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ABSTRACT

Editing of apolipoprotein B (apoB) RNA involves deamination of cytidine by the catalytic subunit, APOBEC-1,
as a component of an editosome. A tripartite sequence (editing motif) is essential for editosome assembly and
site-specific editing. Current theory for the regulation of apoB RNA editing proposes that APOBEC-1 is rate lim-
iting in cells and determines the proportion of edited apoB mRNAs. An evaluation of how the overexpression
of APOBEC-1 increased the proportion of edited RNAs has led to the discovery of a paradox. McArdle cells edit
a constant proportion of apoB RNA regardless of the total number of apoB RNAs expressed. Despite virtually
identical editing motifs, apoB RNA transcripts from the endogenous gene and transfected, exogenous cDNA
were edited with characteristic, but different efficiencies. This suggested that these RNAs were interacting
with the editing machinery as distinct and noncompeting populations. We evaluated whether the presence of
introns in the endogenous transcript may have distinguished it as a distinct population having reduced edit-
ing efficiency. The editing efficiency of chimeric splicing-editing RNA substrates was highest on fully processed
RNA. Increased exon length improved utilization of the editing motif in these chimeric constructs. Taken to-
gether, the data suggest that the close proximity of introns can reduce apoB RNA editing efficiency. A popu-
lation ‘‘gating’’ hypothesis is proposed wherein the proportion of edited RNAs in a population is determined
by multiple cis- and trans-acting factors as RNAs pass through a nuclear restriction point.

Keywords: gating hypothesis; RNA abundance; RNA editing; RNA splicing

INTRODUCTION sues and different species from 0% to nearly 100%
(Chen et al., 1987; Powell et al., 1987; Backus et al.,
1990; Greeve et al., 1993). Alterations in these propor-
tions have been observed throughout tissue develop-
ment (Jiao et al., 1990; Teng et al., 1990a, 1990b; Wu
etal., 1990; Higuchi et al., 1992; Funahashi et al., 1995)
and following metabolic perturbation (Davidson et al.,
1988; Baum et al., 1990; Inui et al., 1994; Thorngate
et al., 1994; Funahashi et al., 1995). Due to the larger
variant’s correlation with risk of acquiring atherogenic
diseases, several studies have focused on the cis- and
trans-acting factors involved in regulating apoB RNA
editing.

The apolipoprotein B (apoB) gene spans 43 kb, contains
29 exons, and encodes a 14-kb mRNA (Ludwig et al.,
1987). ApoB serves an essential structural role in the as-
sembly and secretion of triglyceride-rich lipoproteins
from small intestine and liver and also functions in
their uptake by peripheral body tissues (Sparks &
Sparks, 1994). Two major variants of apoB (apoB100
and apoB48) are expressed in a tissue-specific manner
and differ markedly in their role in lipoprotein secre-
tion and uptake (Davidson, 1993). The proportion of
total apoB occurring as each variant is largely deter-
mined by the proportion of total cellular apoB mRNA e —
that is egite ] I()Chpan, 1992; Greeve et al.,pl993; Teng ApoB RNA editing involves the deamination of cyt-

. . . . . idine at nucleotide 6666 (C6666), thereby converting a
et al., 1994). This proportion varies among different tis- CAA glutamine codon to a UAA translation STOP co-

don (Chen et al., 1987; Powell et al., 1987). Site-specific
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hsmith@pathology.rochester.edu. plexes, or “editosomes” (Smith et al., 1991). A tripartite
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editing motif has been described that consists of a moor-
ing sequence, a spacer region, and a regulator region
(Smith, 1993). The mooring sequence is both necessary
and sufficient for editosome assembly and site-specific
editing in a variety of native and chimeric RNA con-
texts (Bostrom et al., 1989; Backus & Smith, 1991, 1992;
Driscoll et al., 1993; Harris et al., 1993; Backus et al.,
1994).

RNA sequences flanking the editing site contribute
an ill-defined, bulk RNA “context” that can stimulate
editing efficiency in direct proportion to its length and
AT-content (Bostrom et al., 1989; Davies et al., 1989;
Driscoll et al., 1989; Backus & Smith, 1991, 1994; Backus
et al., 1994). This appears not to be due to a specific
RNA secondary structure because mutagenesis tar-
geted at creating or eliminating RNA secondary struc-
ture at the editing site has failed to demonstrate such
arequirement (Shah et al., 1991; Backus & Smith, 1994;

Backus et al., 1994). With regard to potential RNA sec-
~ ondary structure, editing of apoB nuclear RNA precur-
sors containing intron 25 had a sevenfold lower editing
efficiency of cytidine 6666, within exon 26, compared
to spliced RNA (Lau et al., 1991). Moreover, nonpoly-
adenylated, unspliced, apoB nuclear precursors were
edited 33-fold less efficiently than polyadenylated, fully
spliced nuclear mRNA. These data appear to be in con-
trast with the clear role for RNA secondary structure
in editing of RNAs encoding the glutamate receptor
subunits (Higuchi et al., 1993; Egebjerg et al., 1994). In
this system, site-specific adenosine deamination is car-
ried out by a mammalian double-stranded RNA aden-
osine deaminase (O’Connell et al., 1994; Dabiri et al.,
1996), which binds to RNA secondary structure formed
between a unique RNA sequence flanking the editing
site in exon 11 and an exon-complementary sequence
(ECS) within the downstream intron.

The catalytic subunit of the editosome, APOBEC-1,
(Teng et al., 1993; Hadjiagapiou et al., 1994; Yamanaka
etal., 1994; Davidson et al., 1995) is a zinc-dependent
cytidine deaminase (Barnes & Smith, 1993; Navarat-
nam et al., 1993a; Yamanaka et al., 1994) whose amino
acid sequence shares homology with other known cyt-
idine deaminases (Bhattacharya et al., 1994). In hepa-
tocytes, APOBEC-1 expression levels correlate directly
with the proportion of apoB RNA edited (Giannoni
et al., 1994a; Inui et al., 1994; Teng et al., 1994; Sow-
den et al., 1996). In other tissues, or during early stages
of tissue development, editing activity can be regulated
without changing APOBEC-1 abundance (Funahashi
et al., 1995).

APOBEC-1 has a weak and nonsequence-specific
binding affinity for RNA (Anant et al., 1995; MacGin-
nitie et al., 1995; Navaratnam et al., 1995) and cannot
edit apoB RNA in the absence of other cellular proteins,
“auxiliary factors.” These auxiliary proteins are present
in extracts isolated from a variety of tissues obtained
from a number of different species (Teng & Davidson,
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1992; Navaratnam et al., 1993a; Teng et al., 1993; Dris-
coll & Zhang, 1994; Yamanaka et al., 1994). Proteins
with molecular masses of 66 kDa and 44 kDa, which
bind selectively to RNAs containing the apoB editing
site (Lau et al., 1990; Driscoll et al., 1993; Harris et al.,
1993; Navaratnam et al., 1993b), have been implicated
as the presumptive auxiliary factors responsible for ed-
iting site-specific interactions during editosome assem-
bly (Harris et al., 1993).

We have examined the role of cis-acting elements,
RNA abundance, and APOBEC-1 abundance in the
regulation of apoB editing. In transfected cells, the pro-
portion of edited apoB RNAs was a function of: (1) cis-
acting sequence within the tripartite editing motif; (2)
the amount of distal bulk RNA flanking the editing site;
(3) the presence of 5 or 3’ introns; and (4) the abun-
dance of APOBEC-1. The proportion of edited mol-
ecules in an RNA population remained relatively
constant over a range of RNA abundance despite the
co-expression of potentially competing RNA editing
substrates and the apparent rate-limiting quantities of
APOBEC-1. Regulation of this nature suggested that
the proportion of edited RNAs must be determined
during RNA biogenesis/processing and not at the level
of the cytoplasmic mRNA pool. A population “gating”
hypothesis has been proposed wherein the proportion
of edited RNAs is determined by cis-acting elements
and trans-acting factor abundance at a nuclear restric-
tion point, temporally and/or spatially close to the time
when premRNA is undergoing splicing. -

RESULTS

ApoB RNA editing is mooring-sequence
dependent in transfected cells

To evaluate the mooring-sequence dependence of apoB
RNA editing, wild-type (WT) and mutant human apoB
RNA constructs used previously to define the role of
the mooring sequence in vitro (Backus & Smith, 1991)
were subcloned into the eukaryotic expression vector
pRc/CMV and transiently transfected in duplicate into
McArdle RH7777, rat hepatoma cells. McArdle cells
were selected for this study because they transcribe
and edit apoB RNA, and secrete lipoprotein particles
containing large and small apoB variants (Davies et al.,
1989). Editing of RNA from the transfected human
c¢DNAs (exogenous RNA) was assayed on reverse
transcriptase-PCR (RT-PCR) products synthesized with
pRc/CMV-specific amplimers (see the Materials and
methods).

