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Abstract. In humans, both the expression of apobec-1 and
the C to U deamination of apoB mRNA are confined to the
small intestine. In order to understand the tissue-restricted
pattern of apobec-1 expression, we have isolated the chromo-
somal gene spanning the human apobec-1 locus. The human
apobec-1 gene spans 18 kb and contains five exons, all of which
are translated. Transcription initiation, determined by RNase
protection and primer extension analyses, is localized to a sin-
gle start site 34 nt upstream of the open-reading frame in exon
1. A common, but functionally silent, gene polymorphism was
detected that changes I1e80 to Met. RNase protection and re-
verse-transcription PCR analysis demonstrated the presence
of an exon 2-skipped form of apobec-1 mRNA that arises
through use of an alternative splice acceptor. This alternative
splicing causes a frame-shift that produces a novel, 36 amino
acid peptide. The exon 2-skipped form accounts for ~50% of
apobec-1 mRNA in the adult small intestine and up to 90%
of apobec-1 mRNA in the developing gut. An antipeptide anti-
body identified the truncated protein in villus cells of the
adult small intestine. Bl These data suggest that exon 2-skip-
ping may represent an important control mechanism regulat-
ing apobec-1 gene expression in humans.—Hirano, K-L, J. Min,
T. Funahashi, D.A. Baunoch, and N.O. Davidson. Character-
ization of the human apobec-1 gene: expression in gastrointes-
tinal tissues determined by alternative splicing with produc-
tion of a novel truncated peptide. J. Lipid Res. 1997. 38: 847-
859.
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Apolipoprotein B (apoB) is an obligate component
of triglyceride-rich lipoproteins and circulates in two
distinct forms, each encoded by a common gene (re-
viewed in ref. 1). ApoB-100, the full-length form of the
protein, contains 4536 residues and is produced in the
human liver (1). ApoB-48 is secreted by the human
small intestine as a result of a C — U deamination reac-
tion that introduces a translational stop codon into the

nuclear apoB transcript (2, 3). This process, referred to
as apoB mRNA editing (reviewed in refs. 4, 5), elimi-
nates from apoB-48 the domains present in apoB-100
that are proposed to be involved in the binding of low
density lipoprotein (LDL) to the LDL receptor. In addi-
tion, synthesis of apoB-48 also precludes the formation
of Lp[a], a process that requires the presence of an un-
paired cysteine residue found in the extreme carboxyl
terminus of apoB-100 (4-7). The net result of apoB
mRNA editing thus fundamentally alters the functional
properties of the apoB protein and imparts distinct met-
abolic characteristics upon lipoproteins associated with
the different isoforms.

ApoB mRNA editing is mediated by a multicompo-
nent enzyme complex (8) that includes a catalytic sub-
unit, apobec-1 (9). Apobec-1 is an RNA-specific cytidine
deaminase (10, 11) with a distinct pattern of expression
in mammalian tissues. Originally isolated from rat small
intestinal cDNA (9), apobec-1 was found to be widely
expressed in both the rat and mouse (12, 13). This pat-
tern of distribution extended to tissues such as the kid-
ney and spleen which, in both rat and mouse, have virtu-
ally no detectable apoB mRNA (12). Expression of the
human and rabbit homologs, by contrast, were found to
be restricted to the gastrointestinal tract, with maximal
levels of apobec-1 mRNA detected in the proximal small
intestine (14-16). The tissue-restricted pattern of ex-
pression of apobec-l mRNA in humans is consistent
with previous studies demonstrating that human liver

Abbreviations: apobec-1, apolipoprotein B mRNA editing enzyme,
catalytic polypeptide #1; RT-PCR, reverse transcription-polymerase
chain reaction; apoB, apolipoprotein B; RACE, rapid amplification
of cDNA ends.
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contains exclusively unedited apoB mRNA (2, 3). A cor-
ollary to this demonstration was the finding that trans-
fection of apobec-1 into human HepG2 cells resulted
in the acquired ability of these cells to edit apoB mRNA
and to secrete apoB-48 (17). In an extension of this par-
adigm, the successful introduction of apobec-1 into rab-
bit liver using adenovirus-mediated gene targeting has
also been reported (18, 19). The common theme to
emerge from these studies is that delivery of apobec-1
to rabbit and human liver cells provides a crucial ingre-
dient in order that editing of the endogenous apoB
RNA template may occur. Conclusive demonstration of
the requisite importance of apobec-1 was recently pro-
vided through experiments in which gene-targeting of
apobec-1 in mice eliminated apoB mRNA editing in all
tissues examined and abolished apoB-48 production
(20, 21).

ApoB mRNA editing has been demonstrated to be
under developmental, hormonal, nutritional, and meta-
bolic regulation in the liver of rats and mice (22-27).
Studies in the developing human small intestine have
also demonstrated that apoB mRNA editing increases
during the late first and early second trimester, in asso-
ciation with a developmental increase in apobec-1
mRNA abundance (28, 29). These findings were reca-
pitulated in Caco-2 cells, a colon cancer-derived cell line
that undergoes spontaneous cytodifferentiation upon
reaching confluence (29). While the nature of the cues
that promote the developmental increase in intestinal
apobec-1 mRNA abundance remain unknown at pres-
ent, the conservation of this process across species sug-
gests that it represents an important adaptation.

