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ABSTRACT

The connexin43 (cx43 ) gene was originally described
as consisting of two exons, one coding for most of the
50-untranslated region (50-UTR), and the other for the
protein sequence and 30-UTR. We now report that in
mouse four additional exons areexpressed, all coding
for novel 50-UTRs. Altogether, we found nine different
cx43 mRNA species (GenBank accession numbers
NM010288, and AY427554 through AY427561) gener-
ated by differential promoter usage and alternative
splicingmechanisms.Therelativeabundanceofthese
different mRNAs varied with the tissue source. Inaddi-
tion, the different transcripts showed varying transla-
tional efficiencies in several cell lines, indicating the
presence of cis-RNA elements that regulate cx43
translation. We propose that it is the promoter driving
the expression of the cx43 gene that determines exon
choice in the downstream splicing events in a cell-
type-dependent fashion. This in turn will affect the
translation efficiency of the transcript orchestrating
the events that lead to the final expression profile of
cx43. Since a similar organization of the cx43 gene
was also observed in rat it is likely that the complex
regulation of cx43 expression involving transcription,
splicing and translation mechanisms is a common
trait conserved during evolution.

INTRODUCTION

Connexin43 belongs to a family of transmembrane proteins
that oligomerize to form hexameric structures called connex-
ons. Head-to-head docked connexons provide low-resistance
cell-to-cell channels between adjoining cells, clusters of which
are called gap junctions. It is through gap junction channels
that cells share ions, second messengers and small metabolites
of up to 1 kDa in molecular mass (1). If gap-junctional com-
munication is compromised, normal tissue function cannot be
maintained and disease may ensue. Mutations in genes that

encode gap-junctional proteins leading to abnormal patterns of
connexin expression often correlate with diseases, such as
Charcot-Marie-Tooth disease (CMTX) (2,3), deafness (4),
heart failure (5–8) and cancer (9–12). Cx43 is expressed in
multiple tissues including epithelium, myocardium, myome-
trium and other smooth muscles. Its relative abundance varies
from tissue to tissue. The regulation of its expression in res-
ponse to external stimuli or during development appears to be
cell-type-specific (13–17). This suggests that complex mechan-
isms may be involved in the regulation of the cx43 gene.

Fishman et al. (18) and Fromaget et al. (19) showed that
the levels of cx43 mRNA and protein concentrations increased
8–15-fold in the rat and mouse developing heart between the
early fetal period and 6 weeks after birth. Maximum cx43
mRNA levels are reached 1 week after birth while the peak
in cx43 protein does not occur until the third week of life. This
temporal difference in the accumulation of mRNA and protein
suggests that at early stages of heart development the levels
of expression of cx43 protein are regulated at the post-
stranscriptional level. In addition to the temporal differences,
there are also regional differences. Immunohistochemistry and
in situ hybridization in rodent fetal heart showed high expres-
sion of cx43 mRNA but no detectable protein in the subepi-
cardial layer of the ventricular free wall. In contrast, a
relatively faint signal corresponding to cx43 mRNA and a
relative abundant expression of cx43 protein are observed
in the myocardium of the atria and the ventricular trabecula-
tions (18–21). Adult heart is also an example of regional
regulation of cx43 expression. In the ventricle, cx43 protein
is abundant in the trabeculae and weak in the epicardial myo-
cardium, despite similar mRNA levels (22,23).

Another example of the complex regulation of the cx43 gene
is found in the ovary (24). In the primordial follicle cx43 expres-
sion is restricted to the cumulus/granulosa cells, and no cx43 is
expressed in the prophase-arrested oocyte. Maturation of the
follicle involves a series of events that require varying levels of
cx43 (13,14,16,24). During estrous cycle, the regulation of cx43
expression is dependent on the levels of gonadotropins.
Exposure of granulosa cells to follicle stimulating hormone
results in the upregulation of cx43 mRNA and protein. In
contrast, luteinizing hormone (LH) elicits an inhibitory effect
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on cx43 synthesis in large preovulatory follicles. A decrease but
not complete disappearance in cx43 mRNA is seen after long
exposure to LH (13). Altogether, these studies suggest that the
cx43 gene in the ovary is also regulated by cell-type-dependent
transcriptional and post-transcriptional mechanisms.

The structure of the connexin genes was initially thought to
be conserved for all members of this family. It was described
as consisting of two exons interrupted by a single intron of
variable size. The intron was found to be 10.5 kb for the
murine (25) and 8.6 kb for the rat cx43 gene (15) as charac-
terized by restriction digestion mapping and sequencing of
clones isolated from genomic libraries. In this structure,
exon1 encodes most of the 50-untranslated region (50-UTR)
while exon2 contains only 13 bases of the 50-UTR followed by
the complete coding sequence and its 30-UTR. Recently, a few
exceptions to this common structure have been found in some
connexin genes. The exceptions have been classified into two
groups, one involving alternative splicing of 50-UTRs, and the
other splicing of the connexin coding region (26). Examples of
the first group include the mammalian cx32 gene which
consists of four exons, three of them representing alternative
50-UTRs (27–29); the murine cx45 gene consisting of three
exons, two of them consecutively spliced to form its 50-UTR
(30); the cx30 gene with three exons either alternatively or
consecutively spliced (26); and the human cx40 gene with
three exons two of them alternatively spliced to form two
alternative 50-UTRs (31). The second group includes the con-
nexins hCx31.3, mCx36, hCx36 and mCx57 (26,32,33), but
most of their gene structures have not been fully described.

Even though enough evidence exists to suggest the exist-
ence of regulation of translation of the connexin genes,
not much is known about the mechanisms involved. Alternate
50-UTRs are highly suggestive of translational control. In fact,
a single point mutation in the nerve-specific 50-UTR of the
cx32 mRNA prevents its translation in patients with CMTX
disease (34). In addition, internal ribosomal entry sites (IRESs)
have been found in the 50-UTRs of the cx32 and the cx43 genes
(34,35), which have been proposed to function in maintaining
connexin expression at times when cap-mediated translation is
shut off (36). This together with our interest to understand the
mechanisms of regulation of the cx43 gene prompted us to
further investigate whether additional 50-UTR sequences of
the cx43 gene may exist. If such alternative 50-UTRs exist,
any investigation on connexin43 gene regulation would have
to take them into account. As a first step, we searched the
expressed sequence tags (ESTs) database for sequences coding
for cx43 but varying at their 50 ends. This initial search led us
to discover eight previously unknown 50 UTRs in mouse cx43
mRNA, which appear to exhibit different translational effi-
ciencies. Furthermore, two additional cell-type-specific pro-
moters were identified which are likely to be used to
differentially regulate transcription of the cx43 gene. From
this work, a complex gene structure emerges for cx43
which suggests a rather intricate regulation of cx43 expression.