Previous in vitro editing analyses demonstrated that
translocation of the mooring sequence to a position 3’
of an otherwise unedited cytidine (at nt 6434) in apoB
RNA (referred to as the translocation construct, TL) re-
sulted in editing of that cytidine. In transfected McAr-
dle cells, WT human apoB exogenous RNA supported
25% editing (SEM = 1.2%; n = 10) (Fig. 1A, lane 2). The
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FIGURE 1. Mooring sequence-dependent apoB RNA editing in
McArdle cells. A: Primer extension analyses performed upon RT-
PCR-amplified human apoB RNA substrates transiently expressed
in McArdle cells (see the Materials and methods). Positions of the
primer (P), DD3, and the extension products generated from un-
edited (CAA) and edited (UAA) RNAs are indicated. Lane 1 (vec-
tor), control primer extension on RNA isolated from cells transfected
with pRe/CMYV alone. Lane 3 (13-BD), parental construct for the sub-
sequent mutant RNAs (lanes 4-7) wherein the Bel [ restriction site
at nt 6440 has been destroyed (Backus & Smith, 1991). B: Primer ex-
tension analyses performed upon RT-PCR amplified endogenous
McArdle-cell apoB RNA from the same cDNA population amplified
in A, but with ND1 and ND2 amplimers.

importance of the mooring sequence in McArdle cell
editing was supported by the ability of the TL construct
to edit at low levels (3%, SEM = 0.5%; n = 6) (lane 4).
Consistent with previous studies (Backus & Smith,
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1991), the editing efficiency of TL constructs increased
when the spacer region in TL was shortened to that
found in WT apoB RNA (AAUAU to AAUU; 6.2%,
SEM =0.3% ; n =4) (lane 5, TL-3'WT) and the 5' regu-
lator region of TL was corrected to that found in WT
apoB RNA (CACAU to UGAUA; 19%, SEM = 1.3% ;
n =5) (lane 6, TL-3'WT 5'(1-5 WT)). Importantly, re-
verse mutations that substituted the TL regulator se-
quence for that of the WT RNA’s regulator reduced
editing efficiency fourfold (5.4%, SEM = 0.5%; n = 3)
(lane 7, WT 5’(1-5 TL)). These data demonstrate that
the rules of the tripartite editing motif established in
vitro are operational in transfected cells and influence
the efficiency at which an RNA will be edited.

ApoB RNA abundance does not
affect editing efficiency

Mutating TL to TL-3'WT 5(1-5 WT) may have im-
proved editing efficiency of the exogenous RNA by en-
hancing its ability to compete with the endogenous
apoB gene’s transcript (endogenous RNA) for rate-lim-
iting trans-acting factors. To evaluate this possibility,
the specific editing efficiency of the endogenous cellu-
lar apoB RNA, in the presence of transfected WT or TL
human apoB RNA substrates, was evaluated by poi-
soned primer extension analysis. Editing of the endog-
enous McArdle apoB RNA remained constant (11%,
SEM = 1%; n = 16) regardless of which exogenous
RNA was expressed (Fig. 1B). The data presented in
Figure 1 suggest the paradox that the editing efficiency
of the endogenous substrate is limited to low values
due to saturation of RNA substrate, whilst an increase
in RNA abundance and the presence of competing ex-
ogenous RNA substrates does not affect editing effi-
ciency; a situation that is presumably only possible
when the system is not at saturation.

To evaluate the effect of apoB RNA abundance on
McArdle cell editing efficiency, increasing quantities
(1-20 pg) of either WT or TL cDNA expression con-
structs were transfected into McArdle cells, in duplicate,
(using the parental pRc/CMYV plasmid to normalize the
total DNA input in each transfection). The resultant in-
crease in exogenous apoB RNA expression was verified
by RT-PCR of identical amounts of total cellular RNA
from each transfection 60 h after DNA addition (see
quantification in Fig. 4) using amplimers specific for the
endogenous and exogenous apoB RNAs (Fig. 2). The
absence of RT-PCR products when AMV reverse tran-
scriptase had been omitted from the first strand cDNA
reaction (—) demonstrated the absence of apoB plasmid
or genomic DNA contamination of the RNA samples.
The amount of RT-PCR product corresponding to hu-
man wt (544 bp) and human TL (313 bp) apoB RNA ex-
pressed in each transfection suggested increased RNA
abundance in proportion to the amount of input plas-



Regulation of ApoB mRNA editing by population gating

vector |/
o /’

+ + +

bp

(endo) 207 —

(wt) 544 -
(vector) 162 -
123 -

FIGURE 2. Transient overexpression of exogenous human apoB RNA. Ethidium bromide-stained 3:1 NuSieveGTG:aga-
rose gel demonstrating (top panel) the amount of WT (544 bp) and TL (313 bp) human apoB RNAs expressed in each trans-
fection. The 162-bp band corresponds to RNAs produced from the polylinker region of the parental pRc/CMV vector used
to normalize DNA loads in transfections. Bottom panel demonstrates the amount of endogenous (endo) McArdle cell apoB
RNA from the same transfectant shown directly above in the top panel. + indicates the presence or absence of AMV re-
verse transcriptase in the first-strand cDNA synthesis reaction. bp indicates 123-bp DNA size markers (Gibco). The trans-
fection efficiency of McArdle cells was determined to be greater than 50% by the use of a beta-galactosidase-expressing
plasmid (pCMVg-gal, M. Sowden, unpubl.) transfected in parallel dishes.

mid (Fig. 2, top panel). The amount of 207-bp RT-PCR
product from the endogenous rat apoB RNA expressed
in transfected cells appeared not to have changed over
the range of the transfection experiment (Fig. 2, bot-
tom panel).

Quantitative RT-PCR was performed by the simulta-
neous amplification of the endogenous rat and exog-
enous human WT RNAs (see the Materials and methods)
(Fig. 3). Comparison of the curves for the endogenous
rat apoB to that of the transiently expressed human
apoB established that a 20% increase in the total apoB
RNA population occurred at the highest level of tran-
sient transfection (corresponding to lane 3 in Fig. 4A,B).

Having quantified the increase in RNA abundance,
an equal volume of each RT-PCR reaction described in
Figure 2 was analyzed by poisoned primer extension
assay to determine RNA editing efficiency. The propor-
tion of WT and TL human apoB exogenous RNAs edited
remained constant over the range of RNA abundance
examined (Fig. 4A). The editing efficiency of the endog-
enous rat apoB RNA also remained constant despite
the additional editing that occurred on the exogenous
RNA substrate (Fig. 4B).

Transient expression of exogenous RNA substrates
may not reflect accurately the proportions of edited
RN As that would be achieved eventually at steady state.
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FIGURE 3. Quantification of apoB RNA expression. Exogenous hu-
man apoB, expressed in a stable cell line or as a transient transfec-
tion, was compared to the endogenous rat apoB RNA by quantitative
RT-PCR (see the Materials and methods). The data shown are from
the highest level of expression observed in either stable or transient
transfectants. Other stable cell lines assayed expressed 54% and 60%
of the levels of the endogenous rat apoB RNA.
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FIGURE 4. ApoB RNA abundance does not determine editing effi-
ciency. A: Poisoned primer extension assays of human apoB (exog-
enous) PCR products from the WT and TL transfections described
in Figure 2. Positions of the primer (P), DD3, and the extension prod-
ucts generated from unedited (CAA) and edited (UAA) RNAs are
indicated. Increasing intensities of the unedited (CAA) product re-
flects the increasing mass of substrate used in the poisoned primer
extension assays. B: Poisoned primer extension assays of rat apoB
(endogenous) PCR products from the WT and TL transfections de-
scribed in Figure 2. The equivalent intensities of the unedited (CAA)
product reflects the similar masses of substrate used in the poisoned
primer extension assays.

To circumvent this potential difficulty, clonal McArdle
cell lines were established that expressed either the WT
or TL human apoB RNA substrate. Total cellular RNA
was isolated in triplicate from each cell line, and the
RNA abundance and RNA editing efficiencies deter-
mined. Quantitative RT-PCR analyses were performed
to determine the relative abundance of the exogenous
WT and endogenous apoB RNAs expressed in each of
three stable McArdle cell lines (Fig. 3). These analyses
established that, relative to the expression level of en-
dogenous apoB RNA, the stable cell lines expressed
54% (SEM = 2.5%, n = 4), 60% (SEM = 6.5%; n = 4),

M. Sowden et al.

and an equivalent (SEM = 3.8%, n = 4) amount of ex-
ogenous apoB RNA (compare curves in Fig. 3 corre-
sponding to the endogenous rat apoB and exogenous
human apoB RNA expression). The efficiency of edit-
ing on the endogenous apoB RNA was not altered in
these cell lines compared to vector-only transfected
control cell lines (11-13%, SEM = 0.9; n = 12). More-
over, regardless of how much exogenous RNA was ex-
pressed, each of the cell lines edited the WT and TL
exogenous substrates at a constant efficiency and
equivalent to that seen in the transient transfection
analyses (28%, SEM = 1.1; n =9 and 4%, SEM = 0.6;
n =9, respectively). The data support those from the
transient transfections, suggesting that editing in
McArdle cells is not at substrate saturation despite the
low proportion of edited apoB RNAs in these cells.

