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A tripartite motif located in the centre of the 7.5 kb exon 26 of

apolipoprotein B (apoB) mRNA directs editosome assembly and

site-specific cytidine-to-uridine editing at nucleotide 6666. apoB

mRNA editing is a post-transcriptional event, occurring pri-

marily at the time exon 26 is spliced or at a time after splicing,

but before nuclear export. We show, through reporter RNA

constructs, that RNA splice sites suppress editing of precursor

RNAs when placed proximal or distal to the editing site.

Processed RNAs were edited more efficiently than precursor

RNAs. Mutation of both the splice donor and acceptor sites was

necessary for RNAs to be edited efficiently. The results suggested

that commitment of pre-mRNA to the splicing and}or nuclear-

INTRODUCTION

RNA editing, the co- or post-transcriptional alteration of RNA

sequence other than that arising from splicing and poly-

adenylation, is becoming recognized as a widespread phenom-

enon amongst eukaryotes as a means of increasing the diversity

of protein isoforms from that which is encoded in the genome.

The most thoroughly characterized mammalian RNA editing

activities are those involved in the deamination of cytidine to

form uridine in apolipoprotein B (apoB) mRNA, and of adeno-

sine to form inosine in neuronal glutamate receptor (GluR) and

5-hydrotryptamine receptor subunits [1–4].

Adenosine-to-inosine editing of pre-mRNA substrates requires

adenosine deaminases active on RNA (ADARs) and the presence

of a complementary intron sequence to form a partially double-

stranded RNA structure that is recognized by the appropriate

ADAR1 or ADAR2 deaminase [3,5,6]. The critical role of cis-

acting intronic sequences indicates that deamination is a nuclear

event and must occur prior to pre-mRNA splicing. Editing of the

ADAR2 transcript by its own translation product to create a new

alternative 5« splice acceptor sequence further underscores the

temporal and functional relationship between RNA splicing and

adenosine-to-inosine editing [7].

Under physiological conditions, apoB RNA editing is a nuclear

event [8,9]. It was first evident at the time pre-mRNAs were

polyadenylated and spliced and was completed by the time the

pre-mRNAshad been fully processed [8,10]. The results suggested

that editing occurred maximally at the time exon 26 containing

the editing site was spliced or a point thereafter, but that pre-

mRNA may not be the preferred substrate. An explanation for

this is that, despite the fact that the apoB editing site resides in
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export pathways may play a role in regulating editing-site

utilization. The HIV-1 Rev–Rev response element (‘RRE’)

interaction was utilized to uncouple the commitment of precursor

RNAs to the spliceosome assembly pathway and associated

nuclear-export pathway. Under these conditions, unspliced re-

porter RNAs were edited efficiently. We propose that pre-

mRNA passage through the temporal or spatial restriction point

where they become committed to spliceosome assembly contri-

butes regulatory information for subsequent editosome activity.

Key words: editsome, nucleus, pre-mRNA, transcription.

the centre of the 7.5 kb exon 26, editosome assembly and}or

function may be inhibited by spliceosome assembly and}or func-

tion. In this regard, 500–2000 nt of apoB RNA expressed from

cDNA edited with a 2-fold or greater efficiency in McArdle

rat hepatoma cells than the natively expressed apoB mRNA

[10,11]. Cytidine-to-uridine editing required only a 21 nt tripartite

motif surrounding the edited cytidine residue. This motif includes

an 11-nucleotide mooring sequence 3« of C'''', a 4 nt spacer

element between the edited cytidine and the mooring sequence

and an enhancer element immediately upstream of C'''' [12–14].

Though less efficient, transcripts as short as 55 nt supported

editing [11,15,16], and the tripartite motif alone supported editing

when placed in a foreign RNA context [12,17]. Subsequently,

additional sequences 5« and 3« of the tripartite motif were shown

to contain efficiency elements [15,16,18,19] and secondary struc-

ture [13,14,20,21] that promoted editosome assembly and editing

activity. These findings suggest that the editing site should be

efficiently utilized with a sufficient amount of flanking sequence,

and therefore raise the question of why exon 26 in pre-mRNA

does not edit efficiently before splicing is completed.

