for each specific UTR, for a

sequence from the DLG1 reading frame (which is pres-

ent in all DLG1 messages) and for SDH, to allow

assessment of relative amounts of overall cDNA tem-

plate. The specificity of the qPCR amplification was

documented, in addition to melting curve analysis,

with agarose gel electrophoresis, revealing a single

product with the expected size in each case (data not

shown). The results obtained by the two methods

revealed no significant differences in mRNA stability

among the DLG1 5¢-UTR variants. As can be seen in

Fig. 3A,B, mRNA containing both forms of DLG1

5¢-UTR, large and short, remained at considerable
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Fig. 3. Role of the different DLG1 5¢-UTRs in mRNA stability.

HaCaT cells were treated with actinomycin D (5 lgÆmL)1) and the

total RNAs were prepared and processed at the indicated time

points. (A) RT-PCR analysis of each alternative DLG1 5¢-UTR, total

DLG1 and SDH were performed as described in Materials and

methods. The levels of SDH were analysed as a control of the

amount of cDNA. (B) For quantification we performed RT-qPCR as

described in Materials and methods. The DLG1 5¢-UTR mRNA con-

tents were normalized to the SDH mRNA contents for all samples

and the relative DLG1 5¢-UTR mRNA at 0 h was arbitrarily consid-

ered to be 1 (control).
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levels after 6 h of treatment with the inhibitor, indi-

cating that they are relatively stable. These stabilities

are reflected in the stability of total DLG1 mRNA

(Fig. 3A). We conclude that an accelerated degra-

dation of mRNA probably does not contribute to the

observed reduction in reporter gene expression associ-

ated with the DLG1 5¢-UTR large, and that the alter-

native splicing event in the DLG1 5¢-UTR does not

influence the stability of mRNA.

RNA fold modelling

Secondary structure within 5¢-UTR can strongly influ-

ence translational efficiency by acting as binding sites

for some regulatory proteins or by inhibiting the bind-

ing or scanning of the translational machinery [27].

Then, we were interested in whether RNA secondary

structure within these UTRs could contribute to the

differences in translation efficiency for each splice vari-

ant. Recent advances in computational modelling of

DNA and RNA have made such an investigation a

viable approach.

We have examined whether DLG1 5¢-UTRs are

capable of forming significant secondary structure.

Using the mfold RNA-folding software [39], each

splice variant’s mRNA sequence was computationally

folded. The degree and stability of these structures can

be quantified using the theoretical change in free energy

(DG); structures that are more stable release more

energy and have greater DG values. DLG1 5¢-UTR

large can form a structure with a DG value of )90 kca-

lÆmol)1, whereas the DG value of the DLG1 5¢-UTR

short is only )30 kcalÆmol)1 (Fig. 4). Modelling also

revealed that the 115 additional nucleotides of exon B,

present in the large version of DLG1 5¢-UTR, can form

an extremely stable stem loop (DG, )55 kcalÆmol)1)

(data not shown). These data indicate that the large

form of DLG1 5¢-UTR contains a significant secondary

structure that may well contribute to its low translation

efficiency, validating the results obtained with the LUC

assays. Interestingly, RNA modelling also showed that

the secondary structure of the 5¢-UTR large was main-

tained for the 5¢-UTR large MUT version bearing a

mutation of the uATG (DG )89 kcalÆmol)1 for 5¢-UTR

large MUT, Fig. 4). Thus, the combinations of uORFs

with stable secondary structures in the DLG1 5¢-UTR

large are likely to have a role as mediators of the

observed patterns of translation.

Discussion

In this study we present new insights about the mec-

hanisms that regulate DLG1 expression. Although

several alternatively spliced DLG1 isoforms have been

previously described, those splicing events occur solely

in the DLG1 coding region [40]. Thus, this is the first

report demonstrating that the DLG1 gene undergoes

alternative splicing to give two different transcripts

containing distinct 5¢-UTRs (large and short).

Since DLG1 is known to be altered in cancers of

epithelial origin and is the target of oncogenic HPV,

we were first interested in investigating the initiation of

DLG1 transcription in epithelial cells [15,16]. The

results of RACE assays using HaCaT epithelial cells

allowed the identification of several initiation sites.

Transcription from multiple start sites that are often

distributed over a short region of about 100 nucleo-

tides has been proposed for TATA-less promoters rich

in GC box motifs, such as the DLG1 promoter [26].