MATERIALS AND METHODS

Database search and secondary structure prediction

GenBank vertebrate EST databases and rodent genomes were
searched for cx43 sequences with the basic local alignment

search tool (BLAST) developed by the National Center for
Biotechnology Information (NCBI) (37). The secondary struc-
ture of each cx43 50-UTR was predicted by the mFOLD pro-
gram based on the Zuker algorithm at http://www.bioinfo.
rpi.edu (38,39).

RT–PCR

An aliquot of 1–5 mg of total RNA from mouse and rat tissues
isolated with Trizol1 reagent (Invitrogen), and subsequently
treated with RQ1 DNase (Promega), was used for first-strand
cDNA synthesis with M-MuLV Reverse Transcriptase (NEB)
and an antisense primer annealing to the cx43 coding region
(50-ACT GTT CAT CAC CCC AAG CTG-30). The RNA
template was subsequently cleaved with RNAse A, and
one-tenth of the cDNA products were amplified using Taq
polymerase in a standard PCR. A nested antisense primer
within the cx43 coding region (mouse: 50-AGC ACC GAC
AGC CAC ACC TTC-30 and rat: 50-AGC ACT GAC AGC
CAC ACC TTC-30) and several exon-specific forward primers
were employed in the subsequent PCRs (mouse: exon1As, 50-
AAA GCT CTG TGC TCC AAG TTA A-30; exon1A, 50-AAA
GGC GTG AGG GAA GTA CCC-30; exon1Bs, 50-TGC GTT
GCG TCT TTG ACT TAG G-30; exon1C, 50-TCT CTG GCA
GAG TCT TGG TCG-30; exon1A-1E, CAT TAA GTG AAA
GAA CAG GGT CTC TC-30; and rat: exon1As, 50-AAG CTC
TGC GCT CCA AGT TAG-30; exon1A, 50-GGA AGG CGT
GAG GAA AGT ACC-30; exon1B, GCG TTG CGT CTT TGG
CTT AGG-30; exon1C, 50-ATG CTC ACT GGG CTT CTC
TGG-30). The PCR products were separated on a 2% agarose
gel and visualized by ethidium bromide staining. Gel-purified
products (GenElute minus EtBr spin columns; Sigma) were
cloned into the pPCR-Script Amp vector (Stratagene) and
sequenced. Sequencing was performed in an automated 337
DNA sequencer (PerkinElmer) in the DNA Core Facility of
the University of Miami (Department of Biochemistry and
Molecular Biology). For semiquantitative RT–PCR, an anti-
sense primer annealing to the b-actin coding region (50-ATA
GCA CAG CTT CTC TTT GAT GTC-30) was included in the
first-strand synthesis reaction and a nested reverse (50-TCA
GGA TCT TCA TGA GGT AGT CTG-30) and forward
(50-GAA TGG GTC AGA AGG ACT CCT ATG-30) primers
annealing to the b-actin coding region were included in the
PCR amplification step. For semiquantitative RT–PCR of the
chimeric cx43 50-UTR-F-luc mRNA transfections, an anti-
sense primer annealing to the F-luc coding region: 50-TCA
CTG CAT ACG ACG ATT CTG TG-30 and the other two
nested antisense primers, both of which anneal to the F-luc
coding region: 50-GCT GGA GAG CAA CTG CAT AAG
GC-30 and 50-GAA GTA CTC AGC GTA AGT GAT GTC-30,
were used.

50-RLM-rapid amplification of cDNA ends (RACE)

To map the transcription start sites for the cx43 transcripts, we
used the 10–12-day-old mouse embryonic cDNA First Choice
RACE-Ready cDNA system from Ambion. In this system only
full-length, capped mRNA is reverse transcribed. To assure
this, triple oligo(dT) selected, DNA-free, RNA template is
treated with calf intestinal phosphatase (CIP) to remove
50-phosphates from rRNA, tRNA and fragmented mRNA.
The cap structure is then removed by treatment with the
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Tobacco Acid Pyrophosphatase (TAP) to ligate a synthetic
RNA adapter oligonucleotide to the mRNA 50 end with T4
RNA ligase. A random-primed reverse transcription reaction
is then carried out to make a cDNA copy of the treated RNA.
Finally, the cDNA is RNase treated and size selected by
column chromatography. An aliquot of 0.5 ng of the cDNA
was used as template for PCR amplification with an antisense
primer annealing to the cx43 coding region (50-ACT GTT
CAT CAC CCC AAG CTG ACT-30) and a primer containing
the synthetic RNA adapter sequence. The products were fur-
ther amplified by a subsequent nested PCR using exon-specific
antisense primers (exon1As, 50-TCT GGG CAC CTC CTC
GTA AAA GC-30; exon1Bs, 50-TCT GGG CAC CTC AGT
ATC CTA AGT-30; exon1C, 50-GGA CTG GTA AGA TTC
ACT ACC TTC C-30; and exon1A-1E, 50-CAT GAT GGT
GCA CGC CTA TAA TCC-30). The final PCR products
were analyzed on a 2% agarose gel and visualized by ethidium
bromide staining. Gel-purified products (GenElute minus EtBr
spin columns; Sigma) were cloned into the pPCR-Script Amp
vector (Stratagene) and sequenced.

Reporter constructs

Generation of pGLp1(P1), pGLp2/2rev (P2/P2rev), pGLp3/
3rev (P3/P3rev) and pGLc(C) reporter promoter constructs.
A series of Firefly-luciferase expression constructs were crea-
ted by cloning fragments of the promoter and intron region of
the cx43 gene into the KpnI and either the HindIII or the BglII
sites of the pGL2Basic vector (Promega). pGLp1 contained
244 nt corresponding to positions �263 and �19 with respect
to the cx43 transcription start site. Similarly, pGLp2 contained
201 nt between positions +7 and +208; pGLp3(0.2) contained
251 nt between positions +1561 and +1812; pGLp3(1 kb)
contained 1091 nt between positions +1561 and +2652; and
pGLc contained 296 nt between positions +425 and +721. The
rat genomic clone c433 (15) was used as the template for PCR
amplification of all these fragments with the following primer
sets: for pGLc-50-GGT ACC AAT TTC CTA GAC TTG-30

(sense) and 50-AAG CTT AAT CCA AAA AAA AGG C-30

(antisense); for pGLp1- 50-GGT ACC TTT TAT CTG TGA
GGA GTC-30 (sense) and 50-GGA TCC TTT TAA AAG TTT
CAA GCC-30 (antisense); for pGLp2-50-GGT ACC TTT TAC
GAG GTA TCA G-30 (sense) and 50-AAG CTT ATC AAA
ACT TAC TCT TTC-30 (antisense); for pGLp3 (0.2 kb)
50-GGT ACC AAT CTG AAG TCT CTT CC-30 (sense)
and 50-AAG CTT GCC TCA GCA CAC ATC AG-30 (anti-
sense); and for pGLp3 (1 kb)-50-GGT ACC AGA AAA TAC
GTA GAT CGG-30 (sense) and same antisense as for pGLp3
(0.2 kb). For the reverse constructs, similar sets of primers
with opposite restriction site tailings were used.