Cytidine deamination in �itro and in �i�o required a multi-

protein complex or ‘editosome’ [22–25]. Editosome assembly in

cells [22,26] or in �itro [11,15,22,27] required a complex protein

composition with an aggregate size of 27 S. Minimally, in �itro

editing activity required a homodimer of APOBEC-1 (catalytic

subunit for cytidine-to-uridine editing of apolipoprotein B

mRNA-1), the zinc-dependent catalytic subunit of cytidine

deaminase [28,29] and a 65 kDa RNA binding protein,

ACF}ASP (APOBEC-1 complementation factor}APOBEC-1

stimulatory protein) [30,31]. APOBEC-1 demonstrated a

weak and non-specific RNA binding activity to AU-rich apoB
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sequences [32] and alone could not edit apoB mRNA. Editing-

site specificity and RNA editing activity are imparted upon

APOBEC-1 through its interactions with ACF}ASP [30,31] and

potentially other auxiliary proteins which bind to APOBEC-1

and}or apoB mRNA and modulate the efficiency of the editing

reaction [23,24,33–35]. In terms of the potential effect of pre-

mRNA splicing on apoB mRNA editing, some of the auxiliary

proteins implicated in apoB mRNA editing, including hetero-

geneous ribonucleoprotein (hnRNP) C, hnRNP D, APOBEC-1-

binding protein and KSRP (KH type splicing regulatory protein)

have a role in pre-mRNA splicing and}or hnRNP structure

[31,36–38]. Tissue-specific heterogeneity in auxiliary protein

expression and function [16,27], and the widespread expression

of the auxiliary proteins, even in cells that lack apobec-1 or apoB

mRNA [23,24,26,30,33], has suggested an additional role(s) for

these auxiliary proteins.

The ‘gating hypothesis ’ was proposed to account for the

observation that the proportion of apoB mRNAs edited within

an intracellular population was a function of the number of

editosomes in the cell and not, paradoxically, dependent upon

the number of transcribed apoB mRNA substrates. The ‘gate ’ at

which a decision to edit or not edit an RNA is made was

envisioned as a nuclear restriction point temporally or spatially

related to pre-mRNA splicing through which all apoB mRNAs

must pass during processing [10]. The present study demonstrates

that, in wild-type McArdle rat hepatoma cells, the ability of pre-

mRNAs to commit to the spliceosome assembly pathway de-

termined the editing efficiency of these RNAs. Moreover, RNAs

that would otherwise not be edited efficiently due to splice-site

interference, could be efficiently edited when the 5« and 3« splice

sites were mutated or when interactions with the splicing ma-

chinery were by-passed utilizing the Rev–Rev-response element

(RRE) interaction. The results suggested that the regulation of

editing-site utilization is consequential to the commitment

of pre-mRNAs to the splicing and associated nuclear-export

pathways.

EXPERIMENTAL

All plasmids were constructed by standard recombinant DNA

methods and verified by DNA sequencing. The intervening

sequence (IVS)–apoB construct has been described previously

[10]. Mutation of 6 bp at the 5« splice donor sequence, including

the intronic GU dinucleotide (IVS–∆5«apoB) and deletion of

20 bp encompassing the 3« splice acceptor and polypyrimidine

tract sequences (IVS–∆3«apoB), was accomplished by ‘run-

around’ PCR using primers that included an XhoI site to facilitate

subsequent re-ligation of the PCR product [39]. IVS–∆3«5«apoB

was created by ligation of the appropriate halves of the above

molecules.

McArdle RH7777 cells were maintained as previously de-

scribed [40] and transfected in six-well clusters with 2 µg of

DNA using AMINE2 (Gibco BRL) according to the

manufacturer’s recommendations. RNAs were harvested 48 h

post-transfection in TriReagent (Molecular Research Center,

Cincinnati, OH, U.S.A.) and subjected to reverse-transcriptase

(RT)-PCR for amplification of intron-containing or exonic apoB

specific transcripts using appropriate PCR primers as previously

described [10] and outlined in the Figure legends. Editing

efficiencies were determined by poisoned-primer-extension assay

on purified PCR products [10] and quantified by analysis on a

PhosphorImager (model 425E; Molecular Dynamics).

The poisoned-primer-extension assay relies on the annealing

of a $#P-end-labelled primer 3« of the editing site to the heat-

denatured single-stranded PCR product. Extension of this primer

using RT in the presence of dATP, dCTP, dTTP and dideoxy

(dd)-GTP produces an extension product eight nucleotides longer

if the cytidine has not been edited (CAA in the Figures) ; that is,

incorporation of ddGTP causes chain termination. If editing has

created a uridine, then primer extension continues a further 11

nucleotides to the next 5« cytidine, where chain termination then

occurs (UAA in the Figures). Quantification of the level of editing

is accurately determined using laser scanning densitometry. The

linear exposure range of the PhosphorImager screen is sufficiently

great to permit precise determination of low counts in the UAA

bands whilst the high levels of counts in the CAA band remain

in the linear range. Editing percentages were calculated as the

counts in the UAA band divided by the total counts in the CAA

plus UAA bands times 100. This assay has a lower level of

detection of 0.1% editing and remains linear up to 99.5% and is

independent, between 1 ng and 500 ng, of the total amount of

template PCR product used (M. P. Sowden, unpublished work).