To model saturation kinetics, we have evaluated the
effect of RNA abundance on RNA editing efficiency in
a McArdle cell extract in vitro editing system. Maxi-
mum in vitro editing efficiency was observed by 3 h
with 20 fmols (SEM =5 fmols; n = 5) of apoB RNA sub-
strate and 60 ug of McArdle cell extract protein (Fig. 5).
These findings are consistent with kinetic measure-
ments of editing activity in extracts that indicated sat-
uration kinetics at low RNA concentrations and a K|,
of 0.4-2.0 nM (1-20 fmols of RNA) (Bostrém et al.,
1990; Greeve et al., 1991; Teng & Davidson, 1992; Inui
etal., 1994). Increased input RNA substrate resulted in
progressive reduction in editing efficiency and sug-
gested competition for rate-limiting trans-acting factors.
The capacity to maintain a constant proportion of ed-
ited RNAs as the size of the RNA population increased
was therefore not observed in cell extracts and was
unique to editing within intact cells.

Relationship of APOBEC-1 abundance
to the proportion of edited RNAs

An alternate explanation for how cells can maintain a
constant proportion of edited RNAs within an expand-
ing RNA population is that APOBEC-1 expression may
have undergone acommensurate increase. The amount
of APOBEC-1 protein could not be determined accu-
rately because its expression in WT McArdle cells is be-
low the detection limit of our peptide-specific polyclonal
antibody (Fig. 6, control lane in the top panel), as has
also been observed with antibodies prepared by other
laboratories (Lau et al., 1994; Teng etal., 1994). A quan-
titative assessment of APOBEC-1 induction at the tran-
scription level was therefore performed on apobec-1
mRNA. Approximately 1 ug of RNA from cells express-
ing the lowest and the highest level of transiently trans-
fected exogenous human apoB RNA was analyzed by
quantitative PCR as described above.

Conditions were established that enabled separate
but simultaneous amplification of RNAs encoding
APOBEC-1 and 32-microglobulin (82M ) and the quan-
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FIGURE 5. Cell extracts have a limited capacity to edit apoB RNA.
Products of in vitro RNA editing assays containing 60 ug of McArdle-
cell extract and the indicated amounts of apoB RNA substrate were
assayed by poisoned primer extension and quantified as described
(see the Materials and methods). Data is expressed as a percentage
of the maximum editing efficiency (3%) and is representative of three
separate determinations on three different extract preparations.

tification of their PCR products within the exponential
range of amplification. 32M was used as an internal
standard reference because it is an RNA that is ex-
pressed widely and whose abundance is refractory to
most metabolic alterations (Giannoni et al., 1994b). Fig-
ure 7 indicates parallel amplification of # 2M and apobec-1
following serial twofold dilutions of first-strand cDNAs,
between 0.5 pg and 1 ng. The data indicated that apobec-1
was expressed at levels significantly lower than 32Min
McArdle cells and, importantly, demonstrated that this
level was relatively invariant under conditions of low
and high exogenous apoB RNA expression. Further-
more, the superimposition of the 32M curves indicated
that an equivalent mass of RNA from the low and high
transfections was used for these analyses as well for as
those in Figure 2. These data suggest strongly that
APOBEC-1 abundance did not change in response to an
increased size of the apoB RNA population. We cannot
rule out, however, the possibility of translational con-
trol mechanisms for APOBEC-1 or that other proteins of
the editosome may have been regulated.

To evaluate directly the effect of an increase in
APOBEC-1 expression on the proportion of edited RNAs
in the endogenous and exogenous RNA populations,
cell lines stably expressing different levels of APOBEC-1
were cloned. Cells were ranked for APOBEC-1 expres-
sion according to the editing efficiency on the endog-
enous rat apoB RNA aslow (20-40%), medium (45-65%),
and high (70+%) (Fig. 6, lower panel). Western blot-
ting of whole-cell extracts with APOBEC-1, peptide-
specific polyclonal antibody revealed an eightfold
increase in APOBEC-1 protein from the low to high ex-
pressing cell line (Fig. 6, top panel), demonstrating that
a greater proportion of apoB RNA can be edited when
APOBEC-1 abundance is increased.

As expected, the editing efficiency of transiently
transfected human exogenous apoB RNA also in-

279
Western
> X
\‘5\ o~xx ¢ O
O & © KDa
e +«30
«27
Editing
> X
Q
&t E®
- UAA
- CAA
— primer
10 38 50 81 % editing

FIGURE 6. Editing efficiency increases with elevated APOBEC-1
abundance. Western: Total cellular protein extracts from select sta-
ble apobec-1 transfected McArdle cell lines were western blotted and
reacted with an APOBEC-1, peptide-specific antibody, and visual-
ized using an ['**-labeled secondary anti-rabbit IgG as described in
the Materials and methods. Locations of APOBEC-1 (27 kDa) and of
an uncharacterized but possibly nonspecific 30-kDa protein are in-
dicated. Ctrl indicates stable McArdle cell line only transfected with
vector. Editing: Poisoned primer extension assays for editing of en-
dogenous apoB RNA from the corresponding control McArdle (ctrl)
and APOBEC-1 overexpressing McArdle cell lines (shown above)
were performed and quantified by phosphorimaging as described in
the Materials and methods.

creased with elevated levels of APOBEC-1, but, inter-
estingly, the enhancement of editing efficiency was
much less dramatic than that observed on the endog-
enous rat apoB RNA (Table 1). The ratio of editing ef-
ficiency in the endogenous and exogenous RNAs
increased from 0.57 for wt McArdle cells to 1.0 in the
APOBEC-1 overexpressing cell lines designated me-
dium and high (Table 1). The data suggest that, had
there been a commensurate induction of APOBEC-1due
to an increase in size of the apoB RNA population, then
it would have been apparent as an elevated ratio of ed-
iting efficiency of endogenous to exogenous RNAs.
This was not observed in our experiments involving wt
McArdle cells transfected with apoB ¢cDNAs. These
data strongly support the role of APOBEC-1abundance
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FIGURE 7. Apobec-1 mRNA expression is unaltered by increasing
RNA substrate. RT-PCR quantification of apobec-1 expression in trans-
fected cells. First-strand ¢cDNA synthesis and PCR amplification
of 82M and apobec-1 were performed as described in the Materials

and methods. Only the exponential phase of each amplification is
diagrammed.

in determining editing efficiency and suggest that the
editing activity in wt McArdle cells is saturated at the
existing apoB RNA substrate concentration.

The presence of introns suppresses
editing efficiency

We inferred from the low editing efficiency of apoB nu-
clear RNA precursors in the study of Lau et al. (1991)
that premRNA may not be the preferred substrate of
the editing apparatus and that introns in the endog-
enous RNA may have contributed to its lower editing
efficiency relative to that of the exogenous RNA in our
study. This also suggests the possibility that the pres-
ence of introns may have distinguished the endog-
enous and exogenous RNA as unique RNA populations
with distinct editing efficiencies. To test this possibil-
ity, we constructed chimeric splicing/editing RNA sub-
strates (composed of the adenovirus-spliced late-leader
sequence and the WT, human apoBRNA) and expressed
them as stable McArdle cell transfectants. The adeno-
virus-spliced late-leader sequence positioned in the
antisense orientation 5’ or 3’ to the apoB RNA contain-
ing the editing site served as same-length controls
(Fig. 8A, SVI-apoB and apoB-SVI, respectively). cDNAs
from unspliced [VS-apoB and apoB-IVS RNAs were
amplified selectively from three separate clonal cell lines
using the MS amplimer ‘pair (Fig. 8A). Total cellular
chimeric RNA was amplified with apoB exon-specific
amplimers PCR5 and PCR12 (Fig. 8A). Alternatively,
two RT-PCR products corresponding to unspliced and
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TABLE 1. Differential enhancement of editing efficiency by
APOBEC-1 of the endogenous and exogenous RNAs.? .

Editing efficiency relative to
the level of APOBEC-1 expression (%)°

RNA substrate WT Low Med High
Endogenous® 124 20 55 85
Exogenous 21 30 55 85

Endolexog ratio 0.57 0.67 14 14

2 Editing efficiency on the endogenous rat and exogenous human
apoB RNAs was determined by the poisoned primer extension as-
say in duplicate upon three independent RNA isolations from each
cell as described in the Materials and methods. Cell lines used were
control McArdle cells (transfected with vector alone) and stable cell
lines expressing increasing amounts of APOBEC-1 and editing ac-
tivity (see Fig. 6).

5The relative abundance of APOBEC-1 protein is determined
from the western blots of Figure 6, where wt is below the detection
limit of the antibody. High and Med are 8 and 4 arbitrary units nor-
malized as a relative western blot signal where Low has been given
an arbitrary unit of 1.

¢Endogenous and exogenous refer to the RNA transcripts from
the endogenous rat apoB gene and from the human apoB partial
¢DNA described in the Matetials and methods.

4 Each value represents the average of six independent determi-
nations, where the range of the standard error of the mean across
the whole study was 0.7-1.8%.

spliced RNAs were generated using SP6 and T7 as am-
plimer pair on RNA isolated from cells transfected with
either IVS-apoB or apoB-IVS chimeric constructs (data
not shown). This method produced equivalent results
to those described below. Densitometric quantification
of these PCR products indicated that the unspliced
RNA was present at less than one-fiftieth of the abun-
dance of the spliced population.

