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Abstract ApolipoproteinB (apoB) mRNA editing involves a 
C to U deamination of the nuclear apoB mRNA and occurs 
in mammalian small intestine and in the liver of certain spe- 
cies. This reaction is mediated by a multicomponent en- 
zyme complex that includes a catalytic subunit, apobec-1. 
Apobec-1 mRNA is widely expressed in the rat and mouse 
and is subject to tissue-specific regulation. In order to under- 
stand the basis for the species- and tissue-specific pattern of 
upobec-1 gene expression we have cloned and characterized 
the rat chromosomal upobec-1 gene. We demonstrate its struc- 
tural organization and regulation in comparison to that of the 
mouse upobec-1 gene. The rat upobec-1 gene spans 16 kb and 
includes one untranslated (exon A) and five translated exons 
(exons 1-5). The mouse upobec-1 gene contains eight exons, 
of which the first three (exons A, B, C) are untranslated. Inde- 
pendent approaches demonstrated three distinct clusters of 
transcription initiation sites in both species, including exon 
A, the distal region of exon 1, and a separate group in the 
proximal region of exon 1 .  These transcription start sites gen- 
erate three distinct mRNA species whose proportions differ 
in a tissue-specific fashion. Promoter-luciferase reporter con- 
structions using regions flanking exon A and exon 1 of the 
rat upobec-1 gene identified two functional regions upstream 
of exon 1 that independently promote luciferase expression 
in transfected hepatoma and colon cancer cel1s.M These data 
serve as a basis for an understanding of the regulation of 
apobec-1 gene expression, in particular the mechanisms that 
serve to restrict its expression to the gastrointestinal tract 
in higher mammals.-Hirano, K-I., J. Mm, T. Funahashi, 
and N. 0. Davidson. Cloning and characterization of the rat 
upobec-1 gene: a comparative analysis of gene structure and 
promoter usage in rat and m0use.J. Lipid Res. 1997.38: 1103- 
1119. 
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ApolipoproteinB (apoB) is an abundantly expressed 
gene product, transcribed in mammalian liver and 
small intestine, where it serves an indispensable role in 
the assembly and secretion of triglyceride-rich lipopro- 
teins (reviewed in ref. 1). Among the mechanisms dem- 

onstrated to be of importance in the regulation of apoB 
gene expression is the tissue-specific control of post- 
transcriptional RNA editing, in which a single C to U 
change alters a glutamine (CAA) codon and generates 
a translational UAA stop (reviewed in refs. 2, 3) .  This 
reaction is responsible for the production of two dis- 
tinct isomorphs of apoB from a single nuclear gene, 
thereby expanding the genetic repertoire of the or- 
ganism. 

ApoB mRNA editing occurs in the mammalian small 
intestine and in the liver of certain species, including 
the rat and mouse, but not others, notably humans (2- 
4). The production of a truncated species of apoB, 
(apoB-48), has important implications for the metabo- 
lism of apoB-containing lipoproteins. ApoB-100, the full 
length form of the protein, contains 4536 residues and 
functions as a ligand for the low density lipoprotein 
(LDL) receptor by virtue of a region of basic amino 
acids in the carboxyl terminus ( 1 ) .  ApoB-48, by con- 
trast, contains the amino-terminal 2152 residues and 
lacks the LDL receptor-binding region (1-3). The ca- 
tabolism of apoB48containing lipoproteins (chylomi- 
crons and chylomicron remnants) thus differs from that 
of LDL and involves a receptor-dependent process, 
most plausibly the low density lipoprotein-related pro- 
tein (LRP) whose activity in the uptake of apoB-48-con- 
taining particles reflects the content of apolipoprotein 
E (5). A further biological distinction between the two 

Abbreviations: apobec-1, apolipoprotein B mRNA editing enzyme, 
catalytic polypeptide #l; RT-PCR, reverse transcription-polymerase 
chain reaction; apoB, apolipoprotein B; RACE, rapid amplification 
of cDNA ends. 

‘Genbank accession numbers for the sequence information con- 
tained in this report are as follows: Rat exon A and its 5’ flanking 
region, U72885; Rat intron A and exon 1, U72886; Mouse exon A 
and its 5’ flanking region, U72887; Mouse exon 1 and its 5’ flanking 
region, U72888. 
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different isomorphs of apoB concerns their relative pro- 
pensity to promote the formation of a highly athero- 
genic lipoprotein particle referred to as Lp[a]. ApoB- 
100 is absolutely required for the assembly of Lp[a], a 
process involving a single unpaired cysteine residue in 
the extreme carboxyl terminus of apoB (6,7). By corol- 
lary, apoB-48, which lacks this particular region of the 
protein, is incapable of assembling into a covalent link- 
age with apo[a], a functional limitation that precludes 
Lp[a] formation (1-3). 