Rev complementation}editing assays [41] were performed in

duplicate in McArdle cells seeded in six-well clusters. Briefly, a

total of 2 µg of DNA, comprising 1 µg of reporter DNA, 0.75 µg

of transactivator DNA (pRc}CMV vector or a nucleocyto-

plasmic shuttling competentRev–Rex fusion; a gift ofDrThomas

J. Hope, Infectious Disease Laboratory, Salk Institute for

Biological Studies, La Jolla, CA, U.S.A.) and 0.25 µg of pRSV-

β-galactosidase [internal control for chloramphenicol acetyl-

transferase (CAT) assays] were introduced into McArdle cells

using AMINE2 as described above. Cells were harvested

at 48 h post-transfection, protein extracts prepared by freeze–

thawing, and β-gal [42] and CAT [43] assays performed as

previously described. All extracts were normalized for β-gal

activity. Parallel transfections were harvested for RNA prepa-

ration and RT-PCR amplification of the apoB RNA. Editing

efficiencies were quantified as described above.

RESULTS

Introns interfere with editing

Our previous studies demonstrated that the editing efficiency of

apoB RNA was dramatically reduced when an intron was placed

% 350 nt 5« or 3« of the target cytidine [10]. To provide proof that

it was specifically RNA splicing and}or spliceosome assembly

that had affected editing efficiency, splicing-competent and

splicing-defectiveRNA transcriptswere evaluated for their ability

to support RNA editing in transfected McArdle rat hepatoma

cells. The apoB pre-mRNA reporter construct contained an

abbreviated splicing cassette from the adenovirus late leader

sequence fused to 450 nt of wild-type apoB mRNA (Figure 1A).

Unspliced pre-mRNA and spliced mRNA were amplified from

total cellular McArdle cell mRNA using the MS1}MS2 and

SP6}T7 amplimer pairs respectively (Figure 1A). Consistent with

previous results, the splicing cassette impaired the ability of the

IVS–apoB RNA transcript to be edited, either before (pre-

mRNA) or after (mRNA) it was spliced relative to a control

transcript (pRc-apoB) that contained only apoB sequence (Figure

1B). These results corroborate previous findings suggesting that

there is a window of opportunity for editing apoB mRNA in the

nucleus and that no further editing occurs in the cytoplasm

of wild-type hepatic cells. Specifically, recently published sub-

cellular-fractionation studies have shown that the low level of

editing measured on this transcript as mRNA (1%) occurred

while the RNA was still in the nucleus [9].

Deletion of the polypyrimidine tract}branch point sequences

and the 3« splice acceptor site in the IVS–∆3«apoB transcript

(Figure 1A) ablated the ability of this pre-mRNA to be spliced,

as the SP6}T7 amplimer pair yielded only PCR products
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Figure 1 Effect of introns on editing efficiency

(A) Diagram of the chimaeric apoB expression constructs. The intron sequence (IVS) is derived from the adenovirus late leader sequence. Co-ordinates of the human apoB sequence are shown

and the location of PCR amplimers indicated. X indicates the deleted 5« splice donor or 3« splice acceptor sequences. CMV, cytomegalovirus. (B) Poisoned-primer-extension assays of amplified

apoB RNAs. Pre-mRNA and mRNA were amplified with the MS1/MS2 or SP6/T7 amplimers respectively. Editing efficiencies, an average for triplicate transfections, for each RNA are shown beneath.

Editing efficiency was determined as the number of counts in edited apoB mRNA (UAA) divided by the sum of counts in UAA plus those in unedited apoB mRNA (CAA) and multiplied

by 100.

indicative of unspliced transcripts (results not shown). The editing

efficiency of this splicing-defective construct was higher than

that of IVS–apoB (14%, S.E.M.¯ 1.0% ; Figure 1B). The IVS–

∆5«apoB transcriptwas also defective in splicing owing to deletion

of the 5« splice donor sequence (the SP6}T7 amplimer pair failed

to yield PCR products corresponding to spliced RNA; results

not shown), and this RNA also demonstrated markedly elevated

editing compared with IVS–apoB (11%, S.E.M.¯ 0.1% ; Figure

1B). The double-splice-site mutant IVS∆3«5«apoB (Figure 1A)

had an editing efficiency higher than either of the single-site

mutants (20%, S.E.M.¯ 0.2%) and equivalent to the intron

lacking RNA transcript, pRc-apoB (24%, S.E.M.¯ 0.2% ;

Figure 1B). These results suggested that it is the assembly of a

fully functional spliceosome and}or RNA splicing that impedes

editosome assembly and}or function, and that both 5« and 3«
splicing signals contribute to the inhibitory effect.

