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Apobec-1, the catalytic subunit of the mammalian apolipoprotein B (apoB) mRNA-editing enzyme, is a
cytidine deaminase with RNA binding activity for AU-rich sequences. This RNA binding activity is required for
Apobec-1 to mediate C-to-U RNA editing. Filter binding assays, using immobilized Apobec-1, demonstrate
saturable binding to a 105-nt apoB RNA with a Kd of ;435 nM. A series of AU-rich templates was used to
identify a high-affinity (;50 nM) binding site of consensus sequence UUUN[A/U]U, with multiple copies of this
sequence constituting the high-affinity binding site. In order to determine whether this consensus site could be
functionally demonstrated from within an apoB RNA, circular-permutation analysis was performed, revealing
one major (UUUGAU) and one minor (UU) site located 3 and 16 nucleotides, respectively, downstream of the
edited base. Secondary-structure predictions reveal a stem-loop flanking the edited base with Apobec-1 binding
to the consensus site(s) at an open loop. A similar consensus (AUUUA) is present in the 3* untranslated
regions of several mRNAs, including that of c-myc, that are known to undergo rapid degradation. In this
context, it is presumed that the consensus motif acts as a destabilizing element. As an independent test of the
ability of Apobec-1 to bind to this sequence, F442A cells were transfected with Apobec-1 and the half-life of
c-myc mRNA was determined following actinomycin D treatment. These studies demonstrated an increase in
the half-life of c-myc mRNA from 90 to 240 min in control versus Apobec-1-expressing cells. Apobec-1
expression mutants, in which RNA binding activity is eliminated, failed to alter c-myc mRNA turnover. Taken
together, the data establish a consensus binding site for Apobec-1 embedded in proximity to the edited base in
apoB RNA. Binding to this site in other target RNAs raises the possibility that Apobec-1 may be involved in
other aspects of RNA metabolism, independent of its role as an apoB RNA-specific cytidine deaminase.

Two forms of apolipoprotein B (apoB) are known to circu-
late in the plasma of mammals (reviewed by Young [56]).
apoB100, a 512-kDa protein primarily synthesized in the liver
as a structural component of very-low-density lipoprotein par-
ticles, is the product of an ;14-kb nuclear mRNA. A truncated
protein, apoB48, is synthesized in the small intestine and con-
tains the amino-terminal 2,152 amino acids of the larger pro-
tein (56). This organ-specific partitioning of apoB production
is the result of RNA editing of a common apoB gene. A
site-specific C-to-U deamination in the nuclear transcript en-
coding mammalian apoB mRNA is responsible for the produc-
tion of an in-frame UAA translational stop codon and results
in translation of the truncated protein product (12, 14, 16, 43).
apoB mRNA editing occurs in the small intestines of all mam-
mals and in the livers of certain species, although notably not
in humans (24, 30).

apoB mRNA editing is mediated by a multicomponent en-
zyme complex containing a catalytic subunit, Apobec-1, as well
as other essential protein factors whose precise number and
identities have yet to be established (25, 39, 49, 50, 54). Apo-
bec-1 is a cytidine deaminase with homology to other members

of a multigene family, particularly around the active site, which
includes a zinc-coordinating motif (H/C)-(A/V)-E-(X)24-30-P-
C-X-X-C (5, 46). In addition to functioning as a cytidine
deaminase on a monomeric nucleoside substrate, Apobec-1
demonstrates RNA binding activity with specificity for AU-rich
templates (1, 34, 37). The domains within Apobec-1 that co-
ordinate this RNA binding activity have been localized to the
amino-terminal half of the protein and involve residues flank-
ing the active site (34, 37, 38). From a functional perspective,
this activity assumes considerable importance, since mutations
in Apobec-1 that interfere with apoB RNA binding consis-
tently eliminate RNA editing (34, 37, 38, 51). Recent molec-
ular modeling, based upon the crystal structure of the Esche-
richia coli cytidine deaminase, suggests that the dimeric
interface formed between the paired monomers of Apobec-1
may allow entry of the apoB RNA substrate (38). Accordingly,
information concerning the presentation and accessibility of
cytidine nucleotides for deamination bears directly on the
question of target site selection within an RNA template.

While uncertainty exists with respect to the identities of all
the requisite trans-acting factors for apoB mRNA editing, the
nucleotide requirements, by contrast, have been clearly estab-
lished (1, 4, 8, 15, 17, 19, 37, 47). Prominent among these is an
11-nucleotide (nt) element located 4 nt downstream of the
edited base, referred to as a mooring sequence (4, 19, 47). This
element is absolutely required for editing of the C in apoB at
position 6666 and will function to facilitate editing when in-
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serted into a heterologous RNA context (3, 8). In addition,
other sequence elements, located both 59 and 39 of the edited
base, are required for maximal editing efficiency, as are the
length and AU content of the flanking RNA sequence (26). In
this context, it is noteworthy that the region flanking the edited
base in apoB RNA is itself composed of ;70% AU residues.
RNA secondary-structure predictions, using a 55-nt apoB
RNA flanking the edited site, suggest that the edited C is found
within the loop of a highly conserved stem-loop structure (44).
These predictions were very recently substantiated through
RNase mapping of 40- and 55-nt apoB RNAs (44).

For the present report, we have performed RNA binding
studies with synthetic AU-rich RNAs to determine a high-
affinity binding site for Apobec-1. Secondary-structure predic-
tions for these templates suggest that a U-rich sequence is
required at an open loop for Apobec-1 binding. In addition,
using circular-permutation analysis, we have directly demon-
strated an Apobec-1 consensus binding site within a synthetic
apoB RNA transcript that contains all the requisite elements
for high-efficiency editing. We further demonstrate that the 39
untranslated (39 UTR) of c-myc mRNA, a cellular transcript
known to be rapidly degraded, contains the high-affinity Apo-
bec-1 binding site and binds to Apobec-1 in vitro. As evidence
for the functional relevance of this binding site, the half-life of
c-myc mRNA was extended in F442A cells overexpressing
Apobec-1, suggesting a novel role for Apobec-1 in regulating
RNA stability, mediated through binding to its high-affinity
target.