In order to pursue the basis for the tissue-restricted
pattern of expression of apobec-1 in humans, we have
cloned the chromosomal gene spanning the apobec-1 lo-
cus. The structural gene contains five exons, all of which
are translated. A single transcription start site was dem-
onstrated, located in the proximal region flanking the
first exon. A major finding of this study is the presence
of an alternative splice variant of apobec-1 mRNA in
which exon 2 is skipped. This splice variant accounts for
up to 50% of the mRNA species in the adult jejunum.
Alternative splicing of apobec-l mRNA produces a
frame-shift that results in production of a novel trun-
cated peptide of 36 residues which is expressed in villus
cells of the adult small intestine.

MATERIALS AND METHODS

Isolation of genomic clones

A human genomic library, prepared from placenta,
was purchased from Stratagene (cat # 946206). Approx-
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imately three million recombinants were screened al
high stringency using a full-length human apobec-1
cDNA (15). Three overlapping clones were obtained
that were characterized by Southern blotting and re-
striction mapping. In order to characterize the region
flanking exon 1, we obtained a P1 clone (P1-1425, Ge-
nome Sciences, St. Louis, MO) which was generously
provided to us by Dr. Thomas Innerarity of the Glad-
stone Foundation Laboratories, San Francisco. Analysis
of sequence motifs was undertaken using the Genetics
Computer Group (GCG) software.

Amplification of the 5" end of the human apobec-1
c¢DNA (5" RACE)

First strand c¢cDNA synthesis was undertaken with
oligo dT priming using total RNA from adult human

Jjejunum, colon, and stomach. The following incubation

conditions were used, representing minor modifica-
tions of the recommendations provided with the Mara-
thon ¢cDNA amplification kit (cat # K1802-1, Clontech):
reverse transcription was performed at 42°C for 60 min
in 20 pL (final volume) buffer containing 6 mm MgCl,,
1 mm dANTP, 1 mM oligo dT, and 50 units Superscript
reverse transcriptase (Life Technologies). The reaction
mixture was then transferred to a tube containing 24
units k. coli DNA polymerase I, 5 units E. coli DNA ligase
and 1 unit E. coli RNase H, in a final volume of 80 pL
second strand buffer (Clontech). PCR amplification was
undertaken using the adaptor primer (AP1) and gene-
specific primers (below) under the following condi-
tions: Initial denaturation for 3 min at 95°C, followed
by 30 cycles of 30 seconds at 95°C, 30 seconds at 55°C,
90 seconds at 72°C. The amplicon was analyzed by agar-
ose electrophoresis and Southern transfer, followed by
hybridization with an internal primer. The fragment
was purified from the agarose gel and cloned into a TA
vector (pGEM T, Promega) for sequencing.

Primer extension analysis

The relevant primer, as indicated in the appropriate
figure legend, was gel-purified and end-labeled by T4
polynucleotide kinase. Ten fmol of labeled primer was
annealed to 50 ug of total RNA (or 10 ug of tRNA) by
heating the mixture to 65°C for 90 min in 15 yL of hy-
bridization buffer (0.15 M KCI, 10 mm Tris-HCI, pH 8.3,
and 1 mMm EDTA), after which the tubes were allowed
to cool slowly to room temperature. After annealing,
0.9 pL of 1 m Tris-HCI, pH 8.3, 0.9 uL of 0.5 m MgCl,,
0.25 uL. of 1 M DTT, 6.75 pL of 1 mg/ml actinomycin
D, 1.33 ul. of 5 mm dNTPs, 20 pL. H,O, and 5 units
of Superscript reverse transcriptase (Life Technologies,
Inc.) were added to each tube and the mixture was incu-
bated for 1 h at 42°C. After RNase A treatment (500
ug/ml RNase A, 37°C, 30 min), phenol-chloroform ex-
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traction, and ethanol precipitation, the pellet was resus-
pended in 3 pL of loading buffer, denatured at 95°C
for 3 min and subjected to denaturing electrophoresis,
using either 6 or 8% polyacrylamide (Sequegel, Na-
tional Diagnostics). Gels were dried and exposed to X-
ray film (XAR, Kodak) at —80°C with one intensifying
screen.

Reverse transcription coupled polymerase chain
reaction (RT-PCR)

Aliquots of total RNA (20 pg) from the indicated
sources were treated with 0.5 units of DNase RQ]1 (Pro-
mega, Madison, WI) at 37°C for 45 min in 50 pl of 40
mMm Tris-HCl, pH 7.5, 6 mm MgCl,, 10 mm NaCl, 20
units RNase inhibitor (RNasin, Promega). The RNA was
then sequentially extracted with phenol-chloroform
and chloroform, precipitated with ethanol, washed
once in 70% ethanol, and resuspended in water just
prior to use. Conditions for RT-PCR used 2 ng total
RNA and used downstream priming with primer P5 in
the presence of 50 units Superscript reverse tran-
scriptase at 42°C for 60 min. After heating the RT reac-
tion at 75°C for 5 min, one-tenth volume was used for
PCR. After heat denaturation at 95°C for 5 min, PCR
was conducted in the presence of 0.3 ul of o-**P dCTP
(3000 Ci/mmol, 10 mCi/ml, NEN DuPont) using the
following parameters: 95°C for 30 seconds, annealing
at 55°C for 30 seconds and extension at 72°C for 90
seconds, respectively. A final extension of 10 min at
72°C was used for the last cycle. The internal standards
(30) were reverse transcribed as described above, using
previously described primer-pairs, and amplified in sep-
arate tubes (30). Cycle numbers were optimized for
each target: 30 cycles for apobec-l, 22 cycles for
GAPDH, and 20 cycles for B2-microglobulin (30). Two
UL of each reaction was analyzed by 4% nondenaturing
PAGE.