Each of the constructs in Figure 1 generated pre-mRNA

transcripts of equivalent length, but the presence of active or

inactive introns might influence expression levels of the resultant

mRNAs. However, we have previously reported that the ex-

pression level of a given apoB transcript did not affect its editing

efficiency [10]. Moreover, there was no competition between the

editing efficiencies of exogenous and endogenous apoB trans-

cripts, suggesting that editing factors were not made to be rate-
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Figure 2 Effect of intron proximity on editing efficiency

(A) Diagram of the chimaeric apoB expression constructs. IVS–(IVS∆3«5«)–apoB and IVS–(IVS∆3«5«)2–apoB were created by the insertion of one or two copies respectively of the IVS∆3«5« intron

cassette into IVS–apoB. Human apoB co-ordinates and amplimer annealing sites are indicated (and see Figure 1). (B) Poisoned-primer-extension assays of amplified apoB RNAs. Pre-mRNA and

mRNA were amplified with the MS7/MS2 or SP6/T7 amplimers respectively. Editing efficiencies, an average for duplicate transfections, for each RNA are shown beneath.

limiting by the increased concentration of apoB editing sites.

These facts underscore the significance of the intron and RNA

splicing on the regulation of editing efficiency.

In human apoB mRNA, C'''' is located in the middle of the

7.5 kb exon 26, significantly further from a 5« or 3« intron than

in the chimaeric constructs described above. We therefore

evaluated whether the proximity of the splice donor and acceptor

sites to the tripartite motif affected editing efficiency. Insertion of

a monomer or a dimer of the splicing-defective intron cassette

(IVS∆3«5«) increased the distance between the active intron and

the editing site by 425 and 850 nt respectively (Figure 2A). This

increased the effective size of the chimaeric exon to nearly 1 kb

or 1.4 kb respectively ; the average size of an internal exon being

only 200–300 nt in mammals [44].

ApoB pre-mRNA was amplified from each transcript ex-

pressed in McArdle cells using the MS7}MS2 amplimers and

nesting with the MS2}MS3 amplimer pair. The sequence of

primer MS7 is unique to the functional intron sequence and thus

ensured amplification of unspliced pre-mRNA. Barely detectable

levels of editing were measured on both pre-mRNA transcripts.

However, a 10-fold higher level of editing was observed upon the

spliced mRNA of both transcripts (6.0%) (Figure 2B), which is

6-fold higher than the spliced mRNA derived from IVS–apoB

(Figure 1B). This suggested that increasing the distance between

the intron and the editing site alleviated, but was not completely

capable of overcoming, the inhibitory effect of spliceosome

assembly}RNA splicing on editing (i.e. compare 6 with 20%

editing of IVS∆3«5«apoB in Figure 1).

The apoB editing site is not efficiently used within an intron

A search of GenBank2 for apoB mooring-sequence similarities

reveals numerous potential editing sites. However, many are

located short distances from splice sites or within 5« or 3«
untranslated regions or introns where the functional conse-

quence(s) of a cytidine-to-uridine editing event is unclear (D.
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Figure 3 Editing sites within introns are poorly utilized

(A) Diagram of the chimaeric apoB expression constructs. The apoB editing cassette was inserted as a PCR product into a unique HindIII site 5« of the polypyrimidine tract in IVS–apoB and

IVS–∆3«5«apoB (see Figure 1). Amplimer annealing sites are indicated. (B) Poisoned primer extension assays of amplified apoB RNAs. Unspliced pre-mRNA and intron containing RNA were

amplified with the Ex1/Ex2 or MS∆5/MS∆6 amplimers respectively. Editing efficiencies, an average for duplicate transfections, for each RNA are shown beneath.

Landsman, M. Forsythe and H. C. Smith, unpublished work).

The release of the entire human, mouse and rat genome sequences

will likely reveal more mooring-sequence similarities, although

their location in introns or exons may be uncertain until these

genomes are annotated. In this regard, our results suggested that

mooring-sequence-dependent editing sites may not be bio-

logically active if they are positioned too close to splice junctions.