The editing efficiency of the unspliced IVS-apoBRNA
was below the quantification limits of the primer exten-
sion assay, but could be determined accurately as 1.7%
on apoB exon-specific RT-PCR products (Fig. 8B, first
pair of lanes, intron and apoB respectively). The low
abundance of unspliced chimera and the lack of edit-
ing on intron-containing precursor suggested that 1.7%
must correspond to the editing efficiency of the pro-
cessed chimera. Editing of the same length control SVI-
apoB was markedly elevated (56% and 52%) when
assayed on chimera-specific or apoB-specific RT-PCR
products, respectively (Fig. 8B, second pair of lanes,
SVI and apoB, respectively). The approximate dou-
bling in editing efficiency of SVI-apoB compared to that
described above for the WT human apoB RNA con-
struct is consistent with the nonspecific stimulatory ef-
fect of bulk RNA 5 of the editing site when bulk apoB
RNA lies 3’ of the editing site (Backus & Smith, 1994)
and the general stimulatory effect that increased RNA
length has on editing efficiency (1,121 nt compared to
701 nt for SVI-apoB and WT, respectively) (Bostrém
et al., 1989; Davies et al., 1989; Driscoll et al., 1989;
Smith et al., 1991; Backus & Smith, 1994). [IVS-apoB is
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FIGURE 8. Effect on 5 or 3’ introns on editing efficiency. A: Diagram of the chimeric apoB-intron RNA expression con-
structs. Coordinates of the human apoB RNA sequence are given (Knott et al., 1986) and the location of PCR amplimers
shown. PCR5 and PCR12 were used to amplify total apoB sequences, and the construct-specific MS amplimer pairs used
to amplify intron sequence containing RNAs from the same first-strand cDNA reaction. “BGH PolyA” indicates the vector-
derived bovine growth hormone polyadenylation signals. B: Poisoned primer extension assays of chimeric apoB-intron
RNAs. Stable clonal McArdle cell lines that express each RNA construct (designated at the top of each pair of lanes) were
selected and editing efficiencies (% editing) determined in triplicate from three separate lines of each chimeric RNA con-
struct. “intron” and “SVI” refer to RT-PCR products specific to RNA containing an intron in the sense (IVS5) or anti-sense
(SVI) orientation, respectively. “ApoB” refers to RT-PCR products specific for the apoB exon. C: Poisoned primer exten-
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12%, 12.5%, 14%, and 13.5% (n = 9) for IVS-apoB through apoB-SVI, respectively.

the same length as SVI-apoB prior to splicing and is 889
nt after splicing. The marked reduction in editing effi-
ciency of IVS-apoB chimeric RNA cannot be attributed
to changes in length alone and appears, therefore, to
be directly attributable to the fact that this RNA must
be spliced.

The effect of introns located 3’ of the editing site on
RNA editing efficiency was also evaluated. Editing ef-
ficiency was low, but detectable on intron-containing
precursor apoB-IVS (0.7%) and only marginally more
efficient after splicing (1.3%) (Fig. 8B, compare third
pair of lanes, intron and apoB, respectively, to the cor-
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responding first pair of lanes). Editing of the same
length control apoB-SVI was comparable to that of WT
(Fig. 8B, fourth pair of lanes), corroborating the con-
clusion of Backus and Smith (1994) that nonspecific
bulk RNA 3’ of the apoB RNA editing site does not con-
tribute to editing efficiency if sufficient bulk apoB RNA
already exists in this location.

The editing efficiency of the endogenous apoB RNA
remained relatively constant (12-14%) regardless of
whether the exogenous RNA had to splice or how ef-
ficiently it might edit (Fig. 8C). The data suggested that
both 5" and 3’ introns reduce editing efficiency of an
otherwise efficient apoB editing motif. Taken together
with the data of Lau et al., our data suggest strongly
that premRNA is not the preferred substrate for the ed-
iting apparatus. Moreover, RNA splicing is not a pre-
requisite for RNAs to be edited.

Despite the fact that introns reside far from C6666 in
the endogenous rat apoB RNA (approximately 3 kb
away in either 5" or 3’ directions), this RNA was edited
with half the efficiency (12-14%) of the human WT
apoB RNA construct (25%) and fourfold less efficiently
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than the SVI-apoB chimera (56%). The data also dem-
onstrated, however, that the endogenous rat apoB
RNA edited eightfold more efficiently than either splic-
ing competent chimeric construct (IVS-apoB and apoB-
IVS). Taken together, the data suggest that exon length
may ameliorate the influence of introns on editing ef-
ficiency. This was evaluated in chimeric constructs
containing splice sites both 5’ and 3’ in either sense or
anti-sense orientations (Fig. 9A).

No editing could be detected upon premRNA while
introns were present both 5" and 3’ of the apoB edit-
ing site in the double splicing construct IVS-apoB-1VS
(Fig. 9B, first two lanes). Editing was only detectable on
this construct using exon-specific amplimers (Fig. 9B,
third lane). The editing efficiency of IVS-apoB-IVS was
at least threefold greater than that observed on the IVS-
apoB or apoB-IVS constructs. The same length control
(SVI-apoB-SVI) demonstrated high levels of editing ef-
ficiency (Fig. 9B, fourth and fifth lanes), comparable to
that observed with SVI-apoB. These data suggested
that editing efficiency was not further enhanced by in-
creases in the length of exon-like sequence beyond that
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of SVI-apoB (889 nt) and that the added exon length
resulting from partial splicing of I[VS-apoB-IVS RNA
may have been responsible for its enhanced editing
efficiency.

To evaluate this last point, the editing efficiency of
constructs was determined in which an optimal length
of exon was flanked by 5’ or 3’ splice sites (Fig. 9A, IVS-
apoB-SVI and SVI-apoB-1VS). Editing efficiency of pre-
mRNA in these constructs (2% and 6%, [Fig. 9B, sixth
and eighth lanes, respectively]) was markedly elevated
compared to single splice site constructs with shorter
exons (Fig. 9B, first and fifth lanes, respectively). In
both constructs, the editing efficiency of spliced RNAs
was markedly higher than that on premRNAs (25%
and 21% for IVS-apoB-SVI and SVI-apoB-IVS, respec-
tively [Fig. 9B, seventh and ninth lanes, respectively]),
and approximately equivalent to that observed when
the apoB exon segment was expressed alone (Fig. 4).
Importantly, this editing efficiency was greater than
14-fold higher than that observed on single splice site
constructs with shorter exons following splicing (e.g.,
IVS-apoB and apoB-IVS) and fourfold greater than
IVS-apoB-IVS following splicing. The data suggest that
the presence of introns and exon length can be impor-
tant determinants of how efficiently the apoB editing
motif is utilized.

DISCUSSION

Four characteristics affecting editing efficiency

We investigated four characteristics of apoB RNA ed-
iting that influenced its efficiency within cells: (1) the
degree of conformity in the editing-site proximal se-
quences to the tripartite apoB editing motif; (2) the
amount of nonspecific bulk RNA, particularly 5’ of the
editing site; (3) the location of introns relative to the ed-
iting site; and (4) the level of APOBEC-1 expression.
Our data demonstrate that the three cis-acting charac-
teristics serve to define an RNA's intrinsic ability to be
identified by the editing apparatus as a substrate. Ex-
pression of apoB WT and mutant cDNA constructs in
transfected cells demonstrated that apoB RNA editing
in McArdle cells was mooring-sequence dependent
and utilized a tripartite editing motif established from
mutagenesis and in vitro editing assays (Smith, 1993).
These data corroborate and extend those reported by
Driscoll et al. (1993) to include spacer and regulator el-
ement requirements.

This is the first analysis of the effect of RNA abun-
dance on apoB RNA editing efficiency in cells that
express endogenous and exogenous RNA editing sub-
strates stably and simultaneously. Our data demon-
strate that the endogenous and exogenous RNAs were
processed in McArdle cells as separate populations of
RNAs with distinct editing efficiencies. The ability of
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the exogenous substrate to support a higher level of ed-
iting efficiency than the endogenous substrate has not
been observed in previous studies (Davies et al., 1989;
Driscoll et al., 1993). The different reported editing ef-
ficiencies of exogenous substrates may be attributable
to differences in flanking sequence content and length
as reported previously (Davies et al., 1989; Smith et al.,
1991; Backus & Smith, 1994; Backus et al., 1994). This
possibility is supported by the high editing efficiency
of the exogenous RNA substrate SVI-apoB (56%) and
a low editing efficiency (3-4%) of a 207-nt rat apoB ex-
ogenous RNA substrate (data not shown). The impor-
tant aspect of our data is that they demonstrate that the
exogenous and endogenous substrates do not compete
for editing factors as might have been predicted from
the current models for the regulation of apoB RNA
editing,.