RT-PCR amplification of apobec-1 RNA from G292
cells and expression of mutant apobec-1 cDNA

G292 cells were obtained from the American Type
Culture Collection (ATCC, Cat# CRL1423) and grown
as recommended. Total RNA was used to prime first
strand cDNA synthesis as detailed above using primer
P10 (see below). RT-PCR conditions were as detailed
above, using primers P6 and P10. Identical conditions
were used to amplify apobec-1 from genomic DNA with
the omission of reverse transcriptase and using primers
P7 and P8. The products were cloned into a TA vector
(Promega) and sequenced. For expression studies, the
c¢DNAs were amplified with primers P9 and P11, di-
gested with BamHI and Sall, sequenced, and cloned
into pGEX4T-3 for expression as GST-fusion proteins.
Proteins were expressed in RB791 cells, as previously de-

tailed, and purified over glutathione-agarose beads
(31). In vitro apoB RNA editing, RNA binding, and cyti-
dine deaminase activities were determined as previously
detailed (31). ApoB RNA editing was conducted on a
human apoB RNA template (17) with 10 pg of chicken
intestinal S100 extracts as a source of complementation
activity.

RNase protection assay

The relevant fragments were generated by restriction
digestion of subgenomic clones or by PCR as indicated
in the figure legends. All the templates for riboprobe
synthesis were fully sequenced and subcloned into
pGem 3Zf(+) (Promega), linearized and radiolabeled
antisense cRNA synthesized using o2P-UTP (3000 Ci/
mmol, NEN) and either T7 or SP6 RNA polymerase
(Promega). These transcripts demonstrated specific ac-
tivities in the range of 1.7-2.6 X 10° cpm/pg. Total
RNA (50 pg) was coprecipitated with 4 X 10* cpm of
the appropriate riboprobe and redissolved in 30 ul of
80% formamide, 40 mMm PIPES (pH 6.4), 0.4 M NaCl,
and 5 mM EDTA. After denaturation at 90°C for 5 min,
the mixture was incubated at 42°C for 16 h. The an-
nealed mixture was incubated at 37°C for 30 min with
RNase (A/T1 mixture, Ambion) and the protected
fragments were precipitated by Solution Dx (Ambion)
and separated on 6 or 8% denaturing PAGE.

Immunocytochemical localization of the truncated
peptide produced by alternative splicing of
apobec-1 mRNA

Samples of normal human ileum were obtained after
surgical resection of colon carcinomas. FouruMm sec-
tions were mounted onto Superfrost plus slides (Fisher
Scientific, PA), baked at 60°C for 60 min, cleared in
xylenes and hydrated through a descending ethanol se-
ries. The hydrated sections were placed in a Coplin
staining jar containing .01 M citrate, pH 7.0, inside a
Samsung 1.5 cubic foot, 900 watt microwave. The tissue
sections were heated for 2 min on high, followed by 13
min at 20% power. The sections were allowed to cool
for 15 min, then were washed in running water. Endog-
enous peroxidase activity was blocked with 3% hydro-
gen peroxide in methanol for 20 min. Sections were
incubated overnight at 4°C with a 1:300 dilution of rab-
bit antisera raised against a synthetic peptide (EESNPG-
SLTSSMTPENFVKRP, prepared by Research Genetics,
Huntsville, AL). Control sections were incubated in pre-
immune serum. Slides were incubated and washed in
an automated processor (Ventana Gen II, Ventana
Medical Systems, Tucson, AZ) using a biotinylated anti-
rabbit antiserum coupled to an indirect (streptavidin-
horseradish peroxidase) detection with diaminobenzi-
dine. The slides were counterstained with hematoxylin
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and photographed with Fujichrome 100 film using a
Zeiss Axiolab microscope.

Oligonucleotides

All oligonucleotides were purchased from GIBCO-
BRL and purified, where indicated, by polyacrylamide
gel electrophoresis.

AP1: 5-CCATCCTAATACGACTCACTATAGGGC-3';

P1: 5-GGGTCACCGGTTGAAGGACCTTTCAGAAG
TCAT-3
(human apobec-1 translated cDNA +35 to +1);

P3: 5-CTTTCTCAGAAGTCATGGT-3’
(human apobec-1 translated cDNA nt +16 to —3);

P4: 5-GTCCTTCAACCGGTGACCCCACT-3’
(human apobec-1 translated ¢cDNA nt +17 to
+39);

P5: 5-CTTCCACGTGATTGGTGGTG-3
(human apobec-1 translated ¢cDNA nt +190 to
+171);

P6: 5-ACAGAGCACCATGACTTCTGAGAAA-3
(human apobec-1 translated ¢cDNA nt —10 to
+15);

P7: 5-GACCCCAGAGAACTTCGTAAAGAGGCC-3
(human apobec-1 translated ¢cDNA nt +82 to
+108);

P8: 5-CCGAGCTACGTAGATCACTAGAGTCAG-3’
(human apobec-1 translated ¢cDNA nt +354 to
+328);

P9: 5-GTAGGATCCATGACTTCTGAGAAAGGTCC
TTCA-%
(human apobec-1 translated cDNA nt +1 to +24
with Bam HI linker);

P10: 5-TCATCTCCAAGCCACAGAAGGATG-3
(human apobec-1 translated ¢cDNA nt +771 to
+688);

P11: 5-AGTGTCGACTCATCTCCAAGCCACAGAAG
GATG-3’
(human apobec-1 translated ¢cDNA nt +771 to
+688 with Sall linker).