In an attempt to be able to predict functional cytidine-to-

uridine editing sites from these transcriptomes, we also investi-

gated whether the apoB editing site is recognized when positioned

within an intron. A 450 nt section of the apoB RNA transcript

containing the editing site was placed within the intron of the

adenovirus late leader sequence (IVS–apoB INT) and this

construct was expressed in transfected McArdle cells. Pre-mRNA

transcripts were amplified using the Ex1}Ex2 amplimers followed

by nested PCR with the MS∆5}MS∆6 amplimer pair and were

edited at an efficiency of 0.4% (Figure 3B). Intron-containing

transcripts were amplified using the MS∆5}MS∆6 amplimers

followed by nested PCR with the MS2}MS3 amplimer pair and

were edited at an efficiency of 0.5% (Figure 3B). The use of the

MS∆5}MS∆6 amplimer pair in the initial PCR would not

distinguish between unspliced pre-mRNA or spliced-out lariat

RNA, but given the rapid degradation of lariat RNA, it is

unlikely that the amplified PCR products represent lariat RNA

species. If, however, there were amplified lariat species present,

the difference of 0.1% between intron-containing and unspliced

pre-mRNA suggests that lariat RNAs containing apoB editing

sites are not efficient editing substrates.

Mutation of the 5« and 3« splicing signals of the above construct

to generate IVS–∆3«5«apoB INT restored editing efficiency (20% ;

Figure 3B) to a level equal to that of IVS–∆3«5«apoB construct

(20% ; Figure 1C). A minor additional primer extension product
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Figure 4 Editing is regulated by RNA splicing

(A) Diagram of the modified CAT reporter construct (CMV128) used in the Rev complementation

assay ; a gift from Dr Thomas J. Hope of the Salk Institute. The splice donor (SD), splice

acceptor (SA), RRE, intron and 3« long tandem repeat (LTR) are from the HIV-1 genome.

CMV128 was modified by insertion of the apoB editing cassette as a PCR product into the

BamHI site 3« of the CAT gene. Amplimer annealing sites are indicated. (B) McArdle cell CAT

activity in the absence (Vector) or presence of the Rev transactivator. Values are averages for

duplicate experiments. CMVCAT was an assay control transfection. (C) Poisoned-primer-

extension assays of amplified apoB RNAs. ‘ Intron and exon RNA ’ was amplified using the

EF/MS2 amplimers. Editing efficiencies for each RNA are shown beneath. Promiscuous editing

is indicated by ‘ 1 ’.

indicative of promiscuous editing was also apparent. These

results support the hypothesis that pre-mRNA is not an effective

substrate for cytidine-to-uridine editing and that this likely

results from interference by spliceosome assembly}RNA splicing

or potentially the rapid nuclear export of spliced mRNAs into

the cytoplasm.

Blocking the commitment of transcripts to the splicing pathway
alleviates splice-site inhibition of editing

Most apoB mRNA editing substrate studies have employed

cDNA transcripts which lack introns [16,45,46]. Wild-type

apoB cDNA transcripts expressed in wild-type McArdle cells edit

2–3-fold more efficiently than the endogenous transcript [10,16].

We have demonstrated that chimaeric splicing–editing reporter

RNAs (IVS–apoB) had low editing efficiency as nuclear trans-

cripts, which did not change once spliced mRNAs had entered

the cytoplasm (Figure 1; [9]). Hence the window of opportunity

for a transcript to be edited in wild-type cells was confined to the

nucleus, and when introns are proximal to the editing site, its

utilization was impaired. We therefore reasoned that if

spliceosome assembly was involved in the inhibition of editing,

then by-passing the spliceosome assembly commitment step may

alleviate the inhibition (in a manner similar to intronless cDNA

transcripts).

To investigate this hypothesis, we have separated the processes

of RNA splicing and RNA nuclear export by utilizing a

modification of the Rev complementation assay that has been

employed to identify HIV-1 Rev-like nuclear export sequences

[41]. Rev functions, by interaction with an RRE, to export

unspliced RNA out of the nucleus. A reporter plasmid was

constructed which contained an intron interrupted by the CAT

gene and a functional apoB RNA editing cassette (Figure 4A).

CAT activity could only be expressed if unspliced RNA was

exported to the cytoplasm, a process wholly dependent upon an

active Rev protein expressed from a co-transfected plasmid. In

the presence of Rev, spliceosome assembly on the transcript does

not occur and therefore should not interfere with the utilization

of the apoB editing site contained with the intron.

