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ABSTRACT

Alternative pre-mRNA splicing of two terminal exons
(αααα and ββββ) regulates the expression of the human DNA
ligase III gene. In most tissues, the αααα exon is
expressed. In testes and during spermatogenesis,
the ββββ exon is used instead. The αααα exon encodes the
interaction domain with a scaffold DNA repair
protein, XRCC1, while the ββββ exon-encoded C-terminal
does not. Sequence elements regulating the alternative
splicing pattern were mapped by in vitro splicing
assays in HeLa nuclear extracts. Deletion of a region
beginning in the ββββ exon and extending into the down-
stream intron derepressed splicing to the ββββ exon.
Two silencing elements were found within this 101 nt
region: a 16 nt exonic splicing silencer immediately
upstream of the ββββ exon polyadenylation signal and a
45 nt intronic splicing silencer. The exonic splicing
silencer inhibited splicing, even when the poly-
adenylation signal was deleted or replaced by a 5′′′′
splice site. This element also enhanced polyadenylation
under conditions unfavourable to splicing. The
splicing silencer partially inhibited assembly of spliceo-
somal complexes and functioned in an adenoviral
pre-mRNA context. Silencing of splicing by the
element was associated with cross-linking of a 37 kDa
protein to the RNA substrate. The element exerts
opposite functions in splicing and polyadenylation.

INTRODUCTION

The human DNA ligase III gene is alternatively spliced, an
important mode of regulation of its expression and function.
The � DNA ligase III cDNA was cloned from a HeLa library
and is of low general abundance, with increased expression in
testes, thymus, prostate and heart (1). The � DNA ligase III
cDNA was cloned from a testes library (2). This species has
low expression in all tissues, except in testes, where expression is
high. In mouse testes, the � isoform mRNA is tightly regulated,
with expression confined to late stages of spermatogenesis,
especially pachytene spermatogenesis (2). With the recent
cloning of the mouse DNA ligase III cDNA and genomic
DNA, the difference between mouse DNA ligase III � and �

was confirmed as being due to alternative use of two terminal
exons (� or �). The functional difference between the isoforms
is at the C-terminus of DNA ligase III; the � isoform contains
a domain that interacts with XRCC1, while the � isoform does
not (3,4).

Alternative splicing of pre-mRNA is an important mode of
regulating gene expression in higher eukaryotes, and occurs in
many pre-mRNAs (5,6). In Drosophila, genetic and biochemical
evidence shows the important role of pre-mRNA processing
mechanisms in sex determination (for a review see 5), sexual
behaviour (7,8) and spermatogenesis (9). In higher eukaryotes,
regulated alternative splicing is a feature of the expression of
many pre-mRNAs during the process of spermatogenesis
(10,11). The regulation of alternative splicing in general
involves many pre-mRNA sequence elements, including the
splice sites, branch site, polypyrimidine tract and exonic and
intronic splicing enhancers and silencers (for reviews see 12,13).
Calcitonin/CGRP and immunoglobulin � (IgM) pre-mRNAs
have alternative splicing patterns that, as for DNA ligase III,
involve 3�-terminal exons, and some information is available
on these systems (reviewed in 14). In calcitonin/CGRP pre-mRNA,
the choice is between the calcitonin exon 4 (a terminal exon) or
CGRP exon 5 (an internal exon, the subsequent exon 6 being a
terminal exon). The non-canonical 3� splice site of exon 4
results in an intrinsic block to the splicing of this intron (15),
which appears to be overcome by actions of splicing enhancer
elements in the exon (16,17) and in the downstream intron
(reviewed in 18). The downstream intronic splicing enhancer
also stimulates polyadenylation and cleavage of exon 4, raising
the possibility that cooperation between the polyadenylation/
cleavage and splicing machineries enhances splicing to exon 4 (19).
In the case of IgM, a choice is offered in the composite IgM C4
exon between a 5� splice site and the polyadenylation signal. If
the 5� splice site is used, the downstream M1 and M2 exons are
expressed and a membrane-bound form of IgM is produced.
Competition occurs between the splicing and polyadenylation
machineries. In B cells, increasing CstF-64 promotes use of the
IgM C4 exon polyadenylation site, thereby subverting splicing
to the M1 exon (20).