MATERIALS AND METHODS

Expression of GST–Apobec-1. Apobec-1 cDNA was cloned into plasmid
pGEX-4T3 and expressed as a glutathione S-transferase (GST) fusion protein as
previously described (34). The fusion protein was purified from bacterial lysates
by using glutathione-agarose beads (Sigma, St. Louis, Mo.) in a buffer containing
50 mM Tris-HCl (pH 8.0)–10 mM reduced glutathione. The material was further
purified by Sephadex G-75 chromatography, and the dominant peak was dialysed
against a buffer containing 20 mM HEPES (pH 7.9), 0.1 M KCl, 0.2 mM EDTA,
0.5 mM dithiothreitol (DTT), and 20% glycerol. The purity was determined to be
greater than 85% by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis and Western blotting using both an antipeptide antiserum
(21) and an affinity-purified antibody generated against the fusion protein. Mu-
tant forms of Apobec-1, deficient in RNA binding activity (F66,87L and H61R)
were created by a two-step PCR-based method as described previously (34). For
the F66,87L mutation, a single F66L mutant was used for a second round of
mutagenesis. After being sequenced, clones containing the desired mutations
were selected and subcloned for eukaryotic expression. The primers used for
mutagenesis were H61R sense primer, 59-CCAACAAACGCGTTGAAG-39 (nt
173 to 191); H61R antisense primer, 59-GACTTCAACGCGTTTGTTGGTG-39
(nt 192 to 171); F66L sense primer, 59-GAAGTCAATTACATAGAAAAATTT
A-39 (nt 228 to 252); F66L antisense primer, 59-ATTTTTCTATGTAATTGAC
TTC-39 (nt 249 to 228); F87L sense primer, 59-CATTACCTGGTTGCTGTCC
TGGAG-39 (nt 290 to 313); F87L antisense primer, 59-CTCCAGGACAGCAA
CCAGGTAATG-39 (nt 313 to 290); Apobec-1 outside sense primer, 59-GTAG
GATCCATGAGTTCCGAGACAGGC-39 (BamHI); and Apobec-1 outside
antisense primer, 59-AGTGTCGACTTTCAACCCTGTGGCCCACAG-39 (SalI).
The underlined nucleotides represent restriction sites engineered for cloning
purposes, while the boldface underlined sequences represent mutations. For
eukaryotic expression, the wild-type or mutant Apobec-1 cDNA was subcloned
into pRC/CMV (InVitrogen, Carlsbad, Calif.).

Plasmid construction and in vitro transcription. The constructions of plas-
mids p1-AU to p5-AU, pM1 to pM8, p39 c-myc, p39IL-2, and p39TNF-a were
described earlier (6, 7), and the plasmids were a gift from T. Lindsten, University
of Chicago. These sequences were cloned into plasmid pGEM7Zf(1). pRB105
contains a 105-bp fragment of rat apoB cDNA (nt 6639 to 6743), and pCB150
contains a 160-bp fragment of chicken apoB cDNA (nt 6608 to 6768) cloned into
plasmid pGEM3Zf(1) (1). The plasmids were linearized and used as templates
for in vitro transcription with T7 RNA polymerase. In vitro transcription reac-
tions were conducted in the presence of [a-32P]UTP (specific activity, 3,000
Ci/mmol), and the resultant RNA product was gel purified through 8%
PAGE—8 M urea. The transcripts were labeled to a specific activity of approx-
imately 3 3 108 cpm/mg.

RNA-protein UV cross-linking and EMSA. A 32P-labeled cRNA template
(50,000 cpm) was incubated with 500 ng of GST–Apobec-1 in a binding buffer
containing 20 mM HEPES (pH 7.9), 100 mM KCl, and 1 mM DTT for 20 min

at room temperature and then treated sequentially with RNase T1 (1-U/ml final
concentration) and heparin (5-mg/ml final concentration). The mixture was then
subjected to UV cross-linking on ice in a Stratalinker (Stratagene, La Jolla,
Calif.) with an energy of 250 mJ/cm2 and resolved by SDS–10% PAGE under
reducing conditions. For electrophoretic mobility shift assay (EMSA), the mix-
ture was immediately analyzed (after RNase T1 and heparin addition) by elec-
trophoresis in a 5% native PAGE (37.5:1) using 45 mM Tris borate–0.1 mM
EDTA, pH 8.6. Competitor RNA was added where indicated at 250 ng per
reaction mixture. In the supershift assay, 1 ml of undiluted anti-Apobec-1 anti-
body was added, and incubation continued for a further 20 min before treatment
with RNase T1 and heparin.

Nitrocellulose filter-binding assays. GST–Apobec-1 was diluted to the desired
concentration in 10 ml of binding buffer and added to 20 ml of binding buffer
containing 1.5 nM labeled cRNA (15,000 cpm). The reaction mixture was incu-
bated for 20 min at room temperature. The mixture was then passed through a
nitrocellulose filter (HAWP; 0.45-mm pore size) (Millipore) that was preequili-
brated with binding buffer. The filter was washed extensively with the binding
buffer solution, dried, and analyzed by scintillation spectroscopy (Model 1500;
Packard, Downers Grove, Ill.) using Ultima Gold scintillation cocktail (Packard).
Each point in the binding curve represents the average of binding reactions
performed in triplicate. Dissociation constants were determined as previously
described (11). Control experiments revealed that GST alone exhibited no apoB
RNA binding activity (references 1 and 2 and data not shown).

In vitro conversion and primer extension assay. Twenty femtomoles of either
the 105- or a 470-nt rat apoB cRNA (nt 6512 to 6982) was incubated with 10 mg
of chicken intestinal S-100 extracts and 500 ng of GST–Apobec-1 in a buffer
containing 20 mM HEPES (pH 7.9), 100 mM KCl, and 1 mM DTT. Control
reactions contained 250 ng of tRNA, and where indicated, 250 ng of competitor
RNA was substituted for tRNA. The mixture was incubated for 3 h at 30°C. The
RNA was extracted, annealed to 100 pg of a 32P-end-labeled primer extension
primer (nt 6705 to 6671), and reverse transcribed with 20 U of Moloney murine
leukemia virus reverse transcriptase at 42°C for 1 h in a buffer containing 50 mM
(each) dATP, dCTP, and dTTP and 250 mM ddGTP. The extended products
were then fractionated by gel electrophoresis in an 8 M urea–8% polyacrylamide
gel. The gel was dried and analyzed by autoradiography on XAR-5 film.