McArdle cells were co-transfected with the modified reporter

construct, together with either a control vector or a Rev

expression vector. CAT activity was determined 48 h later (Figure

4B). In the presence of the control vector, very low levels of CAT

activity were expressed, presumed to be due to splicing and

degradation of the CAT transcript as a lariat RNA. Expression

of the Rev protein resulted in nuclear export of unspliced

intronic RNA and translation of the CAT protein, as evident in

the 7-fold higher level of CAT activity in these cell extracts.

These findings demonstrated that, in McArdle cells, HIV-1 Rev

protein successfully diverted RNAs from the spliceosome as-

sembly pathway and transported them into the cytoplasm.

Total cellular RNA was harvested from parallel transfections,

the apoB sequence amplified, and the editing efficiencies were

determined (Figure 4C). Consistent with our findings described

above, editing of apoB RNA within an intron of the RRE

construct in the absence of Rev expression was very low

(‘ intronexon’ amplified with EF}MS2). However, the editing

efficiency was enhanced 5-fold when the Rev protein was co-

expressed. Given that editing in the cytoplasm has never been

demonstrated in wild-type McArdle cells [9], nor would it be

driven by an increase in apoB RNA abundance in the cytoplasm

[10], we propose that the enhanced editing occurred in the

nucleus as a consequence of pre-mRNAs by-passing commitment

to the spliceosome assembly and}or RNA export pathways.

We cannot formally exclude the alternative explanation that

unspliced CAT–apoB chimaeric RNAs were edited in the cyto-

plasm. However, this would necessitate the activation of

cytoplasmically localized editing factors by Rev, for which there

is no precedent.

In addition to an enhanced editing efficiency, the unspliced

CAT–apoB RNA was also promiscuously edited (additional

primer extension stop labelled ‘1’, Figure 4C). Promiscuous

editing does not occur under physiological expression levels of

APOBEC-1 in McArdle cells [10,40,47], in rat tissues or under

biological conditions where editing efficiencies are greater than

90%, e.g. rat intestine [48]. Nor does it occur when rat hepatic

editing efficiencies are stimulated by metabolic or hormonal

manipulations [49,50]. Promiscuous editing appears to be unique

to cells in which APOBEC-1 has been artificially overexpressed

[10,40,47] and is observed under these conditions on both nuclear

and cytoplasmic transcripts [9]. The results presented in Figures

3 and 4 are therefore the first demonstration of promiscuous

editing in the nucleus without the exogenous overexpression of

APOBEC-1.

DISCUSSION

ApoB mRNA editing, while conceptually a simple process of

hydrolytic cytidine deamination to uridine [51], has turned out to

have surprising complexities in both the number of proteins

involved and the cell biology involved in its regulation. It is well

established that a sequence element consisting of three proximal

components (enhancer, spacer and mooring sequence) com-
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prise the cis-acting sequences required for efficient site-specific

editing of C6666 in apoB mRNA [11–15,45]. A multiple protein

editosome catalyses and regulates editing of C'''' [11,22,26]. The

components of the minimal editosome from defined in �itro

system analyses are APOBEC-1 as a homodimeric cytidine

deaminase [28] bound to the auxiliary protein ACF}ASP that

serves as the editing-site recognition factor through its mooring-

sequence-selective RNA-binding activity [30,31]. Several other

auxiliary protein candidates have also been described that had

binding affinities for APOBEC-1 and}or apoB mRNA and that

demonstrated the ability to modulate editing efficiency

[23,24,26,31,33,34,37,38]. Although, under biological conditions,

editing occurs only in the nucleus [8,9], nuclear and cytoplasmic

distributions have been described for both APOBEC-1 and ACF

[9,52,53]. Nuclear editing has been characterized as occurring

coincident with, or immediately after, pre-mRNA splicing [8–10].

Prior to splicing, pre-mRNA was not efficiently edited [8]. It was

not apparent, given the size of exon 26 and the nature of the cis-

acting RNA sequence requirements, why there was a lag in

editing activity during pre-mRNA maturation. We have

addressed this question in studies suggesting that spliceosome

assembly and}or nuclear RNA export pathways regulate the

utilization of cytidine-to-uridine editing sites.

In reporter RNA constructs, introns within 350–1000 nt of the

apoB editing site suppressed editing efficiency. This inhibition

was dependent on an active 5« splice site and}or 3« splice donor

site and was partially alleviated after the reporter RNA had been

spliced. This suggests that the process of spliceosome assembly

functionally interfered with editosome assembly and}or function.

This is supported by the distance dependence of this inhibition.