Paradoxes in the theories of regulation of mooring
sequence-dependent RNA editing

Several studies have indicated that the proportion of
edited apoB RNA in a cell is determined by APOBEC-1
expression levels (Giannoni et al., 1994a; Inui et al.,
1994; Teng et al., 1994; Funahashi et al., 1995; Sowden
et al., 1996). In corroboration of these data, we showed
that low endogenous apoB mRNA editing efficiencies
in McArdle cells could be increased significantly by in-
creased APOBEC-1 abundance. This suggested that, in
McArdle cells, APOBEC-1 may have been rate limiting,
and that the low efficiency of WT McArdle cell editing
is a consequence of the system being at saturation for
apoB RNA.

Under these conditions, a constant number of apoB
RNA molecules would be edited regardless of how many
substrate RNA molecules are introduced into the pop-
ulation. It would also be predicted that the relative pro-
portion of edited RNAs in the population would
decrease as the number of substrate RNAs in the pop-
ulation increased. Specifically, if the McArdle cell’s ed-
iting pathway was operating at saturation kinetics, it
would be anticipated that the exogenous RNA should
reduce the proportion of edited endogenous RNA in
a direct relationship to its abundance. We have shown,
however, that the proportion of edited RNA in either
the endogenous or exogenous apoB RNA populations
remained unaltered regardless of the type or quantity
of editing substrate expressed. These data suggest the
paradox that the proportion of edited molecules in a
population appears to be determined by rate-limiting
levels of APOBEC-1 (characteristic of a system at sat-
uration for RNA substrate), but that this proportion is
not affected by the actual number of RNAs in the pop-
ulation (characteristic of a system not at saturation). We
are unaware of any other RNA processing system that
exhibits this paradox.
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The ‘‘population gating’’ hypothesis

We propose a “population gating” hypothesis to ex-
plain the paradox in the mechanism by which ¢is- and
trans-acting factors interact to determine the unique ed-
iting efficiency of distinctly different RNAs within co-
existing RNA populations. The essential premise of
this hypothesis is that regulation of the proportion of
edited RNA in a population can only be achieved from
a control point through which all RNAs must traverse
during synthesis and/or processing (a restriction point
or “gate”). This mechanism of regulation would be
more efficient than one that might be envisioned in an
alternative model, where editosomes diffuse through
cells and edit RNAs in a dispersed and preexisting pop-
ulation. The mechanism also accounts readily for why
the proportion of edited apoB RNA is not 100%, i.e.,
the gate has limited access to RNAs or a “window of
opportunity” to edit.

We propose that the gate must have the capacity for
evaluating the occurrence of editing sites in RNA by
“recognizing” mooring sequences and other cis-acting
characteristics. Presumably at the same time, the con-
text of the editing motif (the AT-content of bulk RNA
5’ and 3’ of the editing motif and the proximity or ab-
sence of introns) would be assessed. Each RNA passing
through the gate would have a statistical probability of
being edited (based on its cis-acting RNA characteris-
tics and APOBEC-1 abundance), resulting in a unique
proportion of edited RNAs in any given population in-
dependent of the ultimate size of that population or the
occurrence of potentially competing populations of
RNAs. :

Ultimately, this sensing must be translated to the ef-
ficiency with which catalytically active editosomes as-
semble on each RNA passing through the gate. In this
regard, the population gating hypothesis incorporates
current theory for apoB RNA editing regulation by pro-
posing that APOBEC-1is part of the gate. Elevated levels
~ of APOBEC-1 would result in an increased proportion
of edited RNAs by increasing the number of catalytically
competent enzymes available for editosome assembly
_ at the gate.

An alternative explanation for these data would be
if APOBEC-1 had a catalytic cycle involving regulation
of the active site or the sites of interactions with auxil-
iary factors (e.g., through phosphorylation). The pro-
portion of edited RNAs in a population would be a
function of the number of enzyme complexes in the
catalytically competent phase of the enzyme cycle.
More APOBEC-1 would increase the probability. of
RNA interactions with active enzyme complexes and
thereby raise the proportion of edited RNAs in the
population. This explanation is supported by the en-
hancement in editing efficiency when APOBEC-1 is
overexpressed. It cannot account adequately for the
ability of McArdle cells to edit the endogenous RNA
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and exogenous RNAs, such as SVI-apoB-5V], as non-
competing populations with distinct editing efficiencies.
The duration of the enzyme cycle should be a property
of the editing activity (the editosome) and should not
vary depending on which RNA is being edited. Impor-
tantly, the observation that a constant proportion of
RNAs could be edited regardless of the number of sub-
strate RNAs introduced into the system suggests that
the “catalytic cycle” of APOBEC-1is probably not solely
responsible for the observed regulation.

The effect of splice sites on mooring
sequence-dependent RNA editing

Our data indicated that there was a profound effect of
RNA splice sites on editing efficiency. The average
length for internal exons of eukaryotic genes is only
200 nt (Hawkins, 1988). ApoB exon 26, which contains
the editing site, is more than 7.5 kb in length and, ac-
cording to the exon definition model (Robberson et al.,
1990), would be proposed to be spliced inefficiently.
However, more recent work (Chen & Chasin, 1994) has
shown that exons up to 1.4 kb are spliced efficiently.
The apoB mRNA editing site is flanked by more than
3 kb of RNA sequence on either side. Our data on the
effect of long RNAs (5VI-ApoB-SVI construct, 1.65 kb)
and long exons (IVS-apoB-SVI and SVI-apoB-1VS, 889
nt) on editing efficiency suggest that the endogenous
rat apoB RNA editing efficiency should be much higher.
The multiple splicing events that this premRNA must
undergo might have influenced its editing efficiency.

In contrast, adenosine to inosine conversion resulting
from editing of RNA encoding neural calcium-gated
glutamate receptors (Sommer et al., 1991) involved a
base paired sequence comprised of a 10-nt sequence
within the 3’ intron and a complementary sequence in
the exon, centered on the edited base. Base conversion
may arise from the action of a ubiquitous nuclear
double-stranded RNA adenosine deaminase (DRADA)
with RNA-binding and catalytic activities (Higuchietal.,
1993; Dabiri et al., 1996). Unlike APOBEC-1 editing of
apoB RNA, double-stranded RNA adenosine deami-
nase renders nearly 100% of the GluR-B RNAs edited
(Higuchi et al., 1993). The characteristics of this system
clearly indicate that this enzyme requires the second-
ary structure provided by GluR-B intron-exon inter-
actions for RNA editing activity and therefore must
occur before RNA splicing (O’Connell et al., 1994;
Dabiri et al., 1996).

The mooring sequence-dependent editing mecha-
nism was impaired by the proximity of introns in all
constructs that were tested and must therefore be dis-
tinct from that involved in GluR-B editing. The effect
of splice sites on mooring sequence-dependent editing
efficiency, particularly the ability of exon length to ame-
liorate the affect of introns, suggested the possibility
that spliceosomes may physically impede the function
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or block the assembly of the C/U editosome. This pos-
sibility is further supported by the observed higher ed-
iting efficiency of spliced chimeric RNA relative to
intron-containing chimeras. _

We concur with the conclusions of Lau et al. (1991)
in so far as we place the “gate,” and hence RNA edit-
ing, within the cell nucleus. This must be true or else
the presence of introns could not have impaired edit-
ing efficiency. The conclusion from our data differs
from that of Lau et al. in that our data does not sug-
gest that editing is coincident with premRNA splicing.
Our data suggest that editing can take place on RNAs
that do not have to splice and that premRNA is not the
preferred substrate of the editosome.

To account for this relationship, we propose that one
possible physical location of the “gate” may be in close
proximity with nuclear structures involved in pre-
mRNA splicing (Smith, 1992; Spector, 1993; Mattaj,
1994). RNAs would transiently associate with these
structures (restriction points) and become spliced and
subsequently edited or (in the case of RNAs lacking in-
trons) only become edited. As suggested earlier, the
“gating” mechanism has a temporal aspect in that RNAs
only have a limited opportunity to be edited. Once
through the gate, editing may no longer occur. This
suggests that, if RNA editing is restricted to the cell
nucleus, then RNA editing might not occur normally
on cytoplasmic RNA.

MATERIALS AND METHODS

Plasmid constructions

Expression vectors for WT and mutant apoB RNA substrates
were generated by subcloning human apoB cDNA described
previously (Backus & Smith, 1991, 1992) as Hind IIl/Kpn I
fragments into Hind III/ Xba I linearized pRc/CMV (Invitrogen,
California). Kpn I and Xba I restriction ends were made blunt
by the use of T4 DNA polymerase (Gibco Laboratories, New
York) and Klenow fragment of DNA Polymerase I (Promega,
Wisconsin) according to the manufacturer’s recommenda-
tions. 5’ splice constructs were generated by the blunt-ended
insertion of a 421-bp adenovirus late spliced leader motif into
the unique Hind III site of WT. The adenovirus sequence con-
sists of partial first and second exons of the adenovirus late
spliced leader separated by the natural but shortened intron
(Smith et al., 1989). This sequence was excised from its pa-
rental plasmid, pIVPX, as a BamHI/Hind III fragment and
made blunt ended by the use of Klenow enzyme as described
above. 3’ splice constructs were generated by the blunt-ended
insertion of the same adenovirus sequence into a unique
Apa 1 site within the 3’ end of WT apoB motif. Chimeric
adenovirus-apoB clones containing a 5’ splice site in the for-
ward (IVS-apoB) or reverse (SVI-apoB) orientation and a 3’
splice site in the forward (apoB-IVS) or reverse (apoB-5VI)
orientation were also constructed and confirmed by dideoxy
sequencing (Sequenase V2.0, Amersham Life Sciences).
apobec-1 (Teng et al., 1993) cDNA was produced from oligo
(dT)-primed, rat small intestine, total RNA using AMV re-
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verse transcriptase (Promega) and amplified with Pfu DNA
Polymerase (Stratagene, California) according to the manu-
facturer’s recommendations in a PCR reaction using REPR-5'
and REPR-3’ as amplimers. Thermal cycling conditions were:
1 cycle at 94 °C for 3 min; 5 cycles at 94 °C for 45 s, 52 °C for
1.5 min, 72 °C for 1.5 min; and 30 cycles at 94 °C for 45 s,
55 °C for 1 min, 72 °C for 1 min. The PCR product was sub-
cloned into pSP73 (Promega) through the Pst I and EcoR I re-
striction sites in the amplimers, verified by dideoxy DNA
sequencing, and subcloned into the Hind Il and EcoR V sites
of pRc/CMV.