Thus, there are a number of possible modes of regulation of
human DNA ligase III, involving splicing, polyadenylation or
transcriptional termination. If the intronic splicing signals for
the � exon are inherently weak, then a spermatogenesis-specific
enhancement of splicing or polyadenylation via sequence
elements may be required for � exon expression. Increasing the
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termination of transcripts between the � and � exons may also
allow more time for splicing to occur or may promote poly-
adenylation and cleavage (21). Alternatively, repression of
splicing to the � exon may be due to the function of silencer
sequence elements, except in pachytene spermatogenesis,
when this repression is relieved. Again, any silencer elements
may act directly on splicing or indirectly, via inhibition of poly-
adenylation/cleavage. In this paper, we report on a mechanism of
repression of splicing to the DNA ligase III � exon in HeLa
nuclear extracts.

MATERIALS AND METHODS

In vitro transcription templates

Genomic clones for human DNA ligase III were isolated by
PCR using primers 5�-GAAGCGGAAAGCTGCTGATGAGA
and 5�-CTGGTGTGGAGGGTGGCAAGTA or by screening a
human PAC library (clone ID 7f16 from the RPCI1 library
made by the de Jong laboratory, Roswell Park Cancer Institute,
Buffalo, NY). The introns surrounding exons � and � were
sequenced on both strands, and the data matched those (accession
no. AC004223) subsequently submitted to the databases by the
Whitehead Institute/MIT Center for Genome Research as part
of the human genome sequencing project. DNA templates for
in vitro transcription were made by cloning DNA ligase III
fragments into pGEMT (Promega, Madison, WI) and using
unique restriction sites within the � exon (PvuII), in the intron
between the � and � exons (AvaII) or downstream of the �

exon (NcoI, in the pGEMT polylinker) to run-off 32P-labelled
pre-RNAs. A series of DNA templates were also made by
taking aliquots every 0.5 min from an exonuclease III digestion
(250 U; Promega) of 2.5 �g of an ApaI/NcoI-digested pGEM-DNA
ligase III clone. After polishing with S1 nuclease and Klenow
fragment, plasmids were religated and individual clones
checked by restriction analysis and sequencing. 32P-labelled
transcripts were run-off at FspI or XmnI sites in the pGEM
vector. For mutagenesis studies, templates were made by PCR,
using the sense primer T7-DL3-2829S (5�-TAATACGACTC-
ACTATAGGGAAGCGGAAAGCTGCTGATGAGA) with the
following antisense primers: DL3-�A (5�-GGCCAGCAGCTGA-
GTGAGT) for pre-mRNA substrate A; REP-DL3-�A (5�-GTAA-
ATTTTGACTTGGGGCCAGCAGCTGAGTGAGT) for pre-
mRNA B; CS-DL3bA (5�-GACTGGGCTTTTCCCGGCCAGCA-
GCTGAGTGAGT) for pre-mRNA C; HHV-DL3bA (5�-CTG-
CTTCCACCCTGACCACAAACTCAATGCTGCATTCCCA-
CACCCAGGCCAGCAGCTGAGTGAGT) for pre- mRNA D;
s5-DL3-366A (5�-ACTCACGTAAATTTTGACTTGGGG) for
pre-mRNA E; s5-DL3bA (5�-ACTCACGGCCAGCAGCTGA-
GTGAGT) for pre-mRNA F (all the above used in Fig. 2B);
bpa�CA (5�-TTTAATGTAAATTTTGACTTG) for REPpA
(Figs 3 and 4); pA-DL3bA (5�-TTTAATGGCCAGCAGCTGA-
GTGAGT) for �REPpA (Figs 3 and 4); paREP-C3 (5�-TT-
TAATGTAGATTTTGACTTGGGGCCAGCAGCTGAGTG-
AGT) for C3pA (Fig. 4). Transcription templates for hetero-
logous pre-mRNAs (Figs 5 and 6) were made by PCR using
pAdMLpar (22) as the PCR template. A T7 primer was used
with the following primers: hetREPadmldelA (5�-GTAAATT-
TTGACTTGGATCCAAGAGTACTGGAA) for AdML-REP;
adml-L2-pA (5�-TTTAATATCCAAGAGTACTGGAA) for
AdML-PARpA; hetREPadml (5�-TTTAATGTAAATTTTGAC-

TTGGATCCAAGAGTACTGGAA) for AdML-REPpA; adml-
L2-5c (5�-ACTCACATCCAAGAGTACTGGAA) for AdML-
PAR5c; hetREPadml5c (5�-ACTCACGTAAATTTTGACTT-
GGATCCAAGAGTACTGGAA) for AdML-REP5c. The control
AdML-PAR RNA was run-off from BamHI-linearised pAdMLpar
(22). All pre-mRNAs were capped and universally labelled
with [�-32P]GTP.