When the splice sites were located more distal to the editing site,

editing efficiencies were increased albeit not to levels seen on

RNAs that do not contain introns. The gating hypothesis [10]

proposed that each apoB RNA had a temporal ‘window of

opportunity’ to become edited during its splicing and export

from the nucleus. In this model, factors involved in spliceosome

and editosome assembly are thought to compete for access to the

mRNA. Consequently it is predicted that there will be less steric

hindrance between the spliceosome and the editosome, and

editing efficiency will improve the more distal an intron is located

relative to the editing site [e.g. IVS–(IVS∆3«5«)–apoB or IVS–

(IVS∆3«5«)
#
–apoB compared with IVS–apoB]. This phenomenon

might explain the lower editing efficiency of native apoB editing

prior to splicing, because the native editing site is only three

times further away from the 5« or 3« splice junctions than that

used in our reporter RNA constructs.

Importantly, these results have implications for the prediction

of novel mooring-sequence-dependent RNA-editing sites. Not

only is there a requirement for a target cytidine to be ap-

propriately located upstream of a mooring sequence, but for

efficient utilization, the editing site should not be in close

proximity to an intron. Considering that the average size of an

internal exon is only 200–300 nt in mammals [44], it is highly

unlikely that a significant amount of mooring-sequence-depen-

dent editing will be observed in mRNAs with standard sized

exons. In fact an analysis of the human, mouse and rat expressed-

sequence-tag databases by Hidden Markov modelling has con-

firmed that the majority of mooring-sequence identities within

coding sequences are located proximal to intron}exon junctions

(D. Landsman, M. Forsythe and H. C. Smith, unpublished

work). An evaluation of select RNA transcripts revealed that

they were in fact not edited (M. Forsythe and H. C. Smith,

unpublished work). Related to these observations are results

showing that editing sites located within introns were not

inefficiently utilized. Taken together, the results support the

hypothesis that spliceosome assembly and editosome assembly

processes are communicating a temporal and spatial relationship

that ultimately determines the efficiency of mooring-sequence-

dependent editing. Consistent with this possibility of communi-

cation between the spliceosome and editosome is the finding that

several proteins that have a role in RNA structure and}or

splicing have also been implicated in RNA editing as auxiliary

factors. These include hnRNP C, hnRNP D, APOBEC-1-binding

protein (which has homology with hnRNP A and B) and KSRP,

a protein involved in alternative splice site utilization [31,36–38].

The Rev–RRE interaction in chimaeric splicing}editing trans-

cripts subverted pre-mRNA from the spliceosome assembly

pathway and markedly alleviated the suppression of editing of

pre-mRNA. Current evidence suggests that editing of all RNAs

occurred in the nucleus ; however, we cannot rule out the

possibility that editing of the unspliced apoB chimaeric RNA

occured after it was exported to the cytoplasm. Although we

have reported cytoplasmic localization of APOBEC-1 and ACF

[9,52], there is no precedent for them to form active editosomes

in the cytoplasm in �i�o or for there to be cytoplasmic editing

when APOBEC-1 expression was under biological regulation [9].

Specifically, cytoplasmic APOBEC-1 and ACF existed within an

inactive 60 S complex that only became an activated 27 S

editosome in the nucleus [11,22]. The possibility of cytoplasmic

editing was shown in studies in which an enhanced editing

efficiency was observed upon IVS–apoB chimaeric RNA by a

cytoplasmically ‘ tethered’ chicken muscle pyruvate kinase–

APOBEC-1 fusion protein [9]. This fusion protein was not

capable of normal cellular localization but, when overexpressed,

could form active editing complexes with cytoplasmic auxiliary

proteins. We propose therefore that, under normal regulation of

APOBEC-1 and ACF expression and their cellular localization,

the impairment of mooring-sequence-dependent editing on

intronic RNA and its rescue in the presence of the Rev protein

demonstrate that spliceosome assembly can interfere with

editosome assembly}function.

The significance of the promiscuous editing observed upon the

intronic RNA in the presence of Rev is uncertain. It is possible

that editing-site fidelity as well as utilization is maintained by the

commitment to spliceosome assembly in wild-type McArdle

cells. However, the promiscuous editing observed on IVS–

∆3«5«apoB INT was unexpected, given the nature of the tran-

script, i.e. a cDNA equivalent to IVS–∆3«5«apoB in Figure 1 on

which no promiscuous editing was observed at equivalent editing

at C''''. A possibility for this could be the fortuitous introduction

of a pair of tandem UGAU sequences within the intronic

sequence 3« of the editing site, a motif that we have previously

shown to promote promiscuous editing [16].