Cell culture

The rat liver hepatoma cell line McArdle RH7777 was ob-
tained from ATCC (Rockville, Maryland) and maintained in
DMEM containing 10% horse serum and 10% fetal bovine se-
rum. Cells were transfected according to the method of Chen
and Okayama (1988); 48-72 h post DNA addition, cells were
either harvested for RNA isolation (transient transfections)
or placed under 500 pg/mL Geneticin™ (Gibco) selection for
the establishment of stable transfected cells. Clonal cell lines
were obtained by limiting dilution under Geneticin™ selec-
tion. Whole-cell protein was prepared for western blotting
from selected lines by hypotonic lysis and shearing through
a 26-gauge needle in the presence of 1 mM phenylmethylsul-
fonyl fluoride (PMSF), 0.5 pg aprotinin/mL (Sigma Chemi-
cal Co., Missouri), and 0.5 ug leupeptin/mL (Sigma).

RNA isolations

Total cellular RNA was isolated from approximately 2 x 10
cells by the use of Tri-Reagent (Molecular Research Center
[MRC], Ohio) according to the manufacturer’s recommenda-
tion. After isopropanol precipitation, RNAs were repreécipi-
tated from 0.3 M sodium acetate in ethanol at —20 °C. RNA
preparations were digested with RQ-DNase I (Promega), ac-
cording to the manufacturer’s recommendations, for 30 min.
Buffer conditions were modified appropriately and an addi-
tional 30-min digestion with a restriction enzyme(s) having
a recognition site between the PCR primer annealing sites of
target substrates was performed. These were EcoR I and Rsa |
for human and rat apoB RNA substrates, respectively. RNAs
were phenol extracted, precipitated, and-quantified by
spectrophotometry.

Editing assays

The proportion of editing upon apoB RNAs synthesized in
transfected cells was determined by RT-PCR methodology.
First-strand cDNA was generated from 1 ug of oligo-dT
primed total RNA using AMV reverse transcriptase (Pro-
mega) according to the manufacturer’s recommendations.
Differential PCR amplification of the endogenous rat apoB se-
quences encompassing the editing site and those from the
transfected human apoB ¢cDNA was performed from the
same first-strand cDNA reaction using amplimers ND1/ND2
(Driscoll et al., 1989) and SP6/T7, PCR5/PCR12 (Driscoll et al.,
1989), or MS1/2/3/4 combinations, respectively. PCR was per-
formed with Tag DNA Polymerase (Promega) in the presence
of 2.5 mM MgCl, according to the manufacturer’s recom-
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mendations. Thermal cycling conditions were: 1 cycle at 94 °C
for 2 min; 5 cycles at 94 °C for 45 s, 52 °C for 1.5 min, 72 °C
for 1.5 min; and 30 cycles at 94 °C for 45 s, 55 °C for 1 min,
72°C for 1 min. The absence of contaminating genomic or
plasmid DNA from all RNA samples was confirmed by fail-
ure to generate a PCR product without prior reverse tran-
scriptase synthesis of first-strand cDNA. PCR products were
gel isolated (Qiaex, Qiagen, Inc., California) and quantified
by gel electrophoresis and comparison to a DNA mass lad-
der (Gibco).

Editing efficiency was evaluated by the poisoned primer-
extension analysis described previously (Backus & Smith,
1992) using [y.*2P} ATP (6,000 mCi/mmol; NEN) end-labeled
DD3 to prime both rat and human apoB products (Driscoll
et al., 1989). Primer-extension products were resolved on a
10% denaturing polyacrylamide gel and quantified by scin-
tillation counting of excised gel bands or by laser densito-
metric scanning (Phosphorimager Model 425E, Molecular
Dynamics). The editing assay was linear between 50 pg and
10 ng of input 207-bp rat apoB PCR substrate. Quantification
was performed in triplicate upon a titration of input PCR
products between 0.5 and 10 ng. The fidelity of the assay was
verified by the generation of wt apoB PCR products from an
invitro T7 RNA polymerase-transcribed WT-edited apoB RNA
using Pou Il linearized pRc/CMV/WT as template. Poisoned
primer extension analysis of the products revealed an edited
substrate at less than 0.02% as determined by phosphor-
imager analysis.

In vitro editing assays containing 20 fmols of a 448-nt hu-
man apoB RNA substrate and 60 pg of protein as McArdle
rat liver hepatoma cell extract were performed as described
(Smith et al., 1991). Purified RNA was subjected to poisoned
primer-extension analysis as described above. McArdle ed-
iting extracts were prepared by rinsing monolayer cells once
with PBS followed by scraping into 50 mM Tris, pH 8.0,
150 mM NaCl, 2 mM dithiothreitol, 1.5 mM MgCl,, T mM
PMSF, 20 units soybean trypsin inhibitor/mL (Sigma), 0.5 ug
aprotinin/mL, and 0.5ug leupeptin/mL. Cells were cleared by
centrifugation (300 X g, 10 min), resuspended in five packed
cell volumes of the buffer described above (diluted to 1/10
strength), and allowed to swell on ice for 30-40 min. Cells
were centrifuged (2,500 x g, 10 min), resuspended in two
packed cell volumes in the same buffer, and sheared sequen-
tially through 18-, 20, and 22-gauge needles at high pressure.
Extracts were brought to 200 mM KCl, allowed to incubate
on ice for 15 min, and cleared at 13,000 x &, 30 min. Total cel-
lular protein was quantified using the BioRad protein reagent
(BioRad Laboratories, Inc., California). Extract preparation
was performed at 4 °C with sterile, diethyl pyrocarbonate-
treated buffers. Extracts were stored at ~20 °C.

RNA quantification by RT-PCR

Reverse transcription was performed upon RNAs as de-
scribed above. First-strand cDNAs were diluted serially and
10-mL aliquots assayed separately but simultaneously by PCR
for beta-2-microglobulin (82M) and apobec-1 expression in a
method similar to those described recently (Murphy et al.,
1990; Giannoni et al., 1994b). All PCR reactions were per-
formed in the presence of 2.5 mM MgCl,, 1 mM of each
primer, 1 mM deoxynucleotides, and 0.3 mL [«*?P] dCTP
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(3,000 Ci/mmol; NEN). Cycling conditions were 1 cycle at
94 °C for 2 min; 5 cycles at 94 °C for 45 s, 54 °C for 1.5 min,
72°C for 1.5 min; and 94 °C for 45 s, 54 °C for 1 min, 72 °C
for 1 min for 20 cycles or 35 cycles for b2M and apobec-1, re-
spectively. Primers for both 82M (82M 5’ [127-145], b2M 3
[364-383]; Cole et al., 1989) and apobec-1 (p27X [528-548],
P27Y [622-644]; Teng et al, 1993) were chosen to flank introns
(M. Sowden & H. Smith, unpubl. data) and yield a 257-bp
and 117-bp product for 82M and apobec-1, respectively. Ten
microliters of the reaction products were resolved on a 3:1
NuSieveGTG:agarose gel, the gels dried, and quantified by
laser densitometric scanning.

Determination of the relative amounts of endogenous rat
and transfected human apoB substrates in McArdle cell lines
was performed upon serially diluted first-strand cDNAs. PCR
reactions were performed in the presence of 2.5 mM MgCl,,
1mM of each primer, and 1 mM deoxynucleotides under the
following thermal cycling conditions: 1 cycle at 94 °C for 2 min;
5 cycles at 94 °C for 45 s, 55 °C for 1.5 min, 72 °C for 1.5 min;
and 94 °C for 45 s, 55 °C for 1 min, 72 °C for 1 min for 20 cy-
cles. Primers for rat (ND1, ND2) and transfected human (SPé,
T7) apoB RNAs yield 207-bp and 544-bp products, respec-
tively. Each PCR reaction contained in addition 1 x 106 cpm
(approximately 0.1 mM) of each of ?P end-labeled SP6 and
ND2 primers. Reaction products were quantified as described
above.