Generation of pSP-luc+[A]60-derived cx43 50-UTR constructs.
Each of the mouse cx43 50-UTRs were subcloned into pSP-
luc+[A]60 vector, a modified version of the pSP-luc+ vector
(Promega) containing a poly(A) tail downstream of the Firefly-
luciferase coding region which was kindly provided by
Dr P. Marsden. A KpnI site and an NsiI site were used to
insert each of the 50-UTRs immediately upstream of the
luciferase coding region. The NsiI site was created by muta-
ting the luciferase start codon with the QuikChange1 site-
directed mutagenesis kit (Stratagene) and a set of mutagenic
primers (50-TCC TAG GAA GCT TTC CAT GCA TGA CGC

CAA AAA CAT AAA G-30 and its complementary primer).
The strategy used to obtain the different 50-UTRs comprises
PCR amplification steps using the RLM-RACE products and/
or the RT–PCR clones as templates with KpnI and NsiI tailed
specific primers.

The control vector pSP-Rluc+[A]60 was constructed by
replacing the Firefly-luciferase cDNA in pSP-luc+[A]60 with
the Renilla-luciferase cDNA obtained by digesting the pRL-TK
vector (Promega) with the NheI and the XbaI restriction
enzymes. For pSP-luc+[A]60-UTR1A-1EmATG and pcDNA-
UTR1A-1EmATG constructs, the upstream out of frame ATG
in UTR1A-1E was mutated to AAG in the constructs pSP-
luc+[A]60-UTR1A-1EandpcDNA-UTR1A-1Ebysite-directed
mutagenesis. We used the QuikChange site-directed mutagene-
sis kit (Stratagene) and the following mutagenic primers:
50-CGT GCA CCA TCA AGC CCG GCA CAA GAG-30 and
50-CTC TTG TGC CGG GCT TGA TGG TGC ACG-30.

Generation of pcDNA-derived 50-UTR constructs. Each of the
pSP-luc+[A]60-UTR construct was digested with KpnI and
EcoRI and the 50-UTRs were subcloned into these same
sites present in the multi-cloning site (MCS) of the
pcDNA3.1(+) vector (Invitrogen).

Generation of SL2-UTR1A, -UTR1AL, -UTR1A-1E and
SL2-EMCV bicistronic constructs. All the mouse cx43 50-
UTRs containing Exon1A, and the encephalomyocarditis
virus (EMCV) internal ribosome entry site (IRES) element
(positive control) were cloned into the EcoRI and XhoI
sites of the bicistronic SL2 vector. As a negative control
vector, the SL2M2 construct containing a mutated cx32
50-UTR was used (35).

Cell lines, transient transfections and dual
luciferase assays

Chinese hamster ovary (CHO) cells were maintained in Ham’s
F12K medium supplemented with 2 mM L-glutamine/10%
FBS and adjusted to contain 1.5 g/l sodium bicarbonate.
Mouse mammary epithelial HC-11 cells were maintained in
RPMI 1640 medium supplemented with 2 mM L-glutamine,
10% FBS, 0.1 mg/ml gentamicin, 0.01 mg/ml EGF and 5 mg/ml
of bovine insulin. Human cervix ephitheloid carcinoma HeLa
cells were maintained in DMEM-F12 medium supplemented
with 2 mM L-glutamine and 10% FBS. NIH3T3 mouse embryo
fibroblasts were maintained in DMEM supplemented with
10% newborn calf serum and 2 mM L-glutamine. N2A
mouse neuroblastoma cells were maintained in MEM supple-
mented with 10% FBS, 2 mM L-glutamine, 0.1 mM non-
essential amino acids and 1 mM sodium pyruvate. The cells
were transiently co-transfected with either 500 ng of each
vector (pGL constructs), 1200 ng (pcDNA-derived con-
structs), 300 ng (SL2-derived constructs) and 15–50 ng of
pRL-TK vector, as a control for transfection efficiency, per

well of an either 6- or 24-well-dish using LipofectAMINETM

2000 (Invitrogen) according to the manufacturer’s recommen-

dations. For mRNA transfections, 1 mg of F-luc mRNA and

0.05 mg of R-luc mRNA per well were used. Cells were lysed

48 h after transfection (or 10 h for mRNA transfections)

and Firefly- and Renilla-luciferase activities were assayed

with the Dual-Luciferase Reporter Assay System according
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to the manufacturer’s instructions (Promega), and a TD-20/20

luminometer (Turner Designs) set to dual mode with a 2 s

delay and a 10 s integration time. F-luc and R-luc mRNAs

were in vitro transcribed from 1 mg of XhoI linearized pSP-

luc+[A]60-UTR and pSP-Rluc+[A]60 constructs with the SP6

mMessage mMachineTM kit from Ambion. The quality of the

capped mRNA was assessed by electrophoretic separation on a

RNA Nano LabChip in a 2100 Bioanalyzer (Agilent Tech-

nologies, UM Microarray facility).

Ribonuclease protection assays (RPAs)

An aliquot of 10 mg of total mouse ovary RNA was analyzed
with 250 pg of specific antisense RNA probe using the HybS-
peed RPA kit according to the manufacturer’s protocol
(Ambion). The biotinylated antisense RNA probes contained
160 nt of the cx43 exon2 sequence directly downstream of
110 nt of either exon1C or exon1E sequence. The sequences
were PCR amplified from the tissue RT–PCR products and
ligated to an SP6 promoter adapter and subsequently amplified
with the Lig’nScribeTM kit from Ambion. An antisense primer
annealing to the mouse cx43 coding region: 50-ACT GTT CAT
CAC CCC AAG CTG ACT-30 and an exon-specific sense
primer annealing to the 30 end of either exon1C: 50-TAC
AGG GCA GCC TTT GGA GG-30 or exon1E: 50-GGC
TGT CCT GGA ACT CAC TTT G-30 were used. For
in vitro transcription, 100 ng of each SP6 template was
used with the MAXIscript Transcription kit (Ambion) accor-
ding to the manufacturer’s protocol. A total of 4 nmol of
Biotin-16-UTP and 6 nmol of unlabeled UTP were included
in the reaction. After DNaseI digestion of the DNA template,
the RNA probes were purified by gel electrophoresis (5% acryl-
amide/8Murea),andelutioninto0.5Mammoniumacetate/1mM
EDTA/0.2% SDS. For each probe, two control reactions where
the probe was hybridized to 50 mg of yeast total RNA were in-
cluded. In one reaction, RNase treatment followed hybridization
(background) and in the other the RNase treatment was omitted
(full-length probe).