Our description of the relationship of RNA splicing and

editing is novel for apoB cytidine-to-uridine mRNA editing.

However, an emerging theme in RNA processing is an inter-

dependence of multiple steps in RNA maturation. Perhaps the

most relevant to apoB editing is the adenine-to-inosine editing of

glutamate and 5-hydroxytryptamine receptors. In contrast with

apoB mRNA editing, mRNA substrates that undergo adenine-

to-inosine editing all require the presence of a complementary

intron sequence to form a partially double-stranded RNA

structure that is recognized by the appropriate ADAR1 or

ADAR2 enzyme [3,5,6]. The critical role of cis-acting intronic

sequences indicates deamination is a nuclear event, and as the

editing site is frequently located close to a 5« splice acceptor site

[54,55], suggests that the level of editing maybe influenced by

interference or interaction with RNA splicing. For example,

endogenously expressed GluR2 mRNA from neuronal cell lines

is always edited to 100% at the Gln}Arg site, whereas unspliced
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GluR2 transcripts are edited to only 70–90% [54], suggesting a

partial inhibition of splicing until editing has occurred. Con-

versely, the transcript of the Glu-R6 gene contains three exonic

editing sites (Ile}Val, Tyr}Cys and Gln}Arg) which are edited to

different extents, suggesting that there must be a tightly regulated

and co-ordinated action of the appropriate ADAR and the

spliceosome at each editing site [56,57]. In crosses of ADAR2+/−

with GluR-B (R)+/+ mice, an influence from the editing status of

the Gln}Arg site on subsequent splicing of the downstream

intron was observed [58], suggesting that these RNA processing

events do not occur independently.

The major steps in pre-mRNA processing, capping, splicing,

3«-end cleavage and polyadenylation are coupled to transcription

through recruitment of the necessary processing factors to the

largest subunit of the RNA polymerase II. This represents an

efficient process for increasing local concentrations of related

processing and transcription factors on pre-mRNAs as and when

they are needed [59]. Many analyses of RNA processing have

attempted to identify active versus inactive populations of

processing factors and have postulated that the greatest con-

centration of factors may or may not correspond to sites of

function, dependent upon metabolic activity [60]. Specifically,

recent photobleaching studies ([59] and references cited therein)

suggested that ‘speckles ’ correspond to sites where free small

nuclear RNPs transiently assemble before recruitment by the C-

terminal domain of RNA polymerase II and transfer to nascent

transcripts. It is easily conceivable, therefore, that the processes

of RNA editing and RNA splicing should be tightly co-ordinated,

and the observation of nuclear and cytoplasmically localized

APOBEC-1 and ACF corresponds to active and inactive com-

plexes respectively. These two components of the minimal

editosome, together with other editosomal proteins if necessary,

could be rapidly recruited to newly synthesized apoB mRNA

transcripts by a co-ordinated action of RNA polymerase II and

spliceosome assembly.

Most, if not all, known RNA processing reactions can occur

in �itro, but they are not as efficient as in �i�o. This is also true

for in �itro apoB RNA editing reactions. However, IVS–apoB

RNA transcripts were edited with the same efficiency as intronless

apoB transcripts in �itro (H. C. Smith, unpublished work). This

indicates that the presence of an intron per se does not interfere

with editing, but, as we have shown, there is a clear inter-

dependence of splicing and editing for editing site regulation and

fidelity in �i�o. Such interdependence is also exhibited in mam-

malian nonsense-mediated decay (‘NMD’) of RNA, wherein

only RNAs that contain nonsense codons and that have passed

through the spliceosome are ‘marked’ and targeted for decay

[61]. This imprinting of nuclear pre-mRNA by proteins that

remain bound in the cytoplasm is a means of mRNAs ‘com-

municating their history’ [62] and}or perhaps ensuring that no

further RNA processing}editing occurs in the cytoplasm [63].

In conclusion, we have demonstrated a spatial and temporal

relationship between RNA splicing and apoB RNA editing. The

suppression of editing-site utilization by proximal introns may

explain the uniquely large size of exon 26 and}or the scarcity of

other mooring-sequence-dependent cytidine-to-uridine editing

sites. Moreover, these studies highlight the need to consider

apoB RNA editing as an integrated process with RNA tran-

scription and splicing, potentially expanding the number of

auxiliary factors that should be considered as involved in apoB

RNA editing.

We are grateful to Jenny M. L. Smith for the preparation of the Figures. This work
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