Miscellaneous procedures

APOBEC-1-specific polyclonal antibodies were raised in rab-
bits against a peptide corresponding to an N-terminal region
of APOBEC-1 (amino acids 22-36) using the services of
Genosys, Inc. (Texas). Proteins were resolved on 10.5% SDS
PAGE, transferred to nitrocellulose, and reacted with the
polyclonal antibody under blotting conditions described pre-
viously (Smith et al., 1986).

Deoxyoligonucleotides

Deoxyoligonucleotides use in this study were:

- REPR-5" 5 CTCCTGCAGCAAGATGAGTTCCGAGA

CAGY¥

REPR-3* 5 CTCGAATTCCCAGAAGTCATTTCA
ACCCTG ¥

ND1 5" ATCTGACTGGGAGAGACAAGTAG ¥

ND2 5 GTTCTTTTTAAGTCCTGTGCATC 3

SP6 5" GCTCTAGCATTTAGGTGACACTATAG 3’

T7 5" TAATACGACTCACTATAGGG 3

DD3 5 AATCATGTAAATCATAACTATCTTTAATA
TACTGA3’

B2M 5 5" CAACTTCCTCAACTGCTAC 3

B2M 3’ 5" GCTCCATAGAGCTTGATTAC 3’

p27X 5" AATGAAGCTCATTGGCCAAGG 3

p27Y 5 CTTCTTAAAATATTTAAACAGGG 3

MS1 5 CCTTGATGATGTCATACTTATCC 3’

MS2 5" GTACTTCCACTTTTGTTAAAATC 3

MS3 5" GAAAATACAGAGCAGCCCTG 3

MS4 5 AGAAGTCATGCCGCTTTTGAGA 3’

PCR5 5" CTGAATTCATTCAATTGGGAGAGA
CAAG ¥

PCR12 5 AACAAATGTAGATCATGG 3.



Regulation of ApoB mRNA editing by population gating

ACKNOWLEDGMENTS

Dr. Susan Berget’s gift of the adenovirus splicing construct
is greatly appreciated. We thank Jenny M.L. Smith for prep-
aration of the figures. This work was supported in part by
grants from the NIH (DK43739) and The Council for Tobacco
Research, awarded to H.C.S. M.S. is supported through
an American Heart Association (New York State Affiliate)
fellowship.

Received September 15, 1995; returned for revision December 7,
1995; Revised manuscript received February 8, 1996

REFERENCES

Anant S, MacGinnitie AJ, Davidson NO. 1995. APOBEC-1, the cat-
alytic subunit of the mammalian apolipoprotein B mRNA edit-
ing enzyme, is a novel RNA binding protein. | Biol Chem 270:
14762-14767.

Backus JW, Eagleton MJ, Harris SG, Sparks CE, Sparks JD, Smith
HC. 1990. Quantitation of endogenous liver apolipoprotein B
mRNA editing. Biochem Biophys Res Commun 170:513-518.

Backus JW, Smith HC. 1991. Apolipoprotein B mRNA sequences 3’
of the editing site are necessary and sufficient for editing and edit-
osome assembly. Nucleic Acids Res 19:6781-6786.

Backus JW, Smith HC. 1992. Three distinct RNA sequence elements
are required for efficient apolipoprotein B (apoB) RNA editing in
vitro. Nucleic Acids Res 20:6007-6014.

Backus JW, Smith HC. 1994. Specific 3’ sequences flanking a mini-
mal apolipoprotein B (apoB) mRNA editing motif are critical for
efficient editing in vitro. Biochim Biophys Acta 1217:65-73.

Backus JW, Shock D, Smith HC. 1994. Only cytidines 5’ of the apo-
lipoprotein B mRNA mooring sequence are edited. Biochim Bio-
phys Acta 1219:1-14.

Barnes C, Smith HC. 1993. Apolipoprotein B mRNA editing in vitro
is a zinc dependent process. Biochem Biophys Res Commun 197:
1410-1414.

Baum CL, Teng B, Davidson NO. 1990. Apolipoprotein B messen-
ger RNA editing in the rat liver: Modulation by fasting and re-
feeding a high carbohydrate diet. ] Biol Chem 265:19263-19270.

Bhattacharya S, Navaratnam N, Morrison JR, Scott ], Taylor WR.
1994. Cytosine nucleoside/nucleotide deaminases and apolipopro-
tein B mRNA editing. Trends Biochem Sci 19:105-106.

BostromK, GarciaZ, Poksay KS, Johnson DF, Lusis AJ, Innerarity TL.
1990. Apolipoprotein B messenger RNA editing: Direct determi-
nation of the edited base and occurrence in non-apolipoprotein
B-producing cell lines. ] Biol Chem 265:22446-22454.

Bostrém K, Lauer SJ, Poksay KS, Garcia Z, Taylor JM, Innerarity TL.
1989. Apolipoprotein B48 RNA editing in chimeric apolipopro-
tein EB mRNA. | Biol Chem 264:15701-15708.

Chan L. 1992. Apolipoprotein B, the major protein component of
triglyceride-rich and low density lipoproteins. J Biol Chem 267:
25621-25624.

Chen C, Okayama H. 1988. Calcium phosphate-mediated gene trans-
fer: A highly. efficient system for stably transforming cells with
plasmid DNA. BioTechniques 6:632-638.

Chen IT, Chasin LA. 1994. Large exon size does not limit splicing in
vivo. Mol Cell Biol 14:2140-2146.

Chen SH, Habib G, Yang CY, Gu ZW, Lee BR, Weng SA, Silberman
SR, Cai S, Deslypere JP, Rosseneu M, Gotto AMJR, Li WH, Chan
L. 1987. Apolipoprotein B-48 is the product of a messenger RNA
with an organ-specific in-frame stop codon. Science 238:363-366.

Cole T, Dickson PW, Esnard F, Averill S, Risbridger GP, Gauthier F,
Schreiber G. 1989. The cDNA structure and expression analysis
of the genes for the cysteine proteinase inhibitor cystatin C and
for beta 2-microglobulin in rat brain. Eur | Biochem 186:35-42.

Dabiri GA, Lai E, Drakas RA, Nishikura K. 1996. Editing of the GluR-B
ion channel RNA in vitro by recombinant double-stranded RNA
adenosine deaminase. EMBO | 15:34-45.

Davidson NO. 1993. Apolipoprotein B mRNA editing: A key con-
trolling element targeting fats to proper tissue. Ann Med 25:539~
543.

287

Davidson NO, Innerarity TL, Scott ], Smith H, Driscoll DM, Teng
B, Chan L. 1995. Proposed nomenclature for the catalytic subunit
of the mammalian apolipoprotein B mRNA editing enzyme:
APOBEC-1. RNA 1:3.

Davidson NO, Powell LM, Wallis SC, Scott J. 1988. Thyroid hormone
modulates the introduction of a stop codon in rat liver apolipo-
protein B messenger RNA. | Biol Chem 263:13482-13485.

Davies MS, Wallis SC, Driscoll DM, Wynne JK, Williams GW, Pow-
ell LM, Scott J. 1989. Sequence requirements for apolipoprotein
B RNA editing in transfected rat hepatoma cells. | Biol Chem 264:
13395-13398.

Driscoll DM, Lakhe-Reddy S, Oleksa LM, Martinez D. 1993. Induc-
tion of RNA editing at heterologous sites by sequences in apoli-
poprotein B mRNA. Mol Cell Biol 13:7288-7294.

Driscoll DM, Wynne JK, Wallis SC, Scott J. 1989. An in vitro system
for the editing of apolipoprotein B mRNA. Cell 58:519-525.
Driscoll DM, Zhang Q. 1994. Expression and characterization of p27,
the catalytic subunit of the apolipoprotein B mRNA editing en-

zyme. | Biol Chem 269:19843-19847.

“Egebjerg ], Kukekow V, Heinemann SF. 1994. Intron sequence directs

RNA editing of the glutamate receptor subunit GluR2 coding se-
quence. Proc Natl Acad Sci USA 91:10270-10274.

Funahashi T, Giannoni F, DePaoli AM, Skarosi SF, Davidson NO.
1995. Tissue-specific, developmental and nutritional regulation
of the gene encoding the catalytic subunit of the rat apolipopro-
tein B mRNA editing enzyme. | Lipid Res 36:414-428

Giannoni F, Bonen DK, Funahashi T, Hadjiagapiou C, Burant CF, Da-
vidson NO. 1994a. Complementation of apolipoprotein B mRNA
editing by human liver accompanied by secretion of apolipopro-
tein B48. | Biol Chem 269:5932-5936.

Giannoni F, Field F], Davidson NO. 1994b. An improved reverse
transcription-polymerase chain reaction method to study apoli-
poprotein gene expression in Caco-2 cells. | Lipid Res 32:941-951.

Greeve ], Altkemper I, Dietrich JH, Greten H, Windler E. 1993.
Apolipoprotein-B messenger RNA editing in 12 different mamma-
lian species — Hepatic expression is reflected in low concentrations
of apoB-containing plasma lipoproteins. | Lipid Res 34:1367-1383.