In vitro splicing reactions

Splicing reactions were performed by incubating 20 fmol of
pre-mRNA at 30�C, in the presence of 0.5 mM ATP, 3.2 mM
MgCl2, 2.6% polyvinyl alcohol, 60 mM KCl and 32% HeLa
nuclear extract. Splicing reactions were reproducible in several
batches of nuclear extracts prepared at the Cold Spring Harbor
Cell Culture Facility or obtained from the Computer Cell
Culture Centre (Mons, Belgium). Reaction products were
extracted with phenol and precipitated in ethanol before electro-
phoresis in denaturing polyacrylamide gels (10% in Figs 1B
and 4A; 5.5% in Figs 2B, 3, 5 and 6). Splicing reactions used

Figure 1. Genomic structure of the last three exons of the DNA ligase III gene
and deletion mapping of splicing silencer elements by exonuclease III methods.
(A) The genomic structure is described in the first paragraphs of Materials and
Methods and Results. The filled box represents the last constitutive exon, C,
open boxes the alternative terminal exons (� and �) and diagonal lines the
alternative splicing patterns, with PvuII and AvaII restriction sites and poly-
adenylation signals, A, also shown. (B) Pre-mRNA splicing substrates are
identified above the lanes. A time course of in vitro splicing is shown (20, 40
and 60 min), except for lanes 18–22, where splicing reactions were for 60 min
over a range of magnesium concentrations (1–3 mM). Control reactions omitted
ATP (and were incubated under splicing conditions for 60 min; lanes 6, 11, 16
and 23) or were kept on ice (lanes 2, 7, 12 and 17). Splicing intermediates and
mRNA products are indicated by symbols on the left. Lane 1, pBR322/MspI
markers.
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to analyse protein–RNA cross-linking and spliceosome
assembly were performed as described above, except in the
presence of 20 ng/�l tRNA and with the omission of polyvinyl
alcohol. For cross-linking, reactions were irradiated with
254 nm UV light twice at 900 mJ/cm2 for 60 s (XL-1000;
Spectronics Corp.) and treated with 400 ng/�l RNase A
(Sigma) and 4 U/�l RNase T1 (Gibco BRL) for 45 min at
37�C, before electrophoresis on 12% SDS–polyacrylamide
gels. For analysis of spliceosomal complexes, heparin was
added to 5 �g/�l and the reactions were analysed on 1.5 mm
thick non-denaturing polyacrylamide gels at 4 W for 5 h in
50 mM Tris–glycine running buffer (23). Cordycepin was
added to reactions at concentrations of 1 mM where indicated
(Figs 3A, 4, 5B and 6B and D). To analyse polyadenylation in
isolation from splicing, the splicing reaction was weakened by
lowering the MgCl2 and KCl concentrations to 1.5 and 50 mM.

RESULTS

The genomic structure of the last three exons of the human
DNA ligase III gene indicates that the basis for variant � and �

mRNA isoforms is a choice between alternative terminal exons
(Fig. 1A). The intron between the last constitutive exon (C)
and the � exon was 203 nt, and contained 5� splice site, branch
site, polypyrimidine tract and 3� splice site sequences that were
reasonable matches to consensuses for these elements. An
intron of 1134 nt was found from the cleavage site of the �

exon to the � exon. DNA ligase III transcription templates with
different length truncations from the 3�-end were made by
exonuclease III, restriction enzyme and PCR methods. In vitro
splicing was detected in HeLa nuclear extracts when truncations
reached 16 nt upstream of the � exon polyadenylation signal,
close to a PvuII site (Fig. 1B, lanes 3–5). However, no splicing

was detected in pre-mRNAs with smaller 3� truncations
(including those at the � exon polyadenylation signal) or when
the pre-mRNA was run-off at an AvaII site downstream of the
� exon (data not shown). This suggested that the intron
between the C and � exons contained adequate splicing sites,
and that splicing was being silenced by elements between the
PvuII and AvaII sites.