However, it is not possible to rule out the possibility

that some of the RACE sequenced products might be

truncated forms. As previously mentioned, the original

published cDNA reported by Lue et al. [35] (Gene-

Bank ID U13896 and U13897), and also a second pub-

lished sequence concerning the DLG1 IS2 isoform

(GeneBank ID NM_004087), designated the G nucleo-

tide shown as +1 (Fig. 1A,B) as the TSS. The

sequence of these entries coincides exactly with the

large 5¢-UTR DLG1 that we identified. A blastn

search of human expressed sequence tags databases

using the published cDNA sequences revealed many

expressed sequence tags that share homology with

DLG1 but which differ from the classical sequence in

the 5¢ end (GeneBank ID U13896 and U13897) [35].

This provides evidence that DLG1 transcripts with

variable 5¢ termini probably exist. Interestingly, a sig-

nificant number of those DLG1 sequences with differ-

ent 5¢-UTRs came from placental or fetal tissues. This

analysis was confirmed by bioinformatics data

obtained using the UTR database tool developed by

Grillo et al. [41] (http://utrdb.ba.itb.cnr.it/). In this

case, six different entries were found for the DLG1

5¢-UTR. Four of them corresponded to the original

published cDNA mentioned above (GeneBank ID

U13896 and U13897, [35]). The other entries corre-

sponded to cDNA with unusual 5¢-UTRs in the DLG1

transcripts and were derived from fetal liver (Gene-

Bank ID EF553524) and placenta (GeneBank ID

BC015560). Future analysis using RNA from different

tissues will help to confirm these sequences and con-

firm the regulation of DLG1 expression by these alter-

native 5¢-UTR isoforms.

We have functionally analysed the large and short

DLG1 5¢-UTRs and found that 5¢ end shortening as

well as skipping of exon B increased the capacity for

heterologous protein expression (Fig. 2B). The in vivo
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Fig. 4. Secondary structure of DLG1 5¢-UTR large and short mRNA. Bent arrows indicate the start of the ORFs (uATG and ATG). The shaded

area in the left panel corresponds to the 115 nucleotide sequence that is spliced out in DLG1 5¢-UTR short. The splice junction is indicated

by straight arrows. The mutation of the uATG to a stop codon in the 5¢-UTR DLG1 large MUT is indicated (bottom panel).
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experiments using LUC reporter gene assays indicated

that translational efficiency of the short 5¢-UTR is

higher than that of the exon-B-containing 5¢-UTR ver-

sion. Moreover, this difference may be due to post-

transcriptional mechanisms rather than to differences

in the transcription activity (Fig. 2C). These observa-

tions are in line with previous suggestions that shorter

5¢-UTRs are more capable of efficient translation [42],

and support the notion that alternative events in

5¢-UTRs of mammalian genes contribute to the regula-

tion of translation. It is important to note that the

DLG1 large and short 5¢-UTRs, cloned into the repor-

ter vector (pGL3P), are represented by transcripts

bearing a common TSS found in 5¢ RACE clones and

shared by the two isoforms (nucleotide )11, Fig. 1A).

There are several mechanisms by which the 5¢-UTR

may regulate translation. Stable secondary structures

and the presence of the short uORF in the 5¢-UTR

considerably compromise translation efficiency [32].

While moving along the transcript, the 40 S ribosomal

subunit scans and evaluates initiation codons sequen-

tially, starting at the 5¢ end of the mRNA. The pres-

ence of short ORFs in the 5¢-UTR allows the initiation

complex to remain bound to the RNA even after the

apparently wasteful translation of the short peptide.

Thus, a small ORF greatly reduces but does not elimi-

nate translation of the correct polypeptide [43].

We have examined whether such mechanisms are

involved in the differences observed in translation effi-

ciency mediated by the alternative DLG1 5¢-UTR. We

have identified in the alternative spliced exon the pres-

ence of a small uORF (seven codons) and demonstrated

that mutation of the uATG could reverse to some extent

the negative regulation of the large 5¢-UTR.