ApoB mRNA editing is mediated by a multicompo- 
nent enzyme complex which has been referred to as an 
editosome (8). This complex contains a catalytic s u b  
unit apobec-I, a 27-kDa protein that demonstrates an 
absolute requirement for additional, complementation 
factor(s) in order to mediate apoB RNA editing (9). 
Apobec-1 is an RNA-specific cytidine deaminase with 
homology to other members of the cytidine/deoxycyti- 
dine deaminase family, particularly within the domain 
HVE-PCXXC proposed to coordinate zinc binding and 
catalysis (10, 11). Several studies have established the 
importance of these and other residues in terms of the 
RNA editing activity of apobec-1 (11-15). In addition, 
apobec-1 was determined to have apoB RNA binding 
activity as well as the capacity to function as a cytidine 
deaminase on a monomeric nucleoside substrate ( 11, 
14, 15). Apobec-1 is expressed in virtually all tissues of 
the rat and mouse, including such sites as the kidney 
and spleen which contain trivial amounts of apoB 
mRNA (16, 17). Apobec-1 distribution in humans and 
rabbits, by contrast, appears to be confined to the gas- 
trointestinal tract, principally the small intestinal en- 
terocyte (12, 18, 19). At present, virtually nothing is 
known about the mechanisms that regulate apobec-1 
gene expression in these species. 

Several studies have demonstrated that apoB mRNA 
editing is regulated in the rat and mouse liver in re- 
sponse to a variety of developmental, hormonal, nutri- 
tional, and other cues (20-27). Some of these regula- 
tory events are linked to alterations in the abundance 
of apobec-1 mRNA (16). For instance, the changes in 
rat hepatic apoB mRNA editing observed in response 
to fasting and refeeding a highcarbohydrate diet were 
shown to be accompanied by a 3- to 5-fold induction of 
apobec-1 mRNA abundance (16). By contrast, the in- 
creases noted in apoB mRNA editing, after administra- 
tion of thyroid hormone and in response to ethanol 
feeding, were not accompanied by changes in apobec- 
1 mRNA abundance (16, 26). Studies of the develop 
mental regulation of apoB mRNA editing in the rat liver 
and small intestine suggested an intermediate response, 
demonstrating a general trend towards increasing 
apobec-1 mRNA abundance with the increase in apoB 

mRNA editing, although no strict temporal concor- 
dance was demonstrated (16). Taken together, the col- 
lective information emerging from studies in rats sug- 
gests that tissue-specific control of apoB mRNA editing 
can be exerted through alterations in the composi- 
tion of the editing enzyme complex, an effect that 
can be mediated either through changes in apobec-1 
abundance or the activity of complementation factors 
(27). While little information is available concerning 
apobec-I gene regulation in mice, gene targeting has 
demonstrated that the apobec-1 gene product is abso- 
lutely required for apoB mRNA editing, there being no 
functional duplication in any tissue examined (28-30). 
The regulation of apobec-1 gene expression in the rat 
and mouse thus serves as a focal point for an under- 
standing of some important elements of the tissue-spe- 
cific control of apoB mRNA editing. 

In order to pursue the regulation of upobec-1 gene ex- 
pression, we have characterized genomic clones span- 
ning both the rat and mouse upobec-1 genes. The mouse 
apobec-1 gene contains 8 exons, of which the first 3 (ex- 
ons A, B, C) are untranslated. The rat apobec-1 gene con- 
tains 6 exons, of which only the first (exon A) is untrans- 
lated. We have determined the presence of multiple 
transcription start sites in both species, including one 
within exon A and two distinct groups of start sites 
within exon 1. We also demonstrate a complex, tissue- 
specific pattern of alternative promoter usage in both 
the rat and mouse apobec-1 genes and, finally, demon- 
strate in vitro promoter activity using 5' flanking se- 
quences from the rat gene to localize distinct regions 
that promote expression in intestine-derived cells. 