RESULTS

Identification of alternate 50-UTRs of the cx43 gene

In the mouse, the two known exons, one coding for 50-UTR
and the other for the remaining 13 nt of the 50-UTR followed
by the complete coding sequence and 30-UTR, are located on
chromosome 10 between 2 223 826 and 2 257 208 nt; they are
separated by a 30 kb intron, according to the data available at
GenBank (http://www.ncbi.nlm.nih.gov). However, restric-
tion digestion and sequencing data on genomic clones had
assigned a size of 10.5 kb to the mouse intron (21). This
discrepancy of 20 kb could be due to an error in the assembly
of chromosome 10 sequence or to DNA rearrangements that
occurred during the generation or propagation of the genomic
library.

A BLAST alignment of the cx43 cDNA sequence against
the murine EST database revealed a long list of sequences that
perfectly matched exon2 but differed upstream from it. All
these sequences mapped to a region of chromosome 10
upstream of exon2 and they all contained consensus splice
junctions at their 30 ends. Based on this information, it

appeared possible that multiple mRNA species with different
50-UTRs are generated from the cx43 gene. To confirm the
existence of these predicted transcripts, total RNA from a
variety of tissues expressing cx43 was analyzed using RT–
PCR. As antisense primer a sequence complementary to the
coding region was used, and various forward primers were
designed according to the putative 50-UTRs derived from the
EST analysis (for details see Materials and Methods). All the
predicted exons were found in mRNA obtained from six dif-
ferent tissues (Figure 1A). It appeared that the relative abun-
dance of some of the mRNA species varied according to the
source of RNA and, therefore, must constitute a tissue-specific
feature. It should be noted that the RT–PCR products repre-
senting UTR 1BL and UTR 1BS-1D run at the same position in
the gel shown and thus needed to be identified by subcloning.
Sequence analysis of the PCR products confirmed that each of
the new exons, previously described as part of the cx43 intron,
was directly linked to exon2 (coding sequence). The complete
redefined exon–intron structure of the cx43 gene is shown in
Figure 1B. It contains six exons, five of which code for dif-
ferent 50-UTRs, and one for the coding region. Some of the
transcripts contain combinations of two exons, others three
exons (Figure 1C). In addition, there seems to be variation
in the size of some of the exons.

To investigate whether the complex structure of the cx43
gene applied only to the murine gene or whether this was a
general feature of the cx43 gene that is conserved across spe-
cies, a BLAST search of the human and other eukaryotes EST
databases was carried out using either the rat or the human
cDNA sequence as the query. The search did not yield any hit
in the human database other than the known 50-UTR (GenBank
accession no. NM000165). The rat EST database contained a
single alternative 50-UTR related to the mouse exon1C
sequence (GenBank accession no. CB613999). The human
and rat EST databases are much smaller and therefore less
complete than the mouse EST database. Thus, the lack of hits
does not rule out the existence of alternative 50-UTRs.

RT–PCR on different rat tissues (Figure 2A) indicates that
four of the six exons found in mouse are also present in rat. The
primers for RT–PCR analysis were chosen by their sequence
identity to the recently identified murine 50-UTRs and by their
relativeposition toexon2.Noequivalentsof themouseexons1D
or 1E were found. However, novel mRNA species containing
both a shorter and a longer version of the exon1C, not found in
mouse,were present in rat.This shows that thecx43gene inother
species is transcribed into multiple mRNA species as well
(Figure 2B). A new structure of the rat cx43 gene is depicted
in Figure 2C. No RT–PCR was performed on human mRNA.

Cell-type-dependent promoter usage and alternative
splicing generates a series of cx43 transcripts

Some of the newly identified exons, especially those that are
located within the previously described large intron, are likely
to be generated from different promoters. To determine the
transcription start sites of these mRNA species, cDNA
constructed from capped full-length oligo(dT)-purified
mRNA from 10–12–day-old mouse embryos (Ambion) was
subjected to 50-RLM-RACE analysis. The positions of the
reverse primers used in this experiment are indicated in
Figure 3A. Sequencing of the obtained PCR products revealed
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that there are several transcription start sites for exon 1A
corresponding to cytosines at positions �58, �13 and +1.
The start site for exon1B is an adenine at position +215,
and for exon1C a thymine at position +1793. The nucleotide
positions were numbered with respect to the previously des-
cribed start site (+1) (25). No primer was used for exon1D
since this exon always appeared linked to either exon1B or
exon1C. The two start sites found for transcription of exon1AS

probably are controlled by the previously known cx43 promo-
ter, which we now call P1. However, there must be two ad-
ditional promoters downstream of P1: promoter P2 located
within exon1A and promoter P3 located in the intron just
upstream of exon1C. The P2 sequence had been previously
proposed by Carystinos et al. (40) to function as an additional
promoter of the cx43 gene.

To test whether the P2 and P3 sequences could in fact
function as promoters, we subcloned �200 bp of the rat geno-
mic sequence immediately upstream of either exon1B or
exon1C into the MCS of the pGL2-Basic luciferase reporter
plasmid (Promega). When transfected into CHO cells both P2
and P3(0.2) constructs induced luciferase activities 8- and
3-fold, respectively, as compared to the empty vector
(Figure 3B). Inclusion of an additional 800 bp of upstream

sequence (P3 construct in Figure 3B) increased the activity to
13-fold, which is still below the levels provided by the pre-
viously described P1 promoter (28-fold). Insertion of inverted
sequences for P2 and P3 (P2rev and P3rev constructs) failed to
activate the luciferase gene. This demonstrates that P2 and P3,
indeed, can function as promoters. Relative promoter strength
was always P1 > P3 > P2 in all cell lines tested, which included
HeLa and HC-11 (data not shown).

To study whether promoter P3 is used more prominently in
certain cell types, the relative abundance of the exon1C tran-
script was determined in seven different tissues known to
express cx43. Screened tissues included heart, uterus, ovary,
brain, mammary gland, lung and liver. Semiquantitative RT–
PCR analysis suggested that among the tissues analyzed pro-
moter P3 was most active in the ovary (Figure 3C). Never-
theless, RNA protection analysis showed that the percentage
of transcripts produced from P3 represented only 8.5% of the
total cx43 mRNA in this tissue (see Figure 3D). This correlates
well with the in vitro transcription studies which classified P1
as a more active promoter than P3 in all cell lines tested
(Figure 3B and data not shown). It is possible that P3 activity
is regulated in response to unknown signals. Furthermore, P3
activity may be limited to specific cell types within a tissue.