It has been demonstrated that 5¢-UTRs can regulate

mRNA stability and specifically that RNA decay is

enhanced in uORF-containing transcripts, contributing

towards the low translation efficiency [44]. Thus, we

investigated the decay rate of DLG1 RNA bearing the

different DLG1 5¢-UTRs by treatment with actinomy-

cin D and RT-PCR assays. We found in this case that

there was no significant difference in the stabilities of

the two 5¢-UTR isoforms and the relative low decay

rate is reflected in the levels of the coding DLG1

mRNA region used as a control. This observation is in

line with reports indicating that mRNA stability is reg-

ulated by the 3¢-UTR rather than the 5¢ termini of the

transcripts [45].

Secondary stem loop structures in the 5¢-UTR have

been shown to block the migration of 40 S ribosomes

during translation, especially for stable structures

(DG < )50 kcalÆmol)1) [32]. In some cases trans-acting

factors bind these elements and regulate continued

scanning of the ribosome; in others, the RNA struc-

ture itself blocks ribosome passage [46]. Using compu-

tational modelling we showed that the large DLG1

5¢-UTR isoform forms a more stable structure than

the short version. This altered secondary structure

might result in loss ⁄ gain of recognition by specific cel-

lular factors, thus potentially contributing to the differ-

ential translation efficiency of the isoforms. The stable

structure was conserved even when the uORF was dis-

rupted (Fig. 4), which could explain why the mutated

version of the large 5¢-UTR, whilst restoring the effi-

ciency of translation, was still less efficient than the

short version (Fig. 2B). Again these data demonstrate

that multiple mechanisms contribute to the regulation

of translation mediated by the 5¢-UTR, including the

presence of uORF and RNA secondary structures,

which is similar to recent findings reported by Smith

and collaborators [31]. It has also been previously

reported that the 3¢-UTR can play a role in the regula-

tion of translation, and that specific combinations of

alternative 5¢- and 3¢-UTRs can specify the efficiency

of translation of individual transcripts [31]. To our

knowledge, the cloning, analysis and ⁄or identification

of alternatively expressed DLG1 3¢-UTRs have so far

not been reported. This is an interesting aspect that

needs to be taken into consideration in future studies

for gaining a more complete understanding of the

regulation of DLG1 expression.

There are many examples in which non-coding

elements within messages modify gene expression

[37,47]; however, very few studies have shown physio-

logical regulation with alternative UTRs that, in turn,

allow the synthesis of different amounts of protein.

Most of the studies show genes deregulated in this way

during carcinogenesis [30,31,46].

Here we describe a further mechanism by which the

tumour suppressor activities of DLG1 may be regu-

lated: downregulation of DLG1 by modulation of the

relative expression of DLG1 5¢-UTRs. Furthermore,

having shown that these 5¢-UTRs have differential

effects on translational efficiency, future work to ana-

lyse if the alternative 5¢-UTRs are differentially

expressed between various normal and tumour tissues

would help towards an understanding of the changes in

DLG1 abundance during tumour progression [15,16].

As a preliminary step towards this, we in fact showed by

RT-qPCR analysis that the large DLG1 5¢-UTR iso-

form, which reduces the translation efficiency of a

downstream ORF, is indeed upregulated in cells with a

greater degree of malignant potential (Fig. S1).

In summary, we have demonstrated that the DLG1

transcript can be expressed with an alternatively

spliced 5¢-UTR, and that the different 5¢-UTRs directly
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regulate the translation of the downstream ORF.

We have also determined that uORFs and stable sec-

ondary structures are responsible for this regulation.

Thus, DLG1 expression may be defined not only by

the total amount of mRNA but also by the propor-

tions of the different 5¢-UTRs within these messages,

allowing the fine tuning of DLG1 expression according

to the physiological requirements of the cell.

Materials and methods

Cell culture and transfections

Human embryonic kidney (HEK293), HaCaT, HeLa,

C33A, HK-2 and CaCo-2 cells were grown in Dulbecco’s

modified Eagle’s medium (Gibco, Grand Island, NY, USA)

supplemented with 10% fetal bovine serum (Gibco). Cells

were transfected using calcium phosphate precipitation as

described previously [48].