RESULTS

Structural organization of the human apobec-1 gene

Characterization of a human P1 clone, illustrated in
Fig. 1, revealed that the apobec-1 gene spans approxi-
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mately 18 kb and contains five exons. The longest of

three lambda clones isolated from a human genomic
library contained only the last four exons, presumably
due to the large size of intron 1 (over 13 kb, see Table
1). The exons correspond to those reported for the
mouse and, with the exception that exon 1 contains 34
untranslated nucleotides, there were no untranslated
exons identified in the human apobec-1 gene (13). Se-
quencing of all the exons and the exon-intron bound-
aries, revealed that all splice-sites conform to the gt-ag
rule (Table 1). The exon sizes varied from 28 bp (exon
2) to 398 bp (exon 3) (Table 1) and revealed a similar
pattern of codon interruption as noted for the mouse
apobec-1 gene (13).

Delineation of a single transcription
start site in exon 1

Two complementary approaches were taken, as indi-
cated schematically in Fig. 2A. RNase protection re-
vealed a protected fragment of 50 nt which was detect-
able in both adult stomach and jejunum (Fig. 2B).
Primer extension analysis using adult jejunum revealed
a dominant extension product (Fig. 2C), correspond-
ing to the position predicted by RNase protection, and
indicating a start site located 34 nt upstream of the initi-
ator ATG codon. In addition, sequence analysis of 2
clones obtained after 5 RACE (data not shown) con-
firmed the presence of a single transcription start site
at nucleotide —34. The transcription initiation site for
apobec-1 thus creates an mRNA with a short 5" untrans-
lated region.

A common, but functionally silent, polymorphism
detected in the coding region of exon 3

ApoB mRNA editing has been previously demon-
strated in G292 cells, an osteosarcoma cell line, after
transfection of a chimeric apoB-E expression plasmid
containing sufficient sequence flanking the edited site
(32). G292 cells do not express endogenous apoB
mRNA and thus it was of interest to determine whether
apobec-1 mRNA was present in these cells, as extraintes-
tinal expression of apobec-1 in human tissues and cell
lines has not been documented to date (15, 16). Ac-
cordingly, apobec-1 mRNA was amplified by RT-PCR
and the products were sequenced. Six of 6 clones re-
vealed a sequence identical to the previously published
human apobec-1 cDNA (15, 16) with a single nucleotide
difference noted in all, namely 2 C — T transition at
position 240 of the ¢cDNA that alters an ATC codon to
an ATG, thus changing an isoleucine to a methionine
residue (Fig. 3A). Genomic DNA was isolated from this
cell line and subjected to PCR amplification and se-
quence analysis, revealing the identical substitution
(data not shown). Because the C — T transition de-
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Fig. 1. Structural organization and partial restriction map of the human apobec-1 gene. Filled and open boxes indicate translated and untrans-

lated exons, respectively. B, BamHI; R, EcoRI.

stroys a Puvull restriction site (Fig. 3A), screening was
undertaken, as shown in Fig. 3B, to determine the allele
frequency of this polymorphism. Analysis of 50 unre-
lated individuals from three different ethnic groups re-
vealed that the mutant (A2) allele is more prevalent in
African-American and Chinese populations than in
those of Caucasian descent (Fig. 3C).

In order to determine the functional importance of
this mutation, both the mutant and wild-type alleles
were expressed as GST-fusion proteins (31). Expression
of the two proteins (Fig. 3D), allowed an analysis of
their relative ability to catalyze in vitro editing of a syn-
thetic human apoB RNA template. This assay revealed
no difference in the ability of either protein to mediate
C to U RNA editing, over a 5-fold range of apobec-1
input (Fig. 3E). These data suggest that this common
polymorphism is functionally silent.

Regulation of intestinal apobec-1 gene expression
through alternative splicing: exon 2-skipping

Two complementary approaches demonstrate the
presence of alternative splicing which produces exon 2-
skipping in apobec-1 RNA. As shown in Fig. 4A, RNase
protection using a riboprobe spanning exons 2 and 3

produces a 174 nt fragment with the full length mRNA;
exon 2-skipping produces a fragment of 146 nt. Simi-
larly, RT-PCR amplification using primers in exon 1 and
exon 3 generates an amplicon of 200 bp in the presence
of exon 2 while exon 2-skipping results in a product that
is 28 bp smaller (172 bp). The results of these ap-
proaches are demonstrated in Figs. 4B and 4C, which
indicate that approximately 50-60% (by densitometric
scanning) of apobec-1 mRNA in the adult stomach and
small intestine contains the exon 2-skipped form.
Studies of the developmental regulation of human
small intestinal apobec-1 gene expression have previ-
ously demonstrated an increase in apobec-1 mRNA and
protein abundance during the late first trimester (29).
In view of the demonstration of exon 2-skipping in the
adult small intestine, it was of interest to determine
whether a similar phenomenon occurs in the fetal gut.
Accordingly, RT-PCR was performed using primers P5
and P6, as illustrated in Fig. 4A, to distinguish the splice
variants. Several samples were examined from different
gestational age fetal small intestine in addition to Caco-
2 RNA samples isolated at different times post-plating
(29, 30). The results indicate a progressive decrease in
the proportion of the exon 2-skipped apobec-1 mRNA