The region between the PvuII and AvaII sites was arbitrarily
divided into three parts: from the PvuII site to the polyadenylation
signal; from the polyadenylation signal to the cleavage site;
and from the cleavage site to the AvaII site (Fig. 2A). Each of
these parts was added to the end of a truncated DNA ligase III
pre-mRNA (A) that was competent for splicing (Fig. 2B, lane
1). The 16 nt exonic element, from near the PvuII site to the
polyadenylation signal, substantially silenced splicing of the
intron (pre-mRNA B, lane 2), as did the intronic sequence (pre-
mRNA D, lane 4). The element between the polyadenylation
signal and the cleavage site was at least neutral (pre-mRNA C,
lane 3). Additional pre-mRNAs, in which the 16 nt exonic
silencer element was replaced with its antisense sequence, showed
efficient splicing (data not shown), further ruling out a non-
specific effect of exonic length on splicing efficiency. Note
that the polyadenylation signal was not present in any of these pre-
mRNAs. This suggested that the mechanism of in vitro
silencing of DNA ligase III � exon splicing was independent of
the polyadenylation signal. To test whether silencing by the
exonic silencer element could be relieved by the presence of a
5� splice site, a consensus 5� splice site was positioned at the
end of the � exon. Pre-mRNA E (lane 5) spliced significantly
less efficiently than pre-mRNA F (lane 6) and with similar
efficiency to pre-mRNA B (lane 2). Thus, silencing of splicing

Figure 2. Sequence elements in the PvuII–AvaII region silence splicing of the C-� intron in HeLa nuclear extracts. (A) A scheme of the PvuII–AvaII region, including
the polyadenylation signal (pA) and cleavage site (scissors), is shown. Constructs A–F are depicted. (B) Splicing reactions of pre-mRNAs A–F (indicated above lanes).
Incubations were for 2 h. Pre-mRNAs, lariat intermediates and mRNA products are labelled on the right; an asterisk also shows the mRNA products.
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by the 16 nt element could also occur in the context of a juxtaposed
5� splice site.

The next question was whether the 16 nt exonic splicing
silencer suppressed polyadenylation. Although the element
was able to silence splicing in the absence of the polyadenylation
signal, another mode of repression might have been through an
inhibition of polyadenylation and 3�-end formation (24–26).

Therefore, the interaction between splicing and polyadenylation
was tested by making pre-mRNAs with the � exon AUUAAA
signal at the 3�-end of the exon, either with (REPpA) or
without (�REPpA) the 16 nt exonic splicing silencer. No
splicing was detected with the REPpA pre-mRNA (Fig. 3A,
lanes 2–4), whereas efficient splicing was seen when the
silencer was deleted (�REPpA, lanes 5–7). When cordycepin
was omitted from parallel reactions, smears representing poly-
adenylation were seen above all the pre-mRNAs (lanes 8–12).
Polyadenylation was somewhat reduced in the �REPpA pre-
mRNA (lanes 11 and 12). This was possibly because of
consumption of pre-mRNA substrates by the splicing apparatus or
because the splicing silencer overlapped with an upstream
element of the polyadenylation signal. Thus, reactions were
also carried out under conditions where splicing of DNA ligase
III was inhibited (Fig. 3B). While some polyadenylation was
seen with pre-mRNA REPpA (lane 3), none was detected with
�REPpA (lane 2). The 16 nt exonic splicing silencer did not
inhibit polyadenylation and the primary mechanism of
silencing of the � exon by this element did not appear to
involve coordinate inhibition of polyadenylation and splicing
mechanisms. Instead, the splicing silencer element appeared to
overlap with an upstream element of the polyadenylation
signal.

The mechanism by which the 16 nt exonic silencer interacts
with the splicing apparatus was explored by analysis of spliceo-
somal complex assembly. Experiments were done with the
REPpA and �REPpA pre-mRNAs used in Figure 3. A third
substrate (C3pA) was also used. This substrate was identical to
REPpA except that the third U in the silencer (CCAAGUCAA-
AAUUUAC) was changed to a C (CCAAGUCAAAAUCUAC).
It had been made as part of an initial systematic mutagenesis in
which each U in the 16 nt element was changed to a C. C3pA
showed partial relief of silencing, with weakly detectable
splicing (Fig. 4A), whereas the other mutant pre-mRNAs
spliced undetectably or very inefficiently (data not shown).
Splicing reactions in the presence of cordycepin were analysed
in parallel on denaturing or non-denaturing polyacrylamide
gels. The same hierarchy of splicing activity (REPpA < C3pA
< �REPpA) was seen for spliceosomal complex assembly
(Fig. 4B). The amount of A complex was reduced at every time
point for REPpA (lanes 2 and 3), intermediate for C3pA (lanes
5 and 6) and highest for �REPpA (lanes 8 and 9). Note that the
pre-mRNAs contain only the polyadenylation signal and no
downstream sequence, therefore weak binding of cleavage/
polyadenylation specificity factor (CPSF) is not enhanced by
cooperative interaction with cleavage stimulation factor (27).
The weak binding of CPSF is not detectable as a separate
complex (28) under these gel conditions.