RNA isolation, cDNA synthesis, semiquantitative

RT- PCR and real-time RT-PCR

Total RNA was purified using Trizol according to the manu-

facturer’s protocol (Invitrogen, Carlsbad, CA, USA). For

evaluating the levels of chimeric luciferase transcripts, RNA

was purified using the NucleoSpin RNA ⁄Protein kit

(Macherey-Nagel, Düren-Düren, Germany) that includes a

treatment with DNase in order to avoid the amplification of

reporter plasmid DNA. Synthesis of cDNA was obtained

from 2 lg of RNA using 200 U MMLV reverse transcrip-

tase (Invitrogen) and either random hexamers or oligo(dT)

primers. A control lacking reverse transcriptase was also per-

formed. cDNA samples were subjected to PCR using specific

primer pairs. Each alternative DLG1 5¢-UTR was amplified

specifically using different sense primers corresponding to

sequences across the A ⁄B exon boundary (F3, for DLG1

5¢-UTR large 5¢-TGTCTCGGTATGTGCGCCTT-3¢) or the
A ⁄C exon boundary (F4, for DLG1 5¢-UTR short,

5¢-TGTCTCGGTGTGTGCCCTCTT-3¢) and a common

antisense primer (R, 5¢-AGCTGTCTGTCTTCAGTTTGG-

CT-3¢) derived from sequences in exon C. The localization

of these primers is shown in Fig. 1A. Total DLG1 cDNA

was amplified using primers that target the coding region

[DLG-F, 5¢-CAAGCAGCCTTAGCCCTAGTGTA-3¢ (sense),
and DLG-R, 5¢-CATGAACCAATTCTGGACCTATCA-3¢
(antisense)]. SDH, used as housekeeping marker, was ampli-

fied with SDH-F 5¢-GCACACCCTGTCCTTTGT-3¢ (sense)
and SDH-R 5¢-CACAGTCAGCCTCGTTCA-3¢ (antisense)
oligonucleotides. Firefly luciferase (LUC, used as control to

ensure that the differences in LUC activity were not due to

variations in firefly LUC mRNA expression) was amplified

with primers LucF 5¢-TCAAAGAGGCGAACTGTGTG-3¢
(sense) and LucR 5¢-GGTGTTGGAGCAAGTGGAT-3¢

(antisense); and Renilla luciferase (used as internal control

for normalization of transfection efficiency) with RL-Fw

5¢-ATGGGATGAATGGCCTGATA-3¢ (sense) and RL-Rv

5¢-CAACATGGTTTCCACGAAGA-3¢ (antisense) oligonu-

cleotides.

To investigate the stability of the DLG1 mRNAs,

HaCaT cells were treated with actinomycin D (5 lgÆmL)1)

and harvested at 0, 2, 3, 4 and 6 h post addition of the

drug, when total RNA was isolated and processed as

described above.

RT-qPCR analysis was performed using Eva Green

qPCR Mezcla Real (Biodynamics, Buenos Aires, Argentina)

and Eppendorf Mastercycler EP Realplex (Eppendorf,

Hamburg, Germany). For these analyses, the primers used

were the same as described above except for DLG1 5¢-UTR

large transcript where a new sense primer was designed

with the following sequence: F-large, 5¢-GGGCTAGGG-

CAAGGTGTGT-3¢. All qPCR runs were done using the

following conditions: 5 min at 95 �C followed by 40 cycles

of denaturation (15 s at 95 �C), annealing (15 s at 57 �C)
and extension (20 s at 68 �C), with a single acquisition of

fluorescence levels at the end of each extension step. Melt-

ing curves were generated after each PCR to maximize fluo-

rescence from Eva Green binding to the desired amplicon

and to ensure that a single, specific product was amplified.

The specificity of the amplified PCR products was also con-

firmed by agarose gel electrophoresis. The results were anal-

ysed with the comparative cycle threshold method.

All experiments were carried out in triplicate and repeated

at least four times.

5¢-RACE-PCR

TSSs of DLG1 were mapped by 5¢-RACE-PCR. Total

HaCaT cell RNA was prepared as described. The 5¢-RACE-

PCR products were generated using the First Choice RLMR

ACE kit following the manufacturer’s instructions (Ambion,

Austin, TX, USA). Briefly, dephosphorylated and de-capped

HaCaT mRNAs were ligated to the RLMRACE RNA oligo

(Ambion). Then, cDNAs were synthesized using random

hexamers as described. The single-stranded cDNAs were

amplified in a primary PCR with adaptor primer RLMR

ACE 5¢ RACE Outer 5¢ (5¢-GCTGATGGCGATGAAT

GAACACTG-3¢) and the gene specific reverse primer

3¢-DLG Outer (5¢-TCCTCCAAAAGGTGCAATGCTCT

CT-3¢), followed by a secondary PCR using the nested

adaptor primer RLMRACE 5¢ RACE Inner 5¢ (5¢-CG
CGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3¢)
and the gene specific reverse primer 3¢-DLG Inner (5¢-TC
CGGACCGGCATTTTTCTCCAGAA-3¢). Specific DLG1