Figure 1. Identification of new connexin43 50-UTRs in mouse. (A) RT–PCR of total RNA prepared from various mouse tissues including heart (H), uterus (U), brain
(B), mammary gland (MG), liver (Li) and lung (Lu). A common antisense primer annealing to the cx43 coding region and variable forward primers specific to each of
the new exons (see Materials and Methods) were used. The PCR products were analyzed in a 2% agarose gel and visualized by ethidium bromide staining. Subcloning
and sequencing of the bands confirmed that the products contain the cx43 UTR1A, 1AL, 1AS, 1BL, 1BS-1D, 1BS, 1C-1D, 1C and 1A-1E sequences, as indicated on the
right-hand side of the panels. n.s. indicates a non-specific PCR product. On the left-hand side, the positions of the molecular weight markers (PCR markers; Promega)
are indicated. (B) Diagram showing the genomic organization of the new cx43 exons, and the splicing combinations found in mouse cx43 mRNAs. Exon1AS and
exon1A partially overlap (11 nt). Asterisk indicates exon1AL splices directly to exon2. (C) Diagram showing the structure of the transcripts originated from the mouse
cx43 gene.
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Thus, it may be diluted by the more commonly used P1
promoter when whole tissue is analyzed. To test whether
this is the case, we decided to analyze different parts of the
heart which are known to contain different cell types. We
chose heart because regional differences in the regulation of
cx43 expression had been shown to involve both transcriptio-
nal and post-transcriptional mechanisms (23) and also because
dissection of its different parts is relatively easy. As shown in
Figure 3E, promoter P2 seems to be active in atria and septum
but not in the ventricle tip. In contrast, P3 functions only in
ventricle but not in the atrium or the septum. Promoter P1 is
active throughout the organ. Alternative splicing or exon
choice also seems to be cell-type-specific since transcripts
containing exon1B preferentially skip exon1D in the septum
whereas in the atrium exon1D is included in about half of the
transcripts. Inclusion of exon1E occurs preferentially in atrium
and to some extent in the septum, but not at all in the ventricle.

Translation of cx43 is regulated by its alternative
50-UTRs

What is the function of these alternatively spliced 50-UTRs?
It is possible that they provide a mechanism to regulate

expression of cx43 post-transcriptionally either by increasing
or decreasing the translational efficiency of the mRNA.
To further investigate this possibility, each of the nine dif-
ferent 50-UTRs was cloned immediately upstream of the
luciferase coding region in the CMV promoter driven
pcDNA3.1 plasmid (Invitrogen). Analysis of various cell
lines transiently transfected with these constructs shows that
all versions of exon1A 50-UTRs are equally efficient in the
production of protein with the exception of the exon1A–1E
combination which completely blocks luciferase expression
(Figure 4A). Translation of mRNA-containing exon1B as
50-UTR was less efficient, and mRNA-containing exon1C
was almost inactive. Only CHO cells showed some activity
with exon1C-containing mRNA. Our results also show that
mRNA containing the exon1BS–1D combination has a much
lower translational activity than mRNA containing
only exon1BL 50-UTR, even though exon1BL and the
exon1BS–1D combination have a similar length, indicating
that it is the 30 moiety of the leader sequence that plays a
role in the regulation of translation. The same pattern of dif-
ferential activity was observed when cells were transfected
with in vitro transcribed mRNA containing the various 50-
UTRs linked to the luciferase coding region (Figure 4B).

Figure 2. Identification of new connexin43 50-UTRs in rat. (A) RT–PCR of total RNA prepared from various rat tissues including heart (H), uterus (U), ovary (O),
mammary gland (MG), brain (B) and liver (Li). A common antisense primer annealing to the cx43 coding region and variable forward primers specific to each of the
new exons (see Materials and Methods for sequence and details) were used. The PCR products were analyzed in a 2% agarose gel and visualized by ethidium bromide
staining. Subcloning and sequencing of the bands confirmed that the products contain the cx43 UTR1A, 1AL, 1AS, 1B, 1CL and 1CS sequences, as indicated on the
right-hand side of the panels. n.s. indicates a non-specific PCR product. On the left-hand side, the position of the molecular weight markers (PCR markers; Promega)
is indicated. (B) Diagram showing the structure of the transcripts originated from the rat cx43 gene. (C) Diagram showing the genomic organization of the new exons
and the splicing combinations found in rat cx43 mRNAs. Exons1AS and exon1A partially overlap (11 nt).
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Figure 3. Cell-type-specific expression of the new cx43 exons from three different promoters. (A) RLM-RACE analysis of mouse embryo full-length capped mRNA.
Sequencing of the PCR-purified products determined the transcription start sites (tss) for exons 1A, 1B and 1C. With the R1C primer an unspecific product of smaller
size was obtained (*). PCR molecular markers (MW) (Promega) are shown. The positions of the tss are indicated by arrows on the cx43 sequence (right part of the
figure). The previously determined tss is underlined. The diagram shows the relative position of the reverse primers used in the PCR amplification of the 50-RACE
products. The locations of the putative promoters P2 and P3, with respect to the previously characterized cx43 promoter (P1), are shown by bent arrows. (B) Relative
luciferase (Firefly/Renilla) activity of CHO cells transiently transfected with various pGL-Basic constructs. The constructs contained either the cx43 promoter P1 or
the putative promoters P2 or P3 sequences in the 50 to 30 or the reversed (rev) orientation. The P3(0.2) construct contained 251 nt while the P3 construct contained
1091 nt of sequence upstream of exon 1C. As controls the empty pGLBasic vector (Promega) and the C construct containing 296 nt of cx43 intron sequence
immediately upstream of exon1B were used (see Materials and Methods for further details). The fold induction of each construct with respect to the empty pGLB
vector is indicated. (C) Semiquantitative RT–PCR analysis of exon1C expression in various mouse tissues, which includes heart (H), uterus (U), ovary (O), brain (B),
mammary gland (MG), lung (Lu) and liver (Li). The RT–PCR reactions contained one set of primers annealing to the cx43 coding region and exon1C, and a second set
of primers annealing to the b-actin gene (see Materials and Methods for primer sequences). The PCR-amplified products were separated in a 2% agarose gel and
visualized by ethidium bromide staining. Positions of the amplified products corresponding to mRNAs either containing (1C-1D) or skipping exon1D (1C) are
indicated. Integrated density values (IDVs) of the 1C bands, as determined by the Spotdenso program (Alpha Innotech, Inc.), are shown. (D) RPA analysis of total
mouse ovarian RNA (lane 3). The probe was complementary to the entire exon1C (110 nt) and the contiguous 160 nt of exon2. The proportion of exon1C (8.5%)
containing transcripts was calculated as a percentage of the exon2-containing transcripts. The IDVs of the bands, as determined by the Spotdenso program, are shown.
As controls the probe was hybridized to yeast RNA in the absence (lane 1) or the presence (lane 2) of RNase. The sizes of the PCR molecular weight markers
(Promega) are indicated on the left-hand side. (E) RT–PCR analysis of RNA prepared from various parts of the mouse heart which included atrium (A), septum (S)
and ventricle tip (V). A common antisense primer annealing to the cx43 coding region and variable forward primers specific to each of the new exons (see Materials
and Methods) were used in the amplification. Products were analyzed in a 2% agarose gel and visualized by ethidium bromide staining. Subcloning and sequencing of
the bands confirmed that they contained the cx43 UTR1A, 1AL, 1AS, 1BL, 1BS-1D, 1BS, 1C-1D, 1C and 1A-1E sequences, as indicated on the right-hand side of the
panels. On the left, the positions of the molecular weight markers (PCR markers; Promega) are indicated.
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DNA transfection allows effects on the generation and
processing of transcripts while mRNA transfection eliminates
these possibilities. Thus, this result confirms that the novel 50-
UTRs indeed play a role in regulating cx43 synthesis at the
post-transcriptional level. Furthermore, the different activities
linked to these alternative 50-UTRs do not appear to be a
consequence of differential mRNA stability as shown in
Figure 4C by semiquantitative RT–PCR. Varying the levels
of total RNA used as template and reducing the number of
cycles of PCR amplification did not alter the results (data not
shown). Therefore, the observed differences in luciferase