TABLE 1. Organization of human Apobec 1 gene

Sequence at Exon-Intron Junction

Exon Exon Codon Intron
Number Size 5’ Splice Donor 3’ Splice Acceptor Interrupted Size
bp { { kb
1 50 GAG AAA G gtaaaat ggtcaacag GT CCT TCA Gly® 13.0
2 28 ACT CTG AG gtaagaa tatttcag G AGA AGA Arg' 1.8
3 398 GCA TCA G gtaaaa ccttag AG TAT TAT Gly'# 1.0
4 119 TA ATT CTA gtaagt attccag AGT CTT CCA Leu'?/Ser'® 1.1
5 280
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Fig. 2. Determination of the transcription start site in the human apobec-1 gene. A. Schematic overview of transcription start site mapping.
For RNase protection assay the riboprobe template was generated by subcloning a Kpn I/ Msp 1 genomic fragment into a pGem 3Z vector.
Primer extension was performed with antisense primer P1, corresponding to nucleotide +1 to +35 of human apobec-1 translated cDNA. B.
RNase protection mapping of major transcription start site in human stomach and jejunum. Fifty pug of total RNA from adult human stomach
and jejunum were hybridized with a *P-labeled riboprobe and the protected fragment was analyzed by 8% PAGE. Lanes G, A, T, C represent
a dideoxynucleotide chain-termination sequencing reaction performed with primer P3. C. Primer extension results using 50 pg of total RNA
from human jejunum, hybridized to the end-labeled primer P1 and extended with reverse transcriptase. Primer extension products were sepa-
rated by 8% PAGE. The corresponding nucleotide sequence is shown and the arrow indicates the single, major transcription start site.

from a maximum of ~90% at 10 weeks gestational age
to ~50% in the adult sample (Fig. 5A). Caco-2 RNA
demonstrated over 90% of the exon 2-skipped form at
all time points examined (Fig. 5B).

Exon 2-skipping produces a frame-shift and creates a
novel truncated peptide

As a consequence of the alternative splicing de-
scribed above, there is a frame-shift that alters the read-
ing frame of the exon 2-skipped mRNA, as detailed in
Fig. 6A. Translation of the splice-variant produces a
novel, 36 amino acid peptide in which only the first 6
residues are shared with apobec-1 (Fig. 6A). As summa-
rized schematically in Fig. 6B, the data suggest that exon
2-skipping is a quantitatively important mechanism reg-
ulating the expression of apobec-1 in the human gastro-
intestinal tract.

In order to determine whether a corresponding pro-
tein product of this alternatively spliced form of apobec-
1 mRNA is present in the human small intestine, an
antipeptide antiserum was raised against a portion of
the truncated peptide and used in immunocytochemi-
cal analysis. A reactive product was demonstrated in
adult small intestinal villi (Fig. 7A, B) suggesting that
this truncated peptide is detectable in an appropriate
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cellular distribution. No reaction product was detect-
able using preimmune antiserum (Fig. 7C).

Sequence analysis of the 5 flanking region
of human apobec-1

The proximal ~1.5 kb of 5’ flanking sequence up-
stream of the translation initiation site was sequenced
as shown in Fig. 8. The most proximal ~130 nucleotides
(heavy dashed line in Fig. 8) demonstrates ~75% ho-
mology to the corresponding region of the mouse pro-
moter (13). Further upstream of this region, however,
the sequence diverges with less than 40% homology
over the next ~1400 nucleotides. No canonical TATA
or CAAT box were demonstrated in the proximal pro-
moter (Fig. 8), a finding similar to that in the mouse
apobec-1 gene which does not contain a canonical TATA
box in the region flanking exon 1 (13). Two Alu se-
quences, of the Alu-S subfamily (33), were identified in
the region flanking the transcription start site (under-
lined in Fig. 8), in addition to a series of 27 GT repeats
in the proximal region of intron 1 (Fig. 8). Binding sites
for PEA-3 (34, 35) were identified in addition to sites
for several other known transcription factors (36—
42). The functional analysis of this region is discussed
below.
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Fig. 3. A common polymorphism of apobec-1 discovered in G292 cells and its distribution in different populations: functional implications
as determined using in vitro apoB RNA editing assays with recombinant mutant and wild-type proteins. A. Sequence of wild-type (Al) and
mutant (A2) allele. The polymorphism converts an ATC to an ATG codon and disrupts a Pou II site in the PCR product. B. Screening for the
Al and A2 alleles using PCR and Pou 11 digestion. C. Allele frequency among 50 unrelated individuals from three different populations. D.
Expression of the wild-type (WT) and mutant (M80) forms of human apobec-1, each as GST-fusion proteins. The proteins were purified using
glutathione-agarose and analyzed by denaturing SDS-PAGE followed by Western blotting with anti-apobec-1 antisera. E. In vitro apoB RNA
editing assays performed on a human apoB RNA template using the indicated amounts of recombinant apobec-1 and 10 pg chicken intestinal
S100 extract as a source of complementation activity. After incubation with the indicated amounts of apobec-1, the RNA was extracted and
analyzed by primer extension. The numbers at the bottom of each lane indicate the percent editing, determined by laser scanning densitometry

of the autoradiograms.