The efficiency of complex assembly for the DNA ligase III
substrate was low in general. In addition, it was not clear
whether the exonic splicing silencer could function in a context
other than that of a DNA ligase III pre-mRNA. Therefore,
heterologous pre-mRNAs based on the adenovirus major late
(AdML) first and second leader exons were used in splicing
experiments. The parental substrate (AdML-PAR) has been
optimised to allow purification of spliceosomal complex
components (22). The 16 nt exonic silencer was positioned at
the end of the second leader (L2) exon, either alone (AdML-REP)
or in the context of a downstream AUUAAA (AdML-REPpA)
or consensus 5� splice site GUGAGU (AdML-REP5c). In cognate

Figure 3. (A) The 16 nt exonic element silences in vitro splicing, but does not
inhibit polyadenylation. Time courses (40, 80 and 120 min) under splicing
conditions are shown. A bracket and the letter a on the right indicate poly-
adenylation smears above the pre-mRNAs. The positions of the pre-mRNAs,
lariat intermediates and mRNAs (with expected sizes) are shown on the left.
Lane 1, markers. (B) The 16 nt exonic sequence overlaps with an upstream
polyadenylation element. Incubations were for 60 min under conditions
unfavourable to splicing. The polyadenylation smear is marked with a bracket
and the letter a. Lane 1, markers.
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Figure 4. Reduced spliceosomal complex assembly on DNA ligase III pre-mRNA containing the 16 nt exonic silencer. (A) Denaturing PAGE analysis of aliquots of
pre-mRNA splicing reactions incubated for 60 min. The symbols on the left indicate the pre-mRNAs, lariat intermediates and mRNA products. (B) Non-denaturing
PAGE of aliquots of splicing reactions after 30 or 60 min incubation. Control aliquots were kept on ice for 60 min (lanes 1, 4 and 7). Non-specific complexes, H,
and spliceosomal complexes A and B are labelled on the right.

Figure 5. Function of the 16 nt exonic element in the context of AdML pre-mRNAs. In both panels the RNAs are indicated by symbols on the left (triangles indicate
a possible exonucleolytic degradation product previously seen with this substrate; 55). (A) Splicing reactions were for 120 min. Control pre-mRNAs (lanes 2 and 4)
ended at the BamHI run-off site (PAR) or a GUGAGU 5� splice site (PAR5c), while heterologous pre-mRNAs (lanes 3 and 5) contained the 16 nt element alone or
a 5� splice site (REP and REP5c). Lane 1, markers. (B) Splicing is silenced by the 16 nt element, but polyadenylation is enhanced. Pre-mRNAs ending in AUUAAA
were incubated under splicing conditions for 60 min (lanes 3 and 5) or kept on ice (lanes 2 and 4), in the presence of cordycepin. Parallel reactions, under conditions
unfavourable for splicing (lanes 7 and 8), were without cordycepin. The polyadenylation smear is indicated by the bracket and the letter a. Lanes 1 and 6, markers.
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control pre-mRNAs, the downstream AUUAAA or 5� splice site
were positioned at the end of AdML-PAR (AdML-PARpA and
AdML-PAR5c). The efficiency of splicing was reduced when
the silencer element was present (Fig. 5A, compare AdML-PAR
and AdML-REP, lanes 2 and 3). However, in the context of a
downstream consensus 5� splice site, silencing of splicing was
minimal (compare AdML-PAR5c and AdML-REP5c, lanes 4
and 5). In order to assess the effects of the 16 nt element on
splicing or polyadenylation, reactions uncoupling the two
processes were performed in the context of a downstream
AUUAAA (AdML-PARpA and AdML-REPpA, Fig. 5B).
Under splicing-only conditions (in the presence of cordycepin),
the AdML-REPpA pre-mRNA spliced less efficiently than the
control AdML-PARpA pre-mRNA (lanes 3 and 5). Under
conditions unfavourable for splicing and in the absence of
cordycepin, polyadenylation was detected with the AdML-REPpA
pre-mRNA (lane 8), but not AdML-PARpA (lane 7). Note that
some level of splicing remained detectable in the polyadenylation
reactions, but was still substantially less than parallel splicing
reactions (compare lane 3 with 7). An additional, consistent
observation was that the accumulation of mRNA product was
most affected by the presence of the silencer, with reduction of
first step intermediates being less apparent.