Circular-permutation analysis. RNA was synthesized by in vitro transcription
as described above except that a fivefold molar excess of 59 GMP was added to
the reaction to generate RNA with 59 monophosphate (22, 40, 41). The RNA was
then circularized with T4 RNA ligase in a buffer containing 50 mM Tris HCl (pH
7.6), 10 mM MgCl2, 10 mM b-mercaptoethanol, 0.2 mM ATP, 0.1 mg of bovine
serum albumin/ml, and 15% dimethyl sulfoxide for 2 h at 37°C. Alkaline lysis was
performed with ;0.7 mM purified circular RNA by boiling the mixture for 1 min
in buffer containing 1 mM glycine and 0.4 mM MgSO4, pH 9.5. The hydrolysis
mixture was neutralized by the addition of 120 mM Tris HCl (pH 7.5)–1 mM
EDTA, renatured by heating it to 95°C for 2 min, and cooled quickly on ice. The
population of RNA molecules was then bound to Apobec-1 and filtered through
a nitrocellulose filter membrane as described above. The Apobec-1-bound RNA
molecules were eluted from the membrane and ethanol precipitated in 50 mM
potassium acetate and 0.2 M KCl. To determine the 59 ends of the circularly
permutated RNAs, the eluted RNAs were annealed with a molar excess of
32P-labeled primer (59-GATTCTATCAATAATCTG-39) and reverse tran-
scribed with Moloney murine leukemia virus reverse transcriptase in a buffer
containing 1 mM deoxynucleoside triphosphates for 1 h at 42°C. The products
were analyzed on a 6% denaturing urea gel and autoradiographed as described
above.

Cell culture and RNA turnover studies. F442A preadipocyte cells were ob-
tained from Reed Graves (University of Chicago) and maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (50 mg of penicillin/ml, 50 mg of streptomycin/ml, and 2 mg
of gentamycin/ml). The cells were transfected with Apobec-1 cloned into a
eukaryotic expression plasmid, pRC/CMV (InVitrogen), using Lipofectamine
(Life Technologies, Gaithersburg, Md.), and individual colonies were selected in
the presence of 800 mg of G418/ml. The clones were screened by Northern blot
analysis of total RNA, which was normalized to glyceraldehyde-3-phosphate
dehydrogenase mRNA (24). Protein extracts were prepared from positive clones,
resolved through denaturing SDS–12.5% PAGE, and transferred to Immo-
bilon-P membranes. The blots were probed with anti-Apobec-1 antibody fol-
lowed by secondary anti-rabbit immunoglobulin G (IgG) conjugated to horse-
radish peroxidase. The immunoreactive Apobec-1 was detected by enhanced
chemiluminescence (Amersham Life Sciences, Arlington Heights, Ill.). For decay
studies with stable vector and Apobec-1-expressing cell lines, 106 cells were
seeded in a 10-cm-diameter dish and grown for 48 h in DMEM–10% FBS and
then washed three times in phosphate-buffered saline and serum starved in
DMEM–0.5% FBS for 48 h prior to stimulation with DMEM–15% FBS. After
1 h, actinomycin D (10-mg/ml final concentration) was added. For studies involv-
ing mutant apobec-1, namely, H61R and F66,87L, a transient-transfection strat-
egy was used. Twenty-four hours after a 35-mm-diameter dish was seeded with
5 3 104 cells, 3 mg of appropriate plasmid DNA was transfected using FuGene
(Roche Biochemicals, Nutley, N.J.). Forty-eight hours posttransfection, fresh
medium containing 15% FBS was added to the cells, and the mixture was
incubated for 1 h followed by treatment with actinomycin D as detailed above. At
the indicated time points, total cellular RNA was isolated from the cells using
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TRIzol reagent (Life Technologies). Ten micrograms of total RNA was size
fractionated in a 1% agarose–2% formaldehyde gel and blotted onto a Nytran-
Plus membrane (Schleicher and Schuell, Keene, N.H.). Hybridization was per-
formed in QuikHyb solution (Stratagene) with a full-length mouse c-myc cDNA
probe (a kind gift from K. N. Subramanian, University of Illinois) followed by a
mouse b-actin cDNA probe (Ambion, Austin, Tex.). Hybridization intensity was
quantitated by PhosphorImager scanning (model PSI; Molecular Dynamics,
Sunnyvale, Calif.).

RESULTS

GST–Apobec-1 binds with low affinity to apoB RNA. Previ-
ous work has determined that the ability of Apobec-1 to bind
apoB RNA is required for RNA editing (34, 37), a function
independent of its cytidine deaminase activity (34). To deter-
mine the binding affinity of Apobec-1 to the apoB mRNA,
nitrocellulose filter binding was performed using a radiola-
beled 105-nt rat apoB RNA in the presence of increasing
concentrations of GST–Apobec-1. This apoB RNA template
supports optimal in vitro editing, with greater than 85% C-
to-U conversion (data not shown), suggesting that the requisite
cis-acting elements are present, as expected, within this frag-
ment (4, 15, 19). As seen in Fig. 1, Apobec-1 binds this apoB
RNA saturably, with a calculated Kd of 435 6 136 nM. By
comparison, the binding affinity of apobec-1 to a 150-nt
chicken apoB RNA was determined to be 570 6 107 nM. This
represents the lower limit of detection, a finding consistent
with previous data (1) demonstrating that this template does
not bind to apobec-1 in UV cross-linking assays.

GST–Apobec-1 binds to AU-rich sequence elements within
the 3* UTR of c-myc, IL-2, TNF-a, and GM-CSF RNA. To
further define the optimal binding site for Apobec-1, we ex-
amined the binding of Apobec-1 to transcripts containing dif-
ferent configurations of AU sequences found, respectively, in
the 39 UTRs of c-myc, interleukin 2 (IL-2), tumor necrosis
factor alpha (TNF-a), and granulocyte/macrophage colony
stimulating factor (GM-CSF). c-myc contains a series of U
nucleotides and four dispersed AUUUA sequence elements,
while IL-2, TNF-a, and GM-CSF have at least three tandem
repeats of the sequence AUUUA (Fig. 2A). Radiolabeled
RNA transcripts were synthesized and incubated with GST–
Apobec-1, and the UV cross-link pattern was examined. In all
cases, RNA-bound protein was observed with a mobility of
;75 kDa (Fig. 2B, top). EMSA further confirmed the interac-
tion of Apobec-1 with these various RNAs (Fig. 2B, bottom).
Inclusion of anti-Apobec-1 antibody in the reaction led to a

further shift in mobility of the bound RNA, confirming the
specific interaction of Apobec-1 with these RNAs (Fig. 2B,
bottom). The supershift with the rat apoB template showed a
single band, whereas that observed for c-myc, IL-2, TNF-a, and
GM-CSF showed multiple supershifted bands (Fig. 2B, bot-
tom). In view of the presence of multiple copies of AU-rich
sequence elements within these cytokine mRNAs, the most
plausible explanation for this supershift pattern is that binding
of Apobec-1 may have occurred at multiple sites, leading to
formation of a higher-order complex in the presence of anti-
body. This supposition, however, will require experimental
confirmation. Nitrocellulose filter binding assays were per-
formed with these cytokine mRNAs, and the binding affinities
were determined to be 50, 55, 65, and 100 nM for c-myc,
GM-CSF, TNF-a, and IL-2, respectively (Fig. 2C). This sug-
gests that Apobec-1 binds to the AU-rich sequences in the 39
UTRs of several cytokine mRNAs with almost 10-fold-higher
affinity than to apoB mRNA. The functional implications of
this suggestion were examined and will be presented in a later
section of this report.