DISCUSSION

RNA editing is an important molecular mechanism as
it allows the production of functionally distinct protein
products from a common gene, thereby increasing the
genetic diversity of the organism at little metabolic cost.
ApoB mRNA editing in the mammalian small intestine
has been proposed to represent a potential adaptation
whereby intestinal triglyceride-rich lipoproteins, princi-
pally chylomicron remnants containing apoB-48 and
apok, are preferentially directed to receptors such as
the low density lipoprotein-related receptor (4, 5),
thereby allowing the rapid delivery of intestinal triglyc-

eride to the liver. The absence of intestinal apoB mRNA
editing in chickens and frogs, coupled with the lack of
expression of a homolog of apoE in these species, lends
support to the hypothesis that the emergence of a dual-
receptor mechanism for clearance of lipoproteins coin-
cides with the mammalian divergence (43-45). In at-
tempting to understand the emergence of apoB mRNA
editing, the current studies provide insight into the mo-
lecular mechanisms that may regulate apobec-1 gene ex-
pression in the human gastrointestinal tract.

Certain structural features of the human apobec-1
gene detailed in this report confirm earlier predictions
(13) concerning the tissue-specific pattern of apoB
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Fig. 4. Demonstration of exon 2-skipped apobec-1 mRNA in the hu-
man gastrointestinal tract. A. Schematic overview of the strategies for
detecting alternatively spliced mRNA by both RNase protection and
RT-PCR analysis. The exon 2, 3 riboprobe was generated by PCR using
primers P4 and P5, and the product was cloned into pGEM3Z and
sequenced. RT-PCR was conducted using primers P5 and P6. The
lengths of the protected fragments and RT-PCR products are shown.
B. RNase protection assay. Fifty ug of total RNA from adult human
jejunum, ileum, colon, kidney, and adrenal were hybridized with the
“P-labeled riboprobe and the protected fragments were analyzed by
6% PAGE. C. Two ug of total RNA was used for initial priming with
primer P5 in a 20 pl reaction volume. Two pl of this reaction was used
for PCR in the presence of o-*P-dCTP. PCR-products were analyzed
by 4% nondenaturing PAGE.

mRNA editing in humans (2-5) and the restriction of
apobec-1 mRNA to the small intestine (15, 16). This in-
cludes the observation that the human gene contains
only the last five exons, in contrast to the presence of
three untranslated exons demonstrated in the mouse
apobec-1 gene (13). The significance of this observation
is illustrated by the high levels of expression previously
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Fig. 5. Developmental regulation of alternative splicing of apobec-
1 mRNA in human fetal small intestine and in Caco-2 cells. A. Fetal
human small intestinal apobec-1 mRNA splicing. Two-hundred ng of
total RNA from fetal small intestinal samples from 8, 10, 13, 17, 20,
and 23 weeks gestation and adult human jejunum was used for RT-
PCR amplification in the presence of 0-*P-dCTP. RT-PCR amplifica-
tion of apobec-1 (28 cycles) and GAPDH (22 cycles) was conducted
in separate tubes. Aliquots of the reaction mix were analyzed by 4%
nondenaturing PAGE and autoradiography. B. Regulation of exon 2-
skipping in pre-and post-confluent Caco-2 cells. Two-hundred ng of
total RNA from Caco-2 cells grown on plastic for 1, 14, and 21 days
(post-plating) was used for RT-PCR amplification in the presence of
0-*?P-dCTP. RT-PCR amplification of apobec-1 (30 cycles) and B2 mi-
croglobulin (20 cycles) was conducted in separate tubes. Aliquots of
the reaction mix were analyzed by 4% nondenaturing PAGE and auto-
radiography.

APOBEC-1

obtained in a variety of cells (including HeLa cells) of
a heterologous reporter using a mouse apobec-1 pro-
moter fragment containing ~1.7 kb of flanking se-
quence immediately 5" to the first untranslated exon
(18). The same study revealed that intestinal (Caco-2
cell) reporter gene expression was increased with a con-
struct containing ~1.7 kb of flanking sequence up-
stream of exon 4, which represents the first translated
exon (13). Additionally, expression of the exon 4-re-
porter construct in non-intestinal cells was extremely
low (13). Taken together, these data suggest that intes-
tine-specific expression of apobec-1 may be regulated
through sequences immediately upstream of the coding
region of the gene. We undertook similar studies using
luciferase reporter constructs linked to genomic frag-
ments containing from 2 to 6kb flanking the translation
start site of human apobec-1, either with or without re-
gions containing up to 3 kb of intron 1. These con-
structs produced no detectable activity in HeLa or
HepG2 cells (K. Hirano, J. Min, and N.O. Davidson, un-
published observations). Surprisingly, there was also
no detectable activity from these constructs when
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transfected into postconfluent Caco-2 cells (K. Hirano,
J- Min, and N.O. Davidson, unpublished observations).
In this regard, one noteworthy feature of the human
apobec-1 gene is the presence, at position —53 — —48,
of the central core (AACAAT, Fig. 8) of a 20 nucleotide
motif recently identified by Simon, Roberts, and Gor-
don (42) as a colon-specific repressor element in the
human Fabpi gene. The entire 20 nucleotide region of
apobec-1 flanking the core motif contains only 12 of 20
matches with the corresponding region of the human
Fabpi gene (42), but certain implications for this cis-act-
ing element may extend to the current studies. Specifi-
cally, as the expression studies were carried out in Caco-
2 cells, a colon cancer-derived cell line, it is possible that
the colon-specific silencer element may repress activity
of the constructs that we examined in this cell line. It
bears emphasis that findings to be reported elsewhere
demonstrate that reporter constructs prepared from rat