primers were designed according to the reported DLG1

cDNA sequences and correspond to sequences in exon C

close to the initiation of translation (Fig. 1A) [35]. The condi-

tions for the first- and second-round PCRs consisted of

5 min at 94 �C, 30 cycles of 94 �C for 30 s, 62 �C for 30 s
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and 72 �C for 30 s, with a final extension of 10 min at 72 �C.
PCR products were separated on a 1.5% agarose gel, purified

and cloned into pGEM-T Easy plasmid (Promega). Insert

DNAs were isolated from individual colonies and sequenced.

Plasmid construction

For construction of the reporter gene vectors, the alternative

5¢-UTR of DLG1 transcripts were PCR amplified by using

specific RACE products as templates, and primers DlgF5

[5¢- TATAAGCTTT(-11)CTGCCGCGGAGTTGGAAA-3¢
(sense)] and DLGR3 [5¢-TATCCATGGTTCTCCAGAA

TCGAGGAAGAGG-3¢ (antisense)], which contain the Hin-

dIII and NcoI restriction sites respectively (underlined), to

facilitate cloning into the pGL3P luciferase reporter vector

(Promega). The primer locations are shown in Fig. 1A. After

amplification, the PCR products were digested with HindIII

and NcoI, gel purified and cloned into the pGEM-T Easy

vector. The identities of the clones for the large and short

5¢-UTRs were confirmed by sequencing analysis. Inserts from

positive clones were removed by digestion with HindIII and

NcoI and subcloned intoHindIII ⁄NcoI digested pGL3P lucif-

erase reporter vector (Promega). The 5¢-UTRs were inserted

upstream of LUC ORF, which is under the control of the

SV40 early enhancer ⁄ promoter. The NcoI site hence contains

the initiating ATG of LUC, excluding any vector-derived

5¢-UTR sequence. The DLG1 5¢-UTR large MUT construct

was obtained by introducing point mutations into the

upstream ATG (uATG, ATG fi TAA) by the two-step PCR

method described by Higuchi [49]. The primers used were

5¢-TGTCTCGGTTAATGCGCCTTGGATCTGGTGTAGG

CGAGGT-3¢ (sense) and 5¢-ACCTCGCCTACACCAGATC

CAAGGCGCATTAACCGAGACA-3¢ (antisense). The

mutated fragment was inserted into HindIII ⁄NcoI digested

pGL3P vector, as described above. All the derivatives were

confirmed by DNA sequencing.

Measurement of luciferase activity

The translational efficiency for each 5¢-UTR was measured

with reporter gene constructs using the dual luciferase

reporter assay kit from Biotium (Hayward, CA, USA).

HEK293 cells were cultured overnight and transfected with

the different chimeric pGL3P constructs. For normalization

of transfection efficiency, the pRL vector encoding Renilla

luciferase was co-transfected as internal control and the

level of LUC was normalized to that of the Renilla lucifer-

ase activity in each experiment. For all experiments, cells

were cultured for 24–48 h after transfection, luciferase

assays were performed using the Firefly & Renilla Lucifer-

ase Assay Kit, and luminescence was measured on a lumi-

nometer LD 400 (Beckman Coulter, Brea, CA, USA). The

data from the luciferase experiments were then compared

with the activity of the insertion-less pGL3P (designed pro-

moter control), and LUC activity was expressed as an

n-fold increase in activity. All experiments were carried out

in triplicate and repeated at least four times.

Modelling of RNA secondary structure

Modelling of the secondary structures of the different splice

variant mRNAs was performed using the mfold program

(version 3.2) developed by Zuker [39]. The portal for the

mfold web server is http://www.bioinfo.rpi.edu/applications/

mfold. The mRNA sequences were simulated as though

they were at 37 �C in 1 m NaCl, which is the current stan-

dard condition used in fold modelling.

Statistical analysis

The statistical significance of the data from the luciferase

assays was obtained by analysis of variance (ANOVA), fol-

lowed by multiple comparisons performed by the Duncan

test. A P value < 0.05 was considered significant.
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