At least two tandem repeats of an AUUU sequence are
required for GST–Apobec-1 binding. Since GST–Apobec-1
binds to AU-rich transcripts, especially AUUU multimers, we
wished to determine the number of tandem AUUU repeats
required for GST–Apobec-1 binding. Accordingly, UV cross-
linking assays were undertaken with transcripts containing one
to five tandem repeats of AUUU (Fig. 3A). GST–Apobec-1
efficiently cross-linked to transcripts containing 2-AU to 5-AU
but did not cross-link to the 1-AU template (Fig. 3B). The
overall AU content of the various templates ranged from 48 to
58%, lower than that of the apoB RNA discussed above (68%).
These findings imply a structural requirement for apobec-1
binding, beyond the AU content of the template.

Refinement of the binding site of GST–Apobec-1 to an AU-
rich target. In order to further refine the sequence require-
ment for Apobec-1 binding, RNA transcripts were prepared
from plasmids containing different AU-rich sequences in place
of the 5-AU cassette described above (Fig. 4A). In this ap-
proach, the lengths and flanking sequences of these various
AU-rich RNA templates were the same as in the 5-AU con-
struct. Cross-linking experiments with these radiolabeled tran-
scripts and GST–Apobec-1 (Fig. 4B) show that M1 (UUUU),
M4 (UUUUA), and M6 (UUUC) exhibit more-prominent
cross-linking activity than rat apoB (RB105). This impression
was formally examined using immobilized GST–Apobec-1, re-
vealing that the Kds of M1, M4, and M6 were in the range of
100 to 210 nM (data not shown). Transcripts M3 (UUA), M7
(UCUA), and M8 (CUCA) demonstrated weak cross-linking
activity to GST–Apobec-1. In contrast, M2 (AUAU) and M5
(AAUU) templates, similarly to chicken apoB (CB150),
showed no cross-linking to GST–Apobec-1 (Fig. 4B). By way of
confirmation, a 1,000-fold excess of unlabeled M2 and M5
templates failed to compete for GST–Apobec-1 cross-linking
to a radiolabeled RB105 template while the remaining tran-
scripts generally competed in proportion to their apparent
binding affinities (Fig. 4C). Modeling predictions suggest that
RNA templates demonstrating cross-linking activity with
GST–Apobec-1 contain at least 6 nt within a loop structure
(data not shown). These predictions for M2 and M5 templates
indicate that each contains a small loop with less than 6 nt
(data not shown). Using the structural predictions alluded to
above and the experimentally determined hierarchy of binding
to GST–Apobec-1, a consensus binding site is proposed as
shown in Fig. 5. The sequences are listed in descending order
of observed cross-linking affinity. Based upon this sequence
alignment, the hexamer UUUN(A/U)U emerges as a candi-

FIG. 1. Binding affinity of GST–Apobec-1 to rat apoB RNA. Increasing
amounts of GST–Apobec-1 (1.2 3 1028 to 3.2 3 1026 M) were bound to 15,000
cpm of 32P-radiolabeled 105-nt rat apoB transcript (RB105) and incubated at
room temperature for 20 min. The mixture was then filtered through a nitrocel-
lulose membrane, and the retained material was analyzed by scintillation spec-
troscopy. The data are plotted as the fraction of RNA bound (mean 6 standard
deviation) to the indicated amount of GST–Apobec-1 (Protein [M]). Each point
represents data from three independent experiments.
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date Apobec-1 binding motif. This sequence is present in all
transcripts demonstrating strong cross-linking with GST–Apo-
bec-1.

The results further suggest that binding occurs with higher
affinity when multiple overlapping copies of this motif are
present. Specifically, the IL-2 template, which contains two
scattered UUUN(A/U)U motifs, binds to immobilized Apobec-1
with lower affinity than the c-myc and GM-CSF templates (100
vs. 50 to 55 nM) (Fig. 2C). Additionally, cross-competition
experiments were conducted using a 10- or 100-fold excess of
cold unlabeled IL-2, c-myc, GM-CSF, and TNF-a RNA tem-
plates in UV cross-linking assays containing GST–Apobec-1
and radiolabeled RB105. As shown in Fig. 6, a 100-fold but not
10-fold excess of the cold IL-2 template was required to inhibit
GST–Apobec-1 from cross-linking to the RB105 template. On
the other hand, a 10-fold excess of c-myc, GM-CSF, or TNF-a
RNA was sufficient to inhibit the cross-linking reaction (Fig.
6). Furthermore, even a 100-fold excess of chicken apoB
RNA—which lacks the consensus binding site but contains a
similarly high AU content to the mammalian apoB RNA—
failed to compete Apobec-1 binding to the rat apoB template
(Fig. 6, lanes 11 and 12). Taken together, these data strongly
suggest that multiple tandem repeats of the sequence
UUUN(A/U)U may constitute a high-affinity binding site for
Apobec-1. The findings also serve as a plausible basis for the
low binding affinity of GST–Apobec-1 to the 105-nt rat apoB
RNA (Fig. 1), which contains only a single copy of this motif.