Fig. 6. Functional consequences of exon 2-skipping. A. Exon 2-skip-
ping produces a frame-shift and changes the translation product. The
results predict a novel, truncated peptide in human small intestine.
B. Summary of the pattern of apobec-1 gene expression in the human
gastrointestinal tract, indicating the relative proportions of full length
(APOBEC-1) and truncated (APOBEC-T) mRNA species.

genomic DNA fragments, containing from 200 bp to ~2
kb, flanking the first translated exon are active in Caco-
2 cells (K. Hirano, J. Min, and N.O. Davidson, unpub-
lished observations). These observations diminish the
possibility that a technical limitation was responsible for
the apparent absence of activity of human promoter
fragments in Caco-2 cells. Nevertheless, identifica-
tion of a functional intestinal promoter for the human
apobec-1 gene will require further study.

Two other findings emerged from the current stud-
ies, both of which were unanticipated. The first was the
demonstration that apobec-1 is polymorphic. This obser-
vation was initially made through an analysis of apobec-
1 mRNA in G292 cells, an osteosarcoma cell line previ-
ously demonstrated to support RNA editing of a chime-
ric apoB-E RNA (32). Expression of apobec-l mRNA
was examined in these cells in view of the fact that a
functional transcript has not previously been demon-
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Fig. 7. Immunocytochemical demonstration of a protein product corresponding to the alternatively spliced apobec-1 mRNA in human small
intestine. Diffuse staining is evident along the crypt-villus axis of the adult small intestine (panel A) and appears to be within enterocytes as
the large, vacuolated goblet cells shown at higher power (panel B) do not stain. No reaction product was detectable with preimmune serum

(panel C).

strated outside of the human gastrointestinal tract (15,
16). RT-PCR amplification and sequencing of multiple
PCR products from both RNA and genomic DNA dem-
onstrated a single nucleotide change from the previ-
ously published human cDNA sequence (15, 16). Fur-
ther analysis demonstrated that this mutant is
functionally competent as regards in vitro apoB RNA
editing. Additional studies also demonstrated essen-
tially wild-type levels of cytidine deaminase and RNA-
binding activity using the recombinant protein (K. Hir-
ano, S. Anant, and N.O. Davidson, unpublished obser-
vations). These observations, coupled with the apparent
frequency of the polymorphism, lend support to the
prediction that the mutant form of the protein is likely
to be fully functional in vivo. It should be empha-
sized, however, that a subtle phenotype cannot be exclu-
ded.

A second and equally unexpected observation was the
presence of an alternatively spliced form of apobec-1
mRNA which accounts for ~50% of the transcript in
the adult human small intestine. This truncated peptide
is predicted to have no apoB mRNA editing or cytidine
deaminase activity as it does not contain the catalytic
motif previously demonstrated to be required for these
functions (10, 11, 31). A detailed examination of apo-
bec-1 mRNA from numerous tissues of both the rat and
mouse, to be reported elsewhere, demonstrates that
generally less than 10% of the transcripts contain an
alternatively spliced form corresponding the exon 2-
skipped species identified in human intestine (K. Hir-
ano, J. Min, and N.O. Davidson, unpublished observa-
tions). However, alternative splicing of the mouse apo-
bec-1 transcript was reported earlier and involves an