Greeve J, Navaratnam N, Scott J. 1991. Characterization of the apo-
lipoprotein B mRNA editing enzyme: No similarity to the pro-
posed mechanism of RNA editing in kinetoplastid protozoa.
Nucleic Acids Res 19:3569-3576. g

Hadjiagapiou C, Giannoni F, Funahashi T, Skarosi SE, Davidson NO.
1994. Molecular cloning of a human small intestinal apolipopro-
tein B mRNA editing protein. Nucleic Acids Res 22:1874-1879.

Harris SG, Sabio I, Mayer E, Steinburg MF, Backus JW, Sparks JD,
Sparks CE, Smith HC. 1993. Extract specific heterogeneity in high
order complexes containing apolipoprotein B mRNA editing ac-
tivity and RNA binding proteins. | Biol Chem 268:7382-7392.

Hawkins JD. 1988. A survey on intron and exon lengths. Nucleic Acids
Res 16:9893-9908.

Higuchi K, Kitagawa K, Kogishi K, Takeda T. 1992. Developmental
and age-related changes in apolipoprotein B mRNA editing in
mice. | Lipid Res 33:1753-1764.

Higuchi M, Single FN, Kohler M, Sommer B, Sprengel R, Seeburg
PH. 1993. RNA editing of AMPA receptor subunit GluR-B: A

. base-pair intron-exon structure determines position and effi-
ciency. Cell 75:1361-1370.

Inui Y, Giannoni F, Funahashi T, Davidson NO. 1994. REPR and com-
plementation factor(s) interact to modulate rat apolipoprotein B
mRNA editing in response to alterations in cellular cholesterol
flux. J Lipid Res 35:1477-1489.

Jiao S, Moberly JB, Schonfeld G. 1990. Editing of apolipoprotein B
messenger RNA in differentiated Caco-2 cells. J Lipid Res 31:
695-700.

Knott Tj, Wallis SC, Powell LM, Pease R], Lusis AJ, Blackhart B,
McCarthy BJ, Mahley RW, Levy-Wilson B, Scott J. 1986. Complete
¢DNA and derived protein sequence of human apolipoprotein
B100. Nucleic Acids Res 14:7501-7503.

Lau PP, Chen SH, Wang JC, Chan L. 1990. A 40 kilodalton rat liver
nuclear protein binds specifically to apolipoprotein B mRNA
around the editing site. Nucleic Acids Res 18:5817-5821.

Lau PP, Xiong WJ, Zhu HJ, Chen SH, Chan L. 1991. Apolipoprotein
B mRNA editing is an intranuclear event that occurs post-
transcriptionally coincident with splicing and polyadenylation.
] Biol Chem 266:20550~20554.

Lau PP, Zhu HJ, Baldini ], Charnsangavej C, Chan L. 1994. Dimeric



288

structure of a human apolipoprotein B mRNA editing protein and
cloning and chromosomal localization of its gene. Proc Natl Acad
Sci USA 91:8522-8526. -

Ludwig EH, Blackhart BD, Pierotti VR, Caiati L, Fortier C, Knott T,
Scott ], Mahley RW, Levy-Wilson B, McCarthy BJ. 1987. DNA se-
quence of the human apolipoprotein B gene. DNA 6:363-372.

MacGinnitie AJ, Anant S, Davidson NO. 1995. Mutagenesis of
apobec-1 the catalytic subunit of the mammalian Apolipoprotein
B mRNA editing enzyme, reveals distinct domains that mediate
cytosine nucleoside deaminase, RNA binding, and RNA editing
activity. J Biol Chem 270:14768-14775.

Mattaj IW. 1994. RNA processing: Splicing in space. Nature 372:
727-728.

Murphy LD, Herzog CE, Rudick B, Fojo AT, Bates SE. 1990. Use of
the polymerase chain reaction in the quantitation of mdr-1 gene
expression. Biochemistry 29:10351-10356.

Navaratnam N, Bhattacharya S, Fujino T, Patel D, Jarmuz AL, Scott
J. 1995. Evolutionary origins of apoB mRNA editing: Catalysis by
a cytidine deaminase that has acquired a novel RNA-binding mo-
tif at its active site. Cell 81:187-195.

Navaratnam N, Morrison JR, Bhattacharya S, Patel D, Funahashi T,
Giannoni F, Teng BB, Davidson NO, Scott J. 1993a. The p27 cat-
alytic subunit of the apolipoprotein B mRNA editing enzyme is
a cytidine deaminase. | Biol Chem 268:20709-20712.

Navaratnam N, Shah R, Patel D, Fay V, Scott J. 1993b. Apolipopro-
tein B mRNA editing is associated with UV cross-linking of pro-
teins to the editing site. Proc Natl Acad Sci USA 90:222-226.

O’Connell MA, Krause S, Higuchi M, Hsuan JJ, Totty NF, Jenny A,
Keller W. 1994. Cloning of cDNAs encoding mammalian double-
stranded RNA-specific adenosine deaminase. Mol Cell Biol
15:1389-1397.

Powell LM, Wallis SC, Pease R], Edwards YH, Knott TJ, Scott J. 1987.
A novel form of tissue-specific RNA processing produces
apolipoprotein-B48 in intestine. Cell 50:831-840.

Robberson BL, Cote GJ, Berget SM. 1990. Exon definition may facil-
itate splice site selection in RNAs with multiple exons. Mol Cell
Biol 10:1084-1094. .

Shah RR, Knott T], Legros JE, Navaratnam N, Greeve JC, Scott J.
1991. Sequence requirements for the editing of apolipoprotein B
mRNA. | Biol Chem 266:16301~16304.

Smith HC. 1992. Organization of RNA splicing in the cell nucleus.
Current Topics. Cell Reg 33:145-166.

Smith HC. 1993. Apolipoprotein B mRNA editing; the sequence to
the event. Sem Cell Biol 4:267-278: ’

Smith HC, Harris SG, Zillman M, Berget SM. 1989. Evidence that
a nuclear matrix protein participates in premessenger RNA splic-
ing. Experimental Cell Res 182:521-533.

M. Sowden et al.

Smith HC, Kuo SR, Backus JW, Harris SG, Sparks CE, Sparks JD.
1991. In vitro apolipoprotein B mRNA editing: Identification of
a 27s editing complex. Proc Natl Acad Sci UISA 88:1489-1493,

Smith HC, Ochs RL, Fernandez EA, Spector DL. 1986. Macromolec-
ular domains containing nuclear protein p107 and U-snRNP: Ev-
idence for an in situ nuclear matrix. Mol Cell Biochem 70:151-168.

Sommer B, Kohler M, Sprengel R, Seeburg PH. 1991. RNA editing
in brain controls a determinant of ion flow in glutamate-gated
channels. Cell 67:11-19.

Sowden M, Hamm JK, Smith HC. 1996. Over-expression of
APOBEC-1 results in mooring sequence dependent promiscuous
RNA editing. | Biol Chem 271:3011-3017.

Sparks JD, Sparks CE. 1994. Insulin regulation of triacylglycerol-rich
lipoprotein synthesis and secretion. Biochim Biophys Acta 1215:
9-32.

Spector DL. 1993. Nuclear organization of pre-mRNA processing.
Curr Opin Cell Biol 5:442-448,

Teng B, Black DD, Davidson NO. 1990a. Apolipoprotein B messen-
ger RNA editing is developmentally regulated in pig small intes-
tine: Nucleotide comparison of apolipoprotein B editing regions
in five species. Biochem Biophys Res Commun 173:74-80.

Teng B, Blumenthal S, Forte T, Navaratnam N, Scott J, Gotto AM,
Chan L. 1994. Adenovirus-mediated gene transfer of rat apolipo-
protein B mRNA-editing protein in mice virtually eliminates apo-
lipoprotein B-100 and normal low density lipoprotein production.
] Biol Chem 269:29395-29404.

Teng B, Burant CF, Davidson NO. 1993. Molecular cloning of an apo-
lipoprotein B mRNA editing protein. Science 260:1816-1819.
Teng B, Verp M, Salomon ], Davidson NO. 1990b. Apolipoprotein
B messenger RNA editing is developmentally regulated and
widely expressed in human tissues. ] Biol Chem 265:20616-20620.

Teng BB, Davidson NO. 1992. Evolution of intestinal apolipoprotein
B mRNA editing. Chicken apolipoprotein B mRNA is not edited,
but chicken enterocytes contain in.vitro editing enhancement fac-
tors. | Biol Chem 267:21265-21272.

Thorngate FE, Raghow R, Wilcox HG, Werner CS, Heimberg M,
Elam MB. 1994. Insulin promotes the biosynthesis and secretion
of apolipoprotein B-48 by altering apolipoprotein B mRNA edit-
ing. Proc Natl Acad Sci USA 91:5392-5396. .

WuJH, Semenkovich CF, Chen SH, Li WH, Chan L. 1990. Apolipo-
protein B mRNA editing: Validation of a sensitive assay and de-
velopmental biology of RNA editing in the rat. | Biol Chem 265:
12312-12316.

Yamanaka S, Poksay KS, Balestra M, Zeng GQ, Innerarity TL. 1994,
Cloning and mutagenesis of the rabbit apoB mRNA editing pro-
tein. | Biol Chem 269:21725-21734.