Mapping the Apobec-1 binding site in apoB mRNA through
circular-permutation analysis. The consensus binding motif
identified above (UUUN[A/U]U) is present in rat apoB RNA
at a single site (UUUGAU) immediately 39 to the edited base
(Fig. 5). Circular-permutation analysis was performed in order
to determine directly whether Apobec-1 interacts with this
sequence element in apoB RNA. As detailed above (see Ma-
terials and Methods), a mixture of circularly permutated RNAs
was generated by partial alkaline hydrolysis of a circularized
105-nt apoB RNA, which was then bound to GST–Apobec-1.
The Apobec-1-bound RNA molecules were purified, annealed
to excess primer, and subjected to reverse transcription and
direct sequencing of the 59 ends. The sequence information
was then compared with the sequence determined using the
circular RNA as a template. As shown in Fig. 7A, two distinct
regions were identified as Apobec-1 binding sites. One site
(site I) is the predicted UUUGAU sequence, located imme-
diately downstream of the edited base. A second site (site II)
for Apobec-1 binding was located downstream of the first site
and is part of a UAUAUU sequence. Site II was previously
determined to be an Apobec-1 binding site based on deletion
analysis and UV cross-linking (37). Structural predictions sug-
gest that site I is located within a distinct loop structure con-
taining 8 nt while site II is located within a bulge containing 4
nt (Fig. 7B). The model for the region containing site I is
predicted to position the edited C within the same 8-nt loop
(Fig. 7B).

Binding of Apobec-1 to its consensus site within the 3* UTR
of c-myc mRNA alters RNA stability. AU-rich sequences
within the 39 UTR of c-myc mRNA are known to contain

FIG. 2. RNA-protein complex formation between GST–Apobec-1 and AU-
rich sequences present in the 39 UTRs of rapidly degraded RNAs. (A) AU-rich
sequences present in 39 UTRs of TNF-a, IL-2, GM-CSF, and c-myc. These
sequences were cloned into plasmid pGem-3Zf(1), linearized, and transcribed in
the presence of [a-32P]UTP with T7 RNA polymerase. (B) Top: UV cross-
linking. Five hundred nanograms of GST–Apobec-1 was incubated with 50,000
cpm of the indicated radiolabeled transcript followed by incubation with RNase
T1 and heparin, subjected to UV cross-linking for 1.5 min, and analyzed by
SDS–10% PAGE. The migration of the molecular mass markers is shown.
Bottom: EMSA. GST–Apobec-1 was incubated with the indicated 32P-labeled
RNA templates in the presence (1) or absence (2) of affinity-purified rabbit anti
(a)-Apobec-1 IgG, and the resulting complexes were analyzed by nondenaturing
polyacrylamide gel electrophoresis. Migration of the free probe (F), the GST–
Apobec-1–RB105 complex (arrow), and the supershifted bands (arrowheads) is

indicated. (C) Affinity of GST–Apobec-1 for AU-rich templates. Increasing
amounts of GST–Apobec-1 (1.2 3 1028 to 3.2 3 1026 M) were bound to 15,000
cpm of the indicated 32P-radiolabeled transcript followed by filtration through a
nitrocellulose membrane, and the retained material was analyzed by scintillation
spectroscopy. The data are plotted as the fraction of RNA bound (mean 6
standard deviation) to the indicated amount of GST–Apobec-1 (protein [M]).
Each point represents data from three independent experiments.
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RNA-destabilizing elements, the presence of which triggers
rapid degradation of the transcript (10, 27, 28). The presence
of a consensus binding site for Apobec-1 that appears to be
embedded within the 39 UTR of c-myc RNA led us to examine
the hypothesis that Apobec-1 binding to this target may play a
role in RNA stability. In order to determine the role of Apo-
bec-1 in mRNA stability, we used a preadipocyte cell line,
F442A, since these cells express neither endogenous apoB
mRNA (data not shown) nor Apobec-1 (Fig. 8A). Accordingly,
F442A cells were stably transfected with rat Apobec-1, and
high levels of protein expression were confirmed in S-100 ex-
tracts probed with affinity-purified anti-Apobec-1 IgG (Fig.
8A). To determine the effects of overexpression of Apobec-1
on c-myc mRNA stability, total cellular RNA was isolated at
various time points following the addition of actinomycin D,
and c-myc mRNA abundance was determined by Northern blot
analysis. The half-life of c-myc mRNA increased from ;90 min
in vector-transfected control cells to ;240 min in cells express-
ing Apobec-1 (Fig. 7B and C). These findings suggest that
Apobec-1 binding to its target consensus site within c-myc
mRNA results in stabilization of the transcript. In order to
determine whether the effects of Apobec-1 expression on c-
myc mRNA stability require its RNA binding activity, further
experiments were conducted using Apobec-1 mutants defec-
tive in RNA binding. Two such mutants were selected, a his-
tidine61-to-arginine mutant and a phenylalanine66,87-to-leucine
mutant, each of which is defective in apoB RNA binding and
exhibits no C-to-U RNA-editing activity (34, 37). To confirm
that these mutants do not bind c-myc RNA, wild-type GST–
Apobec-1 and the H61R (denoted H3R) and F66,87L (F3L)
mutants were incubated with either the rat apoB RNA

(RB105) or c-myc RNA, and UV cross-linking was performed.
As shown in Fig. 9A, the wild-type protein, but not the mutant
proteins, cross-linked to both templates. This suggested that
both the H3R and F3L mutants would be good candidates
for determining the RNA binding requirement of Apobec-1 in
c-myc mRNA stability. Accordingly, each of these mutants was
transiently transfected into F442A cells, in parallel with the
wild-type parental construct, and c-myc mRNA turnover was
examined following actinomycin D treatment, as before. Com-
parable levels of expression of each of the wild-type and mu-
tant Apobec-1 proteins were observed, indicating that trans-
fection and expression efficiencies were similar (Fig. 9B).
Expression of the wild-type Apobec-1 resulted in stabilization
of c-myc mRNA, as observed earlier (compare Fig. 9 and Fig.
8), while transfection of the RNA binding-defective Apobec-1
mutants resulted in c-myc mRNA turnover that was indistin-
guishable from control vector-transfected cells (Fig. 8). Taken
together, these data strongly suggest that it is the RNA binding
activity of Apobec-1 that results in stabilization of the c-myc
transcript.