To analyse the possible mechanisms of silencing, splicing
complex assembly experiments were performed. As before, the
splicing efficiency of the AdML-REP pre-mRNA was reduced
(Fig. 6A, upper panel, compare lanes 1–4 to lanes 5–8).
Parallel non-denaturing gel analysis of spliceosome assembly
consistently showed a reduction of A, B and C complexes at all
time points with the AdML-REP pre-mRNA (lower panel). In
three independent experiments, the average reduction in A and
B complexes (quantified relative to the H complex) was 30%.
A faint additional complex was identified using the AdML-REP
substrate (lanes 6–8, arrow). A substantial silencing of splicing
was seen when AdML-REPpA was compared to AdML-PAR
(Fig. 6B, upper panel, compare lanes 1–4 with 5–8). Again,
complex assembly was reduced (lower panel) and the additional
complex was clearly seen with the AdML-REPpA substrate
(arrow). Similar results were obtained when spliceosome
assembly was compared between AdML-PARpA and AdML-
REPpA (data not shown).

Candidate proteins involved in the silencing mechanism
were sought by UV cross-linking to universally labelled
AdML-PAR and AdML-REPpA pre-mRNAs under splicing or
control conditions. Non-specific RNA–protein interactions
were then blocked by addition of tRNA, before UV treatment.
An aliquot of the reaction was analysed by denaturing gel electro-
phoresis after removing the protein. Splicing was detected with
AdML-PAR pre-RNA and less efficiently with AdML-REP
(Fig. 6C, upper panel, lanes 2 and 4). The remaining reactions
were digested with RNase A and T1 and proteins were separated
by 12% SDS–PAGE, Coomassie stained (not shown) and exposed
to film. For both AdML-PAR and AdML-REP pre-mRNAs, the
cross-linking pattern was different under splicing conditions
(Fig. 6C, lower panel, lanes 2 and 4) compared to control reactions
that had been kept on ice (lanes 1 and 3). A protein at ~37 kDa
cross-linked more to the AdML-REP pre-mRNA (lane 4, see
arrow). As before, when AdML-REPpA was compared to
AdML-PAR, silencing of splicing occurred (Fig. 6D, upper
panel), with cross-linking of the ~37 kDa protein (lower panel,
lane 4, see arrow). This pattern was observed in two additional,

separate experiments (data not shown) and also comparing
AdML-PARpA and AdML-REPpA substrates (data not
shown). Note that silencing of splicing and complex assembly
and cross-linking to the ~37 kDa protein consistently appeared
stronger in the context of a downstream AUUAAA.

DISCUSSION

The mechanisms of silencing of the human DNA ligase III � exon
in HeLa nuclear extracts were first investigated by determining
the genomic structure of the terminal exons. The intron
between exons C and � appeared to have no theoretical splice
site constraint on splicing to the � exon. Indeed, when
sequences in the distal part of the � exon were deleted, splicing
was detected, showing that there was no intrinsic barrier to
splicing of the intron. Instead, two extrinsic silencing elements
were detected: a 16 nt exonic sequence immediately upstream
and adjacent to the � exon AUUAAA signal; an intronic
element downstream of the � exon. The exonic silencer was
sufficient to silence splicing of a DNA ligase III pre-mRNA,
did not require the polyadenylation signal and could function
in the context of a downstream adjacent 5� splice site.
Assembly of early spliceosomal complexes was reduced in
both DNA ligase III and AdML pre-mRNA substrates
containing the exonic splicing silencer. Increased cross-linking
of a 37 kDa protein, under splicing conditions, was seen to
AdML pre-mRNAs containing the silencer compared to those
without the silencer.