activities must be mainly due to differences in translation
efficiencies.

Inclusion of exon1E inhibits the translation of the cx43
transcript by introducing an additional AUG in the
leader sequence

As mentioned above, inclusion of exon1E in the cx43 50-UTR
dramatically down regulates translation. This inhibitory effect
could be mediated by an out-of-frame AUG triplet, located
26 nt upstream of the start codon, which is introduced into the

Figure 4. Varying translational efficiencies of the different cx43 50-UTRs. (A) Relative luciferase (Firefly/Renilla) activities of various cell lines transiently
transfected with 1.2mg of pcDNA3.1 (Stratagene)-derived constructs containing each of the mouse cx43 50-UTRs sequences upstream of the luciferase coding region.
MCS correspond to the relative luciferase values obtained with the empty pcDNA3.1(+) vector. Cells were co-transfected with 15 ng of the pRL-TK Renilla
expressing vector (Promega) to correct for variations in transfection efficiency. Values are expressed as the means–SE of at least three replicate experiments. The cell
lines included HC-11, CHO, NIH3T3 and N2A cells. (B) As in (A), but cells were co-transfected with 1 mg of in vitro transcribed, capped, chimeric cx43 50-UTR/
luciferase reporter mRNAs and 50 ng of Renilla-luciferase mRNA, as indicated. MCS corresponds to the relative luciferase values obtained from the in vitro
transcribed luciferase mRNA from pSPluc+[A]60 vector. (C) Semiquatitative RT–PCR analysis of total RNA obtained from N2A cells transfected with in vitro
transcribed, capped, either chimeric cx43 50-UTR/luciferase reporter mRNAs or mRNA transcribed from the empty pSPluc+[A]60 vector (MCS), 6 h after
transfection. The RT–PCR reactions contained one set of primers annealing to the Firefly-luciferase coding region (F-luc), and a second set of primers
annealing to the b-actin gene (see Materials and Methods for primer sequences). The PCR-amplified products were separated in a 2% agarose gel and
visualized by ethidium bromide staining. The positions of the molecular weight markers (PCR markers; Promega) are indicated on the left-hand side.
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mRNA when exon1E is included. To test whether the upstream
AUG (uAUG) is responsible for this inhibitory effect, we
mutated the T in the triplet to an A (1A-1EmATG). As
shown in Figure 5A, mutation of this AUG significantly
reversed the inhibitory effect suggesting that, at least in
part, the mechanism used by the cell to downregulate trans-
lation requires this uAUG. The same effect is seen when in
vitro transcribed mutant 1A-1E mRNA is used for transfection
(see Figure 5B). We also noted that the secondary structure of
exon1A, as determined by the mFOLD program, drastically
changes when exon1E is included (Figure 5C). This profound
change in the secondary structure of the leader sequence is
accompanied by a decrease in its free energy indicative of a
much more stable structure. This together with the additional
AUG triplet may explain the strong inhibitory effect exon1E
has on translation. Mutation of the uAUG triplet does not alter
the secondary structure of the exon1A-1E 50-UTR (data not
shown). Since this mechanism could be utilized by the cell to

downregulate production of cx43, it was of interest to find
out what type of cells may be using it. For this purpose
semiquantitative RT–PCR was performed on RNA from
seven different tissues (Figure 5D). Again, ovary seemed to
contain the highest expression levels of exon1E with respect to
the other tissues analyzed. To more precisely quantify the
percentage of transcripts containing exon1E in this tissue,
ovarian RNA was subjected to RPA analysis. Figure 5E
shows that exon1E is included only in 10% of the total
cx43 message in ovary.

Addition of extra 50-UTR sequence reduces exon1A
IRES activity

It had been previously shown in our laboratory that the cx43
exon1A contains IRES activity (35). Because translation
efficiency was drastically reduced by the inclusion of exon1E