DISCUSSION

C-to-U deamination of nuclear mRNA is a highly restricted
process in mammalian tissues. The operational constraints,
however, are poorly understood. In the context of mammalian
apoB RNA, the prototype for this category of RNA editing,
the enzymatic modification targets a single C in a region that is
enriched in A1U residues, suggesting that a defined structural
conformation of the RNA may direct the editing machinery to
the selected site and simultaneously make other potential sites
less favorable. This suggestion was strengthened through stud-
ies that demonstrated Apobec-1 binding to apoB RNA as well
as to a variety of AU- or U-rich targets (1, 37). In addition,
functional analyses of recombinant apobec-1 protein have
demonstrated that mutations which abolish RNA binding ac-
tivity of the protein also eliminate its RNA-editing activity (34,
37, 38). Taken together, these earlier findings strongly impli-
cate RNA binding in regulating apoB RNA editing, although
details of the structural and more specific sequence require-

FIG. 3. Two tandem repeats of AUUU sequence are required for Apobec-1
binding. (A) Radiolabeled cRNAs were prepared containing one to five copies of
an AUUUA motif (labeled 1-AU to 5-AU) and used in the in vitro UV cross-
linking assays with GST–Apobec-1. The AUUU repeat in each transcript is
underlined. Except for variations in AUUU iterations, each transcript contained
the same flanking nucleotide sequence. (B) GST–Apobec-1 was incubated with
the radiolabeled transcripts, subjected to UV cross-linking, and analyzed by
SDS–10% PAGE. The migration of molecular mass markers is indicated.
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ments were left unanswered. The current studies sought to
delineate the RNA binding activity of Apobec-1 in some detail,
both in the context of apoB RNA and also other potential
targets.

One of the central observations of this report concerns Apo-
bec-1 binding to a 105-nt apoB RNA that is now shown to
contain a high-affinity consensus binding site embedded within
the region flanking the edited base. The binding affinity of
Apobec-1 for the apoB RNA, ;430 nM, is considerably lower
than that of the consensus site (;50 nM), a finding that has
important functional implications. The presence of a high-
affinity binding site for Apobec-1, contained in proximity to

and 39 of the edited base, may be of importance in positioning
the canonical C within the active site of the homodimeric
interface (38). Such optimal positioning with respect to the
enzyme and its substrate may be of importance in regulating
the C-to-U RNA editing activity of Apobec-1. This suggestion
is broadly consistent with the observations of others that
scrambling mutants of apoB RNA in which the region imme-
diately 39 to the edited base (containing the site I consensus)
do not support C-to-U editing in vitro (4, 47). However, it is
recognized that other explanations, including structural alter-
ations in RNA folding, are equally plausible (44). A key con-
sideration in assigning significance to the structural predictions
and binding affinities currently reported is whether the enzy-
matic (i.e., editing) activity of Apobec-1 is favored or inhibited

FIG. 4. GST–Apobec-1 binding to different AU-rich templates as a means to
identify a consensus Apobec-1 binding site. (A) The AUUU sequence in con-
struct 5-AU (shown underlined in Fig. 3A) was replaced with the indicated
cassette, labeled M1 to M8. The flanking sequences in the various transcripts
were identical. (B) UV cross-linking experiments were performed with GST–
Apobec-1 and the indicated radiolabeled M transcripts, and the complex was
analyzed by SDS–10% PAGE. RB105 (105-nt rat apoB cRNA; positive control)
and CB150 (150-nt chicken apoB RNA; negative control) templates were also
used in the cross-linking reaction. The migration of molecular mass markers is
shown on the left. (C) Competition by the indicated M transcripts for GST–
Apobec-1 binding to rat apoB RNA. Excess unlabeled M template cRNA was
added to binding reaction mixtures containing radiolabeled RB105 and GST–
Apobec-1. Following incubation, the reaction mixture was subjected to UV
cross-linking followed by separation by SDS–10% PAGE and autoradiography.
The migration of the molecular mass markers is shown on the left. 1, present; 2,
absent.

FIG. 5. Identification of a consensus Apobec-1 binding motif. UV cross-
linking experiments to determine GST–Apobec-1 binding activity were per-
formed (as shown in Fig. 4), and the sequences were arranged based on cross-
linking efficiency. A consensus binding motif (UUUN[A/U]U) was derived from
the alignment (shaded area).

FIG. 6. Multiple tandem repeats of the consensus sequence make up the
Apobec-1 high-affinity binding site. UV cross-linking experiments were per-
formed with GST–Apobec-1 and radiolabeled RB105 RNA in the presence of
(1) of 10- or 100-fold excess of unlabeled c-myc (Myc), TNF-a (TNF), IL-2
(IL-2), GM-CSF, or chicken apoB (CB150) transcripts and subjected to UV
cross-linking. Following cross-linking, the reaction mixture was separated in an
SDS–10% PAGE and autoradiographed. The migration of molecular mass
markers (kilodaltons) is shown on the left. The location of the GST–Apobec-1–
RNA cross-linked complex is indicated by an arrow. This is a representation of
two independent tests.
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by high-affinity binding to a target RNA. This is of particular
relevance, since Apobec-1 is one of a few well-characterized
genes with both RNA binding and enzymatic activities (re-
viewed in reference 16). The demonstration that Apobec-1
binds to a 105-nt apoB RNA with low affinity is consistent with
a scanning model in which Apobec-1 exhibits loose interactions
with RNA targets enriched in AU residues. The model further
predicts that upon recognition of an appropriate secondary-
structural context, Apobec-1 undergoes selective, high-affinity
binding, mediated through the consensus motif. This sequen-
tial-scanning-high-affinity-binding model may then facilitate a
conformational adaptation that allows C-to-U deamination at
the appropriate site. It bears emphasizing that, supplemental
to its cytidine deaminase activity on a monomeric substrate,
Apobec-1 exhibits an obligate requirement for an additional
protein cofactor(s) for RNA-editing activity. These cofactors,
in turn, have the ability to bind both apoB RNA (19, 25, 29, 31,
39) and apobec-1 (23, 31, 35, 36). As an example, one of these
potential cofactors, p60, has been shown to bind to a UGAU
sequence located downstream of the edited C, a motif that is
contained within the Apobec-1 consensus site I (39). Previous
studies suggest that the binding of a protein factor(s) present in
chicken intestinal S100 extracts (a source of complementation
activity but not Apobec-1 [50]) to the apoB RNA template is
not competitive with the binding of Apobec-1 (2). Neverthe-
less, it remains a distinct possibility that the apparent binding
affinity of recombinant GST–Apobec-1 alone may differ con-
siderably from its affinity when examined in the context of the
holoediting enzyme. Formal proof of this possibility will await
identification and expression of the remaining components of
the editing enzyme. By corollary, the importance of the con-
sensus motif for Apobec-1 in regulating the specificity of the
cytidine nucleotide selected for deamination by the apoB ed-
iting enzyme will require formal evaluation in the context of
other targets.