Only a few exonic sequence elements that silence splicing of
higher eukaryotic non-viral pre-mRNAs have been identified,
although viral pre-mRNAs contain several well-characterised
silencers (Table 1). Exonic splicing silencers are a diverse
collection of sequences. The intensity of mapping the
elements, and their dependence on the context of surrounding
sequences, may explain the wide range of their sizes (from 4 to
74 nt in length). However, the sequences themselves vary.
Comparison of the DNA ligase III exonic splicing silencer to
other exonic silencers reveals little similarity. The sequence
CAAG has been mapped in the fibronectin EDA exon (29) and
is present in the DNA ligase III exonic element. Also, the
sequence AAAUU occurs once in DNA ligase III and in the
CD44 v5 (30) and fibronectin EDA (31) exonic silencers.
However, it is unknown what importance these sequences may
have to silencing function and more detailed mapping and
analysis of this and other exonic silencers will be needed to
determine this. Our preliminary point mutation data suggest
that the third U in the element had some role in silencing, while
mutation of the other U nucleotides had little effect. The
intronic splicing silencer element downstream of the DNA
ligase III � exon was not further defined, and although it is
GU-rich, this is often found in this context (just downstream of
the cleavage site). This, too, will require more detailed mapping.

Despite the disparate nature of the exonic splicing silencers,
some similarities in their mechanisms of action may be identified.
The DNA ligase III exonic splicing silencer partially inhibits
the early steps of spliceosome assembly, including the A
complex. This is similar to an effect seen with the HIV-1 tat
exon 3 silencer element (32). Partial inhibition of spliceosome
assembly was also seen in a heterologous context. However,
the reduction in complex formation may not be the only mechanism
for splicing silencing, as some complexes were still observed
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Figure 6. Inhibition of spliceosomal complex assembly and UV cross-linking of a 37 kDa protein by the 16 nt exonic silencer in AdML pre-mRNAs. (A) The upper
panel shows denaturing PAGE of a time course (0, 20, 40 and 60 min) of splicing reactions. The identity of the RNAs is indicated on the left. The lower panel shows
non-denaturing PAGE of aliquots of the splicing reactions. The non-specific complex, H, and spliceosomal complexes A, B and C are labelled. The additional
complex (I) is indicated by an arrow. (B) The same experimental design as in (A) except that AdML-REPpA was compared to AdML-PAR. (C) The upper panel
shows denaturing PAGE analysis of aliquots of splicing reactions with AdML pre-mRNAs incubated for 60 min under cross-linking conditions (lanes 2 and 4) or
kept on ice (lanes 1 and 3). The identity of the RNAs is indicated on the left. The lower panel shows an autoradiograph of proteins from the splicing reactions after
UV cross-linking and RNase treatment. An arrow indicates the protein cross-linked to the AdML-REP substrate. (D) The same experimental design as in (C) except
that AdML-REPpA is compared to AdML-PAR.
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in substrates containing the silencer. Another possible mechanism
of silencing may involve later stages of the splicing reaction,
for example the second step. Thus, with some substrates, quite
high amounts of first step intermediates were seen, despite low
levels of second step mRNA products. Indeed, we have
recently reported that the IgM M2 exon silencer (33) appears to
function in a second step trans-splicing assay (34). However,
the function of the DNA ligase III � exon silencer has not yet
been tested in the second step trans-splicing assay. When the
exonic splicing silencer was placed in an AdML context, a
faint additional complex was seen. This additional complex
was evident when the silencer was in the context of a downstream
AUUAAA. This extra complex may be similar to the I complex
seen with the IgM exonic splicing silencer (33). However, we
did not see this complex with a DNA ligase III pre-mRNA.
This may be because the AdML pre-mRNA has been optimized
for analysis of spliceosome assembly (22), making this a
particularly efficient substrate for detection of complexes. We
have no evidence that such an I complex was silencing splicing
in this context, but if so, it may contain silencer proteins that
have been identified by methods such as UV cross-linking (35).

The regulation of splicing of several pre-mRNAs has been
shown to involve exonic enhancer and silencer elements,
including constitutively spliced exons, for example �-globin
(36). How these sequence elements influence the splicing
apparatus is not completely understood. Enhancers may bind a
family of splicing regulators, the SR proteins, which, in turn,
promote the interaction with early spliceosomal components,
e.g. U2AF65, with intronic splicing signals such as the poly-
pyrimidine tract (13,37). No such clear model is available for
the function of exonic silencers. Although several proteins
[including SR proteins (38), PTB (38), hnRNP H (35) and A1
(39)] and snRNPs (33,38) bind to or function with exonic
silencers, it is not known how they inhibit splicing or interact
with the splicing machinery. We have identified a protein of
~37 kDa by cross-linking to a pre-mRNA containing an exonic
silencer. Several RNA-binding proteins lie in the range 34–40
kDa, including hnRNPs A1 (40), A1B (41), A2/B1 (42) and

2H9 (43) and SR proteins hTra2� (44) and SRp40 (45). Some
of these proteins are candidates for the cross-linked protein in
this study. Studies to identify this protein and its binding site
on the pre-mRNA are underway.