Figure 5. Exon1E inhibits translation of an exon1A-containing luciferase reporter mRNA. (A) Relative luciferase activity of CHO cells transfected with pcDNA3.1-
derived constructs. The constructs contained exon1A cx43 50-UTR either without (1A) or with exon1E (1A-1E) immediately upstream of the luciferase gene.
Construct 1A-1EmATG is construct 1A-1E in which the upstream ATG triplet is mutated. Cells were co-transfected with 50 ng of the pRL-TK Renilla expressing
vector (Promega) to correct for variations in transfection efficiency. Values are expressed as the means–SE of at least three replicate experiments. (B) Same as in (A),
but cells were transfected with in vitro transcribed, capped, chimeric cx43 50-UTR/luciferase reporter RNAs. The 50-UTR was exon1A or exon1A-1E either wild type
or containing a mutation in the uAUG. (C) Structures of exon1A and exon1A-1E 50-UTRs as predicted by the mFOLD program. Calculated free energies (DG) are
indicated. The AUG translation start site is pointed by an arrow. (D) Semiquantitative RT–PCR analysis of exon1E expression in various mouse tissues, which
included: heart (H), uterus (U), ovary (O), brain (B), mammary gland (MG), lung (Lu) and liver (Li). The RT–PCR reactions contained one set of primers annealing to
the cx43 coding region and exon1E, and a second set of primers annealing to the b-actin gene (see Materials and Methods for primer sequences). The PCR-amplified
products were separated in a 2% agarose gel and visualized by ethidium bromide staining. IDVs of the bands, as determined by the Spotdenso program (Alpha
Innotech, Inc.), are shown. n.d. indicates not determined. (E) RPA analysis of 10 mg of total mouse ovarian RNA (lane 3). The probe was complementary to 110 nt of
exon1E and the contiguous 160 nt of exon2. The proportion of exon1E containing transcripts (10%) was calculated as a percentage of the exon2-containing
transcripts. The IDVs of the bands, as determined by the Spotdenso program, are shown. As controls, the probe was hybridized to yeast RNA in the absence (lane 1) or
the presence (lane 2) of RNase. PCR molecular weight markers (lane 4) (Promega) sizes are indicated on the right-hand side.
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in the transcript, we wanted to know whether it affected IRES
activity. To test for IRES activity, a series of bicistronic
constructs were made. They contained exon1A either with
or without exon1E, or exon1AL directly upstream of the
Firefly-luciferase coding sequence. In these bicistronic con-
structs, a Renilla luciferase gene is located upstream from the
Firefly luciferase gene, separated by a prominent stem–loop to
prevent ribosome scanning, as described previously (35). As
indicated by the levels of relative Firefly/Renilla activities,
inclusion of the exon1E sequence completely inhibited the
IRES activity of exon1A (Figure 6A). As mentioned earlier,
the secondary structure of the exon1A 50-UTR not only
changes quite drastically with the inclusion of exon1E but
also becomes much more stable (Figure 5C).

Addition of the exon1AS sequence to exon1A significantly
reduced its IRES activity (3-fold) both in CHO (Figure 6A) and
HC-11 cells (data not shown). This result was surprising since
exon1AL-containing monocistronic capped transcripts were
translated with a similar efficiency (see Figure 5A and B).
Still more surprising was the finding that the inclusion of the
exon1AS neither altered the structure nor affected the stability of
the secondary structure of the exon1A-containing 50-UTR (cf.
Figure 6B with Figure 5C). However, it was noticed that even

though the general secondary structure did not change much, the
region next to the start codon folded into an extra stem–loop,
which could be responsible for less efficient ribosome recruit-
ment. To test this hypothesis, the same transfection experiment
was carried out in the presence of an antisense DNA comple-
mentary to nucleotides 5–27 nt from the 50 end (oligoAS) in the
1AL 50-UTR. If our model is correct and the accessibility of the
AUG plays a role in the IRES activity, oligoAS should destabi-
lize this extra stem–loop and therefore should recover exon1A
IRES activity. As shown in Figure 6C, the presence of oligoAS

notonly recoveredbut evensurpassed the levelsof IRESactivity
of exon1A indicating that the accessibility of the region just
upstream of the start codon is indeed required for exon1A-
mediated IRES activity. As a negative control, oligoAS

had no effect on IRES-mediated translation of the regular
exon1A mRNA which lacks this sequence.

DISCUSSION

Cx43 transcription starts from three different promoters

This work establishes a new more complex structure of the
cx43 gene, which includes three alternate promoters and six

Figure 6. Exon1A IRES activity is inhibited by exons 1AS and 1E. (A) Relative luciferase activities of CHO cells transfected with 300 ng of SL2 bicistronic
constructs. Exons 1A, 1AL or the 1A-1E combination were present immediately upstream of the Firefly-luciferase coding region. As a positive control for the IRES
activity, an SL2-derived construct containing the viral EMCV element was used. The cx32 mutated 50-UTR M2 was used as a negative control. (B) Structure of exon
1AL as predicted by the mFOLD program. The calculated free energy (DG) is indicated. The AUG translation start site is pointed by an arrow. Sequence annealing to
oligo AS is labeled with a dotted line. (C) Relative luciferase activities of CHO cells transfected with 300 ng of SL2 bicistronic constructs containing either exon1A or
exon1AL. A thioate oligo annealing to 5–27 nt of the exon1AL (oligo AS) was either included (0.5 mM) (+) or excluded (�) in the transfection mixtures and the
growing medium.
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different exons and highlights the intricate regulation of the
cx43 gene at multiple levels: transcription, pre-mRNA splicing
and translation. Our first hint of the existence of new pro-
moters (P2 and P3) came from the mapping of the transcription
start sites of the newly identified exons 1B and 1C. The P2
sequence had been shown to be involved in protein binding
through footprinting studies (41). It had also been proposed as
a putative promoter mediating upregulation of cx43 expression
through the Ras signaling pathway (40), which is known to
converge with the cAMP response pathway (42). Interestingly
enough, a screen of the P2 and P3 promoters for consensus
transcription factor binding using the TFSearch program at
http://www.bioinformatics.vg/ yielded cAMP response ele-
ments only in P2. In contrast, Sp1 and STAT factor binding
sites were found in P3 but not in P2 suggesting that promoters
P2 and P3 are regulated differently.

Because P1 is the most prominent promoter in all cell types
tested and tissues analyzed, we cannot answer why the cx43
gene requires three alternative promoters. It is possible that the
activities of the new promoters are needed by the cell for
specific situations or used in a specific spatio-temporal man-
ner, i.e. during processes such as cell differentiation and/or
embryonic development. Alternatively they may be preferen-
tially used in very scarce cell types, the activities of which
would be diluted by the more commonly used P1 promoter
when the whole tissue is analyzed. This latter possibility is
supported by the regional differences observed in the heart.
In situ hybridization studies using probes designed to anneal
specifically either to exon1B or exon1C could help to narrow
down the specific cell type(s) where P2 or P3 activities may be
prominent. Thus, future studies on the mechanisms that regu-
late the transcription of the cx43 gene should include the new
promoters P2 and P3. Our incomplete knowledge of cx43 gene
regulation at the transcriptional level may be due to the fact
that so far only P1 has been investigated.