The structural predictions with respect to apoB RNA bind-
ing, based upon modeling of a 105-nt RNA, are consistent with
recent results from Richardson and colleagues, who used
RNase mapping to delineate an RNA secondary structure for
a 46-mer apoB RNA flanking the editing site (44). Both stud-
ies, using independent approaches, suggest that apoB RNA
forms a stable hairpin stem-loop structure with the edited C
located in an 8-nt loop (44). Using circular-permutation assays,
the present studies indicate the presence of a binding site,
UUUGAU (site I), spanning nt 6669 to 6674 (Fig. 7). This
binding site is of potential functional significance, since elim-
ination of the UGAU motifs flanking the edited C in chimeric
editing constructs—one of which is contained within the site I
binding motif—appears to reduce C-to-U editing efficiency,
particularly under conditions of forced overexpression of Apo-
bec-1 (55). A second site (site II) identified UU residues at
positions 6682 to 6683 (Fig. 7) as a binding site for Apobec-1.
The latter findings are consistent with findings from earlier
studies, specifically the suggestion that Apobec-1 binds to AU-
rich regions 39 of the edited C in apoB RNA and in particular
to a region encompassing nt 6678 to 6683 (37). It is possible
that the UU residues (site II) identified by circular permuta-
tion represent the most exposed nucleotides within the
UAUAUU motif spanning nt 6678 to 6683, previously pro-
posed as the Apobec-1 binding site by Navaratnam and co-
workers (37, 38). Indeed the model depicted in Fig. 6B posi-
tions these UU dinucleotides within a bulge and thus
potentially accessible to Apobec-1.

It deserves comment that a different binding site was iden-
tified in human apoB RNA by Navaratnam and coworkers,
located 5 nt upstream of the edited base (37). The most plau-
sible explanation for the failure to detect this site in our cir-
cular permutation assay may be the choice of substrates. While
Navaratnam et al. used the human apoB RNA in their studies,
which contains the sequence AUAUAU, the present studies

FIG. 7. Direct determination of Apobec-1 binding sites in rat apoB RNA. (A) A circular-permutation assay (CPA) was performed with GST–Apobec-1 and a 105-nt
RB105 cRNA. RB105 RNA was circularized and subjected to partial alkaline hydrolysis under denaturing conditions to generate a complete population of linear
circular-permutated (CP) isoforms. The CP isomers were mixed with GST–Apobec-1, and the bound isomers were recovered following filtration through a nitrocellulose
membrane. Bound RNAs were identified by primer extension with Moloney murine leukemia virus reverse transcriptase using a 32P-labeled primer located at the 39
end of the apoB sequence. Total CP isomers (lane 1) and GST–Apobec-1-bound isomers (lane 2), along with reverse transcriptase sequencing of the circular form of
RB105 (lanes C, U, A, and G), were separated in an 8 M urea–8% polyacrylamide gel and autoradiographed. The sequence of interest is shown on the left, and the
11-nt mooring sequence motif (MS) is bracketed. The two Apobec-1 binding sites (sites I and II) are shown on the right. (B) Schematic representation of structure of
a 105-nt apoB RNA, including the binding sites for Apobec-1 (determined by CPA). RNA folding was determined by using the RNA mfold program. RB105 forms
a three-branch structure, and the Watson-Crick (A:U and G:C) and the weaker G:U wobble pairs are shown as black dots. Nucleotides required for Apobec-1 binding
and the edited C are shown by arrows and an asterisk, respectively.
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used rat apoB RNA as a template. In this species, the corre-
sponding sequence is AUAcgc (sequence divergence in lower-
case). The sequence divergence between species at this loca-
tion suggests that this site may not be absolutely required for
Apobec-1-mediated apoB RNA editing. In support of this sug-
gestion, mutational analyses performed within this region
(AUAUAU3ugAagU, AUgaAU, or AUAUgc) (mutated
bases in lowercase) showed no significant effect on RNA ed-
iting (4, 19).

Our predictions for the 105-nt apoB RNA, particularly the
region flanking the edited C, taken in conjunction with the
predictions of Richardson and colleagues, based upon RNase
mapping, thus serve as a foundation for a working model of the
minimal editing template. A central feature of both models is
a stem-loop structure containing ;30 nt, with the edited C
located within an 8-nt loop (44). These predictions are consis-
tent with earlier findings that a minimum of ;26 nt of flanking
sequence will support C-to-U editing of an apoB RNA tem-
plate in vitro (1, 3, 19).

Implicit in the proposed structural predictions for apoB
RNA is the assumption that Apobec-1 adopts a conforma-
tional structure at its active site that will accommodate an
RNA substrate of the appropriate size and structure. This issue
has been addressed by homology modeling with the crystal

structure of E. coli cytidine deaminase, which predicts that a
cleft is formed between the two active sites of an Apobec-1
dimer (38). The distance between the two active sites, approx-
imately 21 Å, implies that the RNA must form a higher-order
stem-loop structure in which the edited C is exposed (38). The
predictions emerging from the present studies with a 105-nt
apoB RNA indicate that a tripartite stem-loop structure forms,
with a hairpin structure of ;30 nt containing the edited C.
These predictions are consonant with the estimates of Navarat-
nam and colleagues that the cleft formed at the interface be-
tween the two active sites of an Apobec-1 dimer will accom-
modate a structure with a molecular mass of ;10 kDa, a value
that coincides with the predicted mass of a 30-nt RNA (38). It
remains to be determined whether Apobec-1 binds to the RNA
target as a monomer or as a dimer and, by extension, whether
one or more molecules of apoB RNA are bound per molecule
of Apobec-1. Resolution of these issues will require solution of
the crystal structure of Apobec-1.

During the course of identifying a consensus high-affinity
binding site for Apobec-1 through analysis of multiple candi-
date AU-rich targets, it was simultaneously discovered that
Apobec-1 demonstrated high-affinity binding of other targets,
including several RNAs that contain sequence motifs known to
be involved in regulating mRNA degradation (reviewed in
references 13 and 48). The best characterized of such motifs is
the AU-rich element (ARE), which varies in size and location
but generally contains multiple copies of a pentanucleotide
stretch, AUUUA, coupled with a context of abundant U or AU
residues (13). A number of RNA binding proteins have been
identified that exhibit affinity for and interact with AREs (re-
viewed in references 9 and 13), and their biological properties
and functional characteristics have been the focus of consid-