Splicing to some terminal exons is linked to polyadenylation,
such that an inhibition of polyadenylation also reduces splicing
(24–26). However, there was no evidence that the 16 nt exonic
silencer element inhibited DNA ligase III splicing indirectly,
through interference with polyadenylation. On the contrary,
the splicing silencer element appears to overlap with an
upstream element, increasing the efficiency of polyadenylation
of DNA ligase III or AdML pre-mRNA substrates. We also
noted that silencing of splicing of the AdML pre-mRNA was
more efficient in the context of the downstream AUUAAA.
Other upstream polyadenylation promoting elements may have
similar dual or overlapping roles in splicing. The 53 nt
upstream element for polyadenylation of the C2 complement
pre-mRNA binds PTB (46), a factor implicated in pre-mRNA
splicing regulation and silencing (38). A 101 nt element of the
mouse histone H2a coding region inhibits cryptic splicing and
promotes polyadenylation of intronless �-globin transcripts
(47). In the case of the DNA ligase III silencer, there was no
evidence of changes in cross-linking to a protein matching the
size of PTB. We also do not know if the element binds one
factor with opposing functions in splicing and polyadenylation.
Two or more factors, each with separate functions in splicing
and polyadenylation, may interact with the element.

The identification of exonic and intronic elements that
silence splicing to the � exon in HeLa nuclear extracts suggests
that the control of DNA ligase III expression and function may
involve repression of the � exon in tissues other than the testes,
with a relief of such repression during pachytene spermatogenesis.
The demonstration of an activity in testes or spermatogenesis
capable of relieving this silencing mechanism will be a major
step forward in understanding the control of gene expression in
the testes and in the process of spermatogenesis in mammals.
However, the possibility of an additional enhancer function,
elsewhere in the pre-mRNA, during spermatogenesis has not

Table 1. Exonic splicing silencer sequences

Sequence Gene Reference

Non-viral

UGUGGG �-TM (35)

UAAGUGUUCUGAGCU �-TM (51)

CAAG Fibronectin (29)

UAAG FGF-2R (52)

AGACAGAAUCAGCACCAGUGCUCAUGGAGAAAAUUGGACC CD44 (30)

CUAGUAAACUUAUUCUUACGUCUUUCCUGUGUUGCCCUCCAGCUUUUAUCUCUGAGAUGGUCUUCUUUCUAG IgM (33)

CACUGAUGUGGAUGUCGAUUCCAUCAAAAUUGCCUUGGGAAAGCCCACAGGGGCAAGUUUCCAGGUACAGGGUG Fibronectin (31)

CCAAGUCAAAAUUUAC DNA ligase III This work

Viral

AGAUCCUAGACUAGAGCCCU HIV-1 tat2 (53)

AGAUCCAUUCGAUUAGUGAA HIV-1 tat3 (32,53)

GGCUCCCCC BPV (38)

CCCGAAGGAAUAGUGGAGAGAGAGACAGAGACAGAUCCAUUCGA HIV-1 tat-rev (54)
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been tested or excluded by this work. Understanding the
mechanisms of increased� exon expression in pachytene spermato-
genesis would require the analysis of splicing in functional
testes- and spermatogenesis-specific tissue extracts. Such
reagents are not available, due to technical difficulties (48).
Nevertheless, several RNA-binding proteins have been implicated
in spermatogenesis, although their function in the process is
unknown (10). Some of these are nuclear (49,50), and one
speculation is that they may have some role in the control of
alternative splicing of pre-mRNAs such as DNA ligase III.

CONCLUSIONS

Two splicing silencer elements have been identified that
repress splicing to the DNA ligase III � exon in HeLa nuclear
extracts. The exonic element can silence splicing independently of
a polyadenylation signal, but appears to overlap with an
upstream polyadenylation element. The exonic splicing silencer
functions in several sequence contexts, including a heterologous
pre-mRNA. Its mechanism of function may include inhibition
of assembly of early spliceosomal complexes, and is associated
with cross-linking of the pre-mRNA to a protein of ~37 kDa.
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