Novel 50-UTRs may regulate cx43 expression

In addition to transcription from three different promoters,
alternative splicing provides a further level of complexity
to modulate expression of cx43. The diversity found at the
50 ends of cx43 mRNAs is likely to have an important effect on
the translation of the mRNA and could possibly explain the
reported discrepancies between steady-state mRNA levels and
protein expression (13,17–23). In fact, even though the
exon1A transcript seems to be the most abundant species in
all tissues analyzed so far, we have shown that in ovary
exon1A-1E and exon1C transcripts constitute �18.5% of
the total cx43 mRNA, which is not a negligible amount.
This amount may be even larger in certain ovarian cell
types or in response to certain stimuli. In support of this argu-
ment, Kalma et al. (43) have recently shown that LH inhibits
cx43 expression by reducing its rate of translation in the ova-
rian follicle. Our experiments show that these new 50-UTR
sequences lead to very different protein yields in various cell
types (Figure 4A–C) indicating that they contain cis-RNA
elements that respond to specific factors to modulate the trans-
lational efficiency of the transcript.

Effects on mRNA stability are unlikely because transfec-
tions with DNA constructs produced the same outcome as
transfections with exogenously transcribed mRNA (cf.

Figure 4A and B). Also, semiquantitative RT–PCR analysis
indicated that mRNA levels remained constant throughout our
experiments (Figure 4C). However, we cannot rule out the
possibility that in vivo these newly identified 50-UTRs act in
combination with other sequences within the coding region or
within the 30-UTR to regulate mRNA turnover. Furthermore,
they could influence the subcellular localization of the trans-
cript which may be important for the final cx43 expression
profile.

Exon1E inhibits cx43 translation

The inhibition of translation caused by inclusion of exon1E in
the transcript is quite striking (Figures 4 and 5). It almost
completely blocks both cap-dependent and cap-independent
IRES-mediated translation of 1A-transcripts. This is not the
first time that a unique splicing event within a 50-UTR has
been shown to introduce a translational control element. In
fact, the presence of an additional exon (AS) included in the
neuronal nitric-oxide synthase (nNOS) 50-UTR by alternative
splicing was shown to downregulate translation by stabilizing a
stem–loop structure. In contrast to the cx43 exon1A-1E 50-UTR,
exonAS does not introduce an uAUG in the nNOS 50-UTR (44).

As expected, the cx43 50-UTRs with higher translation
efficiencies, comprising exon1AS, exon1A and exon1AL,
lack upstream AUG triplets, whereas those with lowest trans-
lational activities (exon1C and exon1A-1E 50-UTRs) contain
uAUGs with adequate Kozak consensus sequences. The
remaining 50-UTRs, which show intermediate translation
efficiencies, contain either two or three additional uAUG,
but none of them fit the Kozak consensus sequence for start
of translation. The presence of uAUGs has been shown to
downregulate translation mainly by ribosome stalling mechan-
isms. Some examples of genes regulated by upstream open
reading frames (uORFs) include the AdoMetDC enzyme, the
C/EBPb transcription factor, the MDM2 oncoprotein and the
Xenopus connexin41 gene (45–47). Less than 10% of euka-
ryotic mRNAs contain uAUGs within their transcript leader
regions. They are more commonly found in genes that code for
regulatory proteins. Cx43 is one of the earliest expressed con-
nexins and has been shown to play a vital role during deve-
lopment (6,48). Thus, it should not be surprising to find
uAUGs regulating the expression of the cx43 gene.

It has been known for years that the common exon1A cx43
mRNA is not very efficiently translated (49). Why then would
a cell transcribe other mRNAs species that are even more
poorly translated as it is the case of the cx43 exon1A-1E
mRNA? At present we do not have a clear answer. Perhaps
it provides the cell with a way to repress cx43 expression even
further at times when promoter P1 cannot be shut off. Or it
represents a strategy for the cell to get ready for a sudden
upregulation of cx43 triggered by a factor that binds to the
50-UTR thereby releasing the translational repression imposed
by exon1E. Alternatively, exon1E’s or any of the other exons’
function in vivo could be dependent on trans-factors that are
loaded onto the mRNA during splicing and later influence the
efficiency of translation. In our transfection assays, we use
processed mRNAs and therefore may miss these factors. In
support of the latter argument, it has been shown that the
nuclear history of a pre-mRNA can determine the translational
activity of cytoplasmic mRNA (50,51).
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Exon1AL represses cx43 IRES activity

Another cis-RNA element that seems to modulate translation
of exon1A cx43 transcripts was found within exon1AL. In
contrast to exon1E, the inhibition only affects cap-independent
IRES-mediated mechanisms, it barely affects the secondary
structure of the 50-UTR and it does not introduce any uAUG
(Figures 4 and 6). But somehow the sequence encompassing
nucleotides 5–27 of exon 1AL from its 50 end appears to be
responsible for the inhibition since an oligonucleotide annea-
ling to this sequence completely rescues the IRES activity
(Figure 6). It is possible that the structure of the extra
stem–loop introduced by the exon1AS sequence inhibits the
IRES activity per se, or that the binding of an IRES repressor is
obstructed by the presence of the anti-sense oligo. Whatever
the mechanism might be we do not understand at present the
biological significance of this cis-RNA element inhibitory of
IRES activity.

Does cx43 transcription affect the downstream
splicing events?

It was interesting to note that splicing of only certain exon
combinations was allowed. And that exon choice seemed
dependent on promoter usage and cell-type context. For
example, exon1D appears linked only to exons 1BS or 1C,
which are generated by transcription either from promoter P2
or P3 but it is never included in transcripts originating from
promoter P1. Similarly, exon1E is only included in transcripts
originating from promoter P1 but is never present in trans-
cripts originating from either of the other two promoters. In
addition, the frequency of exon skipping/inclusion and in
consequence the relative abundance of 50-UTRs containing
one or two exons appears to be determined by the tissue
source. This can be seen when the intensities of the faster
moving bands (exon skipping) and the slower moving bands
(exon inclusion) corresponding to exons 1B and 1C mRNAs
are compared in Figure 1A. It is also indicated by the more
frequent inclusion of exon1E in the atria, which is rarely
included in the septum and which is skipped in the ventricle.
On the basis of these observations, we would like to hypo-
thesize that during splicing of the cx43 pre-mRNA exon
choice is determined by the promoter at which transcription
was initiated. Recently, splicing decisions have been shown to
depend on the binding of transcription factors such as the
estrogen receptors to synthetic promoters that contain estro-
gen response elements in a hormone-dependent manner, in a
process termed co-transcriptional splicing (52,53). Ini, a novel
transcription factor cloned in our laboratory which binds to
the rat cx43 promoter and which seems to play a role during
splicing in yeast (54,55) may be a good candidate to coordi-
nate transcription and splicing and perhaps also translation of
the cx43 gene.

We still do not understand why the cell requires nine dif-
ferent mRNA species coding for cx43. The key to the answer
probably resides in the necessity for finely modulating inter-
cellular communication in a cell type and context-dependent
manner. Targeted ablation of each of the new exons in mice
may lead to the generation of viable individuals with specific
defects that may allow us to link the requirement of these new
exons with certain physiological processes.
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