FIG. 8. Binding of Apobec-1 to AU-rich sequence in 39 UTR of c-myc
mRNA increases c-myc mRNA stability. (A) Wild-type Apobec-1 cDNA was
transfected into F442A cells, and stable transfectants were selected with G418
(F442A/apobec-1). As a control, vector alone was transfected and colonies were
isolated (F442A/vector). Cytosolic S100 extracts were subjected to 30% ammo-
nium sulfate precipitation, and aliquots were separated in an SDS–12% PAGE
and blotted on a polyvinylidine difluoride membrane. The blot was probed with
affinity-purified rabbit anti-Apobec-1 IgG, and bands were visualized by en-
hanced chemiluminescence. Molecular mass markers (kilodaltons) are indicated
on the left. (B) Northern blot analysis of c-myc mRNA. Cells were grown to
;90% confluence, and actinomycin D (final concentration, 10 mg/ml) was added.
At the indicated time points, RNA was extracted, size separated in a formalde-
hyde-agarose gel, and blotted onto Nytran-Plus membranes. The blots were
probed sequentially with c-myc and mouse b-actin cDNAs. (C) Hybridization
was quantitated with a PhosphorImager and normalized to b-actin. Data from
five independent experiments were averaged (mean 6 standard deviation) and
are presented as a percentage of c-myc mRNA remaining, relative to that at time
zero. Error bars fall within the symbol for the mean.
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erable investigation. Many of these proteins contain highly
conserved RNA binding domains that place them within the
RRM (RNA recognition motif) superfamily while containing
differences within the hinge domain that presumably permit
conformational flexibility (9, 13). These features are of inter-
est, since Apobec-1 contains neither a recognizable RNA rec-
ognition domain nor a region similar to the hinge domain
found in these proteins. Homology modeling and mutagenesis
of Apobec-1 indicate that the RNA binding domain of Apo-
bec-1 is located in the amino-terminal half of the protein and
most plausibly involves the crevice created between the two
monomers (38). RNA binding has been demonstrated to in-
clude some of the zinc-coordinating residues (H63 and C93)
that occupy the active site of the enzyme (34, 37), as well as F66
and F87, which are positioned in the cleft and distant from the
active site. While the ARE may function as a destabilizing
element, this property is conferred in a highly individualized
context, requiring a combination of structural features and
sequence motifs (45). Additionally, the binding affinity of
ARE-binding proteins may vary directly or inversely with the
observed stability of the target RNA (13, 48). For example,

overexpression of AUF1–hnRNP-D has been demonstrated to
mediate the rapid degradation of c-myc mRNA (33), while
overexpression of HuR leads to stabilization of ARE-contain-
ing mRNAs (20, 42). The present demonstration that overex-
pression of Apobec-1 leads to stabilization of c-myc mRNA is
thus consistent with the preceding observations demonstrating
high-affinity binding to one of the AREs present in the 39 UTR
of this mRNA (18). To clarify the functional properties of
Apobec-1 that may mediate this observation, two mutants were
utilized in transfection experiments. An H61R mutant was
selected, since it lacks RNA binding and C-to-U RNA-editing
activity and is also defective in cytidine deaminase activity (34,
37), while the F66,87L mutant, which is also defective in RNA
binding and C-to-U editing (37), retains full enzymatic activity
on a monomeric substrate (data not shown). The data demon-
strate conclusively that RNA binding activity of Apobec-1 is
required for interaction with the c-myc ARE, since both the
H61R and the F66,87L mutants are without effect on c-myc
mRNA turnover (Fig. 8). The possibility was considered that
the C located within the loop of the c-myc ARE might itself be
a target for deamination, in view of the high-affinity binding in

FIG. 9. RNA binding mutants of Apobec-1 do not stabilize c-myc mRNA. (A) Wild-type (WT) and mutant (H3R and F3L) Apobec-1 cDNAs were expressed
as GST fusion proteins and affinity purified over glutathione-agarose beads. Two hundred fifty nanograms of the indicated fusion protein was incubated with either
radiolabeled RB105 or c-myc transcript, subjected to UV cross-linking, and analyzed by SDS–10% PAGE. The location of the GST–Apobec-1–RNA cross-linking
complex is indicated by an arrow. The migration of molecular mass markers (kilodaltons) is indicated. This is a representation of two independent tests. (B) WT and
mutant (H3R and F3L) Apobec-1 cDNAs were transiently transfected into F442A cells. Total cellular extracts were prepared, and aliquots were separated in an
SDS–12% PAGE and transferred to a polyvinylidine difluoride membrane. The blot was probed with affinity-purified rabbit anti-Apobec-1 IgG, and the bands were
visualized by enhanced chemiluminescence. The migration of molecular mass markers (kilodaltons) is indicated on the left. (C) WT and mutant (H3R and F3L)
Apobec-1 cDNAs were transfected into F442A cells. Seventy-two hours after transfection, actinomycin D was added, the cells were incubated for the indicated times,
and RNA was isolated. The RNA was subjected to Northern blot hybridization and probed with mouse c-myc and b-actin cDNAs. (D) The blots were scanned by
PhosphorImager, and hybridization to the c-myc transcript was normalized to that of b-actin. The data from three independent transfections were averaged (mean 6
standard deviation) and are presented as a percentage of c-myc mRNA remaining, relative to that at time zero. Error bars fall within the symbol for the mean.
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vitro and the observed effects of overexpression of Apobec-1
on its stability. However, no evidence was found for C-to-U
editing of any cytidine nucleotide within the ARE following
primer extension analysis of c-myc RNA extracted after over-
expression of Apobec-1 in F442A cells (data not shown).

A further point for consideration is that c-myc mRNA con-
tains multiple destabilizing elements that are located both in
the protein coding region and the 39 UTR (45). Further studies
will be required to determine whether Apobec-1 binds to any
or all of these elements in vitro. Nevertheless, it is tempting to
speculate whether the gain-of-function phenotype described
with the forced overexpression of Apobec-1 in transgenic mice
and in rabbit liver (52), which produces dysplasia and carci-
noma and is associated with aberrant editing of other target
RNAs, including NAT1 (52, 53, 55), may also result in alter-
ations in mRNA turnover. By corollary, it is important to
delineate the role, if any, of Apobec-1 in regulating the stability
of c-myc mRNA in vivo. Along these lines, it bears emphasiz-
ing that although Apobec-1 expression is limited to the human
gastrointestinal tract, Apobec-1 mRNA overexpression has
been observed in colonic tumors and colon tumors metastatic
to the liver (32). Whether Apobec-1 functions in mediating
mRNA stability in humans in locations distant from the small
intestine remains to be tested. These and other questions con-
cerning the interaction of Apobec-1 with target RNAs will be
the focus of future reports.
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