856  Journal of Lipid Research Volume 38, 1997

alternate splice acceptor site in the noncoding region
of the first translated exon (13). Thus there is a prece-
dent for the regulation of apobec-1 gene expression
through mechanisms involving alternative processing of
the transcript. The current studies, demonstrating an
alternatively spliced mRNA in which exon 2 is skipped,
raise the possibility that an alternative pathway might
exist for the regulation of apobec-1 gene expression in
the human intestine. Why might such a mechanism
have evolved? Studies in transgenic mice and rabbits
have indicated that the unregulated, high-level produc-
tion of apobec-1 in the liver is associated with the devel-
opment of hepatocellular carcinoma in a large percent-
age of animals (46). Based upon this association, it is
tempting to speculate that alternative splicing of apo-
bec-1 mRNA in the human small intestine may provide
a mechanism to limit the expression of apobec-1. Fur-
ther analysis of the structural evolution of the apobec-1
gene, however, will be required to permit more solid
conclusions to be made concerning this point.
Numerous studies have demonstrated that apoB
mRNA editing is regulated in mouse and rat liver via
mechanisms involving hormonal, metabolic, and nutri-
tional cues (22-27). Although less is known concerning
the regulation of apoB mRNA editing in the human
small intestine, earlier work demonstrated a develop-
mental increase in apoB-48 secretion in association with
an increasing proportion of edited apoB mRNA (28).
This increase occurs in temporal association with an in-
crease in small intestinal apobec-1 mRNA abundance
(29), suggesting that apobec-1 gene expression is subject
to modulation in a physiologically relevant context.
These features notwithstanding, addressing the tran-
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AAGGGCCTTTATTGATGATGTGGATTTCTGCCCCTTCCTTCAAAACAC
TGGTCTGCCCCTGTCGAAACACCTGCTTTATCTCATGGAGGCTCCAGG
TTGACTTTCATAACTAAGTAAAGTCTTGTATGTAGGATTCGGGTTTCA
GGTTCATGGGGCCTTGAGATTCAAAGTTCAGGAGTTCTAGATTTGAGA
CACTAGAGGGAGACTTAGGCCTTGAAAAAGTGACCTCAATTCTAGGA
GTAAGTGCTGAGACTCAGAGGAATTTTTGGCTTGAACTTGACCCAGGG
TTCAGGCAACAGAGAGCAATGGCATAGGGAAGTATGGCATTTACTTTT
TCAAGGGGGATAAAAAAGCAGAAGT GGCTGGGAGAGGTGGCTCACGCC
TGTAATCCTAQCATTTMAGCTGAGG%L’ ]@TGQATCACQ[GAGGT
CAGGAGanAGACCAEg’TEGgG_CCAACATGGAPAAAcccrcTCTCTAc
TAAAAATACAAAAATTAGCCTGGTGTGGTGGTGGGTGCCTGTAATCCC
ACCTGGGAGGCA

TGCTACTTGGGAG! AGGCA AT

GAGGTTGCAGTGAGCCGAGATCGCGCCATTGCACTTCAGCCTGGGTGA

CAAGAGCGAAACTCTGTCTCAAAAAAAAAAAAAGGGCAGAAGTGGAC

TTGGCCACACACTTAATCTTAGATTCAAGGATGAAGAGAGCACCAAA
AP1,TRE
GACCTGTACACAAATTAGCTGACTCAGAGGCCAAGGTCCTTCTCATTT

TGTATCTAATAGCTCCCCTCCCCTCTCCAACACGGATGTAGGACAGAG
PEA3 AP1
AGCAAAATGAGAGGAAGTTGGAAATAGGTGAATAACAGCTGAAAGCC
GATA
AAGGCCACAGTGTGCTCACCAGATAACATAAAAATTTTCAAGCTATA

GTTACAGATTAAGTCTCTCTTAACTTTATTTTTCCTCTCATCTCTCCA

TTAAAGAATGATGCATCCTAGGCTAGGCACGGTGCTCATGCCTGTAAT

CCCAGCACTTTGGGAGGACGAGGCGGGTGGATCACCTGAGGTCAAGAG

TTCAAAAACAGCCTGACCAACATGGTGAAACCCCGTCTCTACTAAAA

ATACAAAAAATTAGCCGGGCGTGGTGTTGGGCGCCTGTAATCCCAGCT

ACTCGGGAGGCTGAGGCAGGGGAATCGCTTGAACCTGGGAGGCAGAGG

TTGCAGTGAGCCAAGATTGCCATTGCACTCCAGCCTGGGCGACAAGGA
AP1
GCAAAACTCTGTGCTGCAAAGAAAAAAAAAAAGAATGACTAGTCCTT

GATGCAGAGTAGGAGATAATGAAAAAATAAATAAATAAAACAAAAC
AAAACAAAAAAGAATGATGGATCCACCTTGCGCTTAATCATTTATIT

AAAGAAAGAGAAAGTTTACCAAATTCAGATGTCATTGAAGAACTTTG
ocm
GAATTTGGTACCCAGTGATCCACCCTACAAAATTCATGTCATTTGCAT

CATAGGCTTTCTCATCACTAAAGATGCAAATCCCCACGATAATGTCCC
HNF S
TCTCAGTCGGCCCCCTGTTTGTACAGACAGCTCAGATTCCCATAACTG
AP1,TRE
—_— b
CCTGAGATGOGGEAATCAGTCATCCTCTCOCAAGCAGGTGGCAGTES

__*
QCACASCEMPgQSAFMAQTC.CAGGAAQ\AICAGQCMUTATEA
A

Met Thr Ser Glu
JCCCAGAGGAGGAAGTCCAGAGACAGAGCACCATGACTTCTGAG
Lys Gly

AAAGGTAAAATGTATCCGGGGGCTTGGCAAGTATTCTTGAACAATG

CAAGAATGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG]
GTGTGTGTGTGTLCTGCTGATTCTTGCATCTGTGGGTGTTTTCAAATT

CCCTATTATTGATTAATATATTAGTCTTAAATAAGATGGTTTATTAT
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scriptional regulation of intestinal gene expression has
been difficult to address in cell culture models, the most
significant issue being the lack of an entirely representa-
tive model of a small intestinal enterocyte. Indeed,
other workers have pointed out the limitations of Caco-
2 cells in studies of intestinal apolipoprotein gene ex-
pression (47). Further work involving transgenic mice
will be required to assist in the dissection of cisacting
elements important in the cell-specific expression
of apobec-1 in the human small intestine, in particular
the relevance of the sequence divergence in the pro-
moter region of the human versus the rat and mouse
apobec-1 genes. These and other issues concerning the
tissue-specific expression of this gene will be the focus
of future reports. i
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