MATERIALS AND METHODS 

Isolation of genomic clones 

A rat genomic library, prepared from adult female 
Sprague Dawley rat liver, was purchased from Clontech 
(cat #RL 1005A). Approximately three million recom- 
binants were screened at high stringency using a 
combination of rat apobec-1 cDNA (a Sal Z/XbaI frag- 
ment, spanning nucleotides + l  -+ +833) and a mouse 
upobec-1 genomic fragment obtained by PCR using prim- 
ers P5 and P6, listed below, which span a region of the 
untranslated exon and its 5' flanking region, from nu- 
cleotides -72 + +161. Three overlapping clones were 
obtained that were characterized by Southern blotting 
and restriction mapping. In addition, primer pairs 
MEPR 1F and MEPR 2R were used to amplify a genomic 
fragment of 220 bp from mouse DNA and these primers 
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were sent to Genome Systems, St. Louis, MO, for the 
purposes of obtaining a mouse ES C129 P1 clone, which 
was characterized by restriction digestion and Southern 
blotting. The application of this clone in the successful 
gene targeting of mouse apobec-1 has been recently re- 
ported (28). Sequence comparison was undertaken us- 
ing the Genetics Computer Group (GCG) software. 

Amplification of the 5' end of the rat and mouse 
apobec-1 cDNA (5' RACE) 

First strand cDNA synthesis was undertaken using 1 
pg total RNA from mouse and rat small intestine and 
liver with oligo dT priming, using the following incuba- 
tion conditions, which represent minor modifications 
of the recommendations provided with the Marathon 
cDNA amplification kit (cat # K1802-1, Clontech): re- 
verse transcription was performed at 42°C for 60 min 
in 20 pL (final volume) buffer containing 6 mM MgCl,, 
1 mM dNTP, 1 mM oligo dT, and 50 units Superscript 
reverse transcriptase (Life Technologies). The reaction 
mixture was then transferred to a tube containing 24 
units E. 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 adapter primer (AP1) and gene- 
specific primer P2 (below) under the following condi- 
tions: initial denaturation for 3 min at 95°C followed by 
30 cycles of 30 sec at 95"C, 30 sec at 55°C and ninety 
seconds at 72°C. The amplicon was analyzed by agarose 
electrophoresis and Southern transfer, followed by hy- 
bridization with an internal primer (Pl, below). 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 pg of total RNA (or 10 pg of tRNA) by 
heating the mixture to 65°C for 90 min in 15 pL of hy- 
bridization buffer (0.15 M KCl, 10 mM Tris-HC1, pH 8.3, 
and 1 mM EDTA), after which the tubes were allowed 
to cool slowly to room temperature. After annealing, 
0.9 pL of 1 M Tris-HC1, pH 8.3, 0.9 pL of 0.5 M MgCIP, 
0.25 pL of 1 M DTT, 6.75 pL of 1 mg/ml actinomycin 
D, 1.33 pL of 5 mM dNTPs, 20 pL H20, 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 
pg/ml RNase A, 37"C, 30 min), phenol/chloroform ex- 
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 intensifjmg 
screen. 

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 a-'*P-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 lo9 cpm/pg. Total 
RNA (50 pg) was coprecipitated with 4 X lo4 cpm of 
the appropriate riboprobe and redissolved in 30 pl of 
80% formamide, 40 mM 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 polyacrylamide 
gels. 

Reverse transcn 'ption-coupled polymerase chain 
reaction (RT-PCR) amplification analysis of apobec-1 

Primers were selected to span intron-exon junctions 
and used to delineate the tissue-specific patterns of al- 
ternate splicing in both rat and mouse. Conditions for 
RT-PCR used -1 pg total RNA and used downstream 
priming (31) with primer P2 and 50 units superscript 
reverse transcriptase at 42°C for 60 min. After heat de- 
naturation at 95°C for 5 min, PCR was conducted using 
35 cycles of 95°C for 30 sec, annealing at 55°C for 30 
sec, and extension at 72°C for ninety sec. A final exten- 
sion of 10 min at 72°C was used for the last cycle. To 
facilitate amplicon identification in the tissue surveys, 
a-32P d-CTP (3000 Ci/mmol, NEN, 0.3 pl per reaction) 
was included in the PCR mixture as previously de- 
scribed (30) and the product mixture was analyzed by 
agarose electrophoresis and fluorography. The major 
products obtained with mouse and rat liver RNA were 
cloned into a TA vector (Promega) and multiple inde- 
pendent clones were sequenced. 

Construction of promoter-reporter DNA constructs 
for in vitro transfection 

The following constructions were tested: REXA, a 
-3.0 kb Hind 111-Spe I subgenomic fragment of rat 
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upobec-1 containing -2.7 kb of 5’ flanking DNA up- 
stream of exon A, 11 1 bp of exon A, and 185 bp of in- 
tron A, RINl +REX1, a 4206 bp Spe I-Ava I subgenomic 
fragment spanning 3895 bp of intron A and 31 1 bp of 
exon 1 of rat upobec-1; REX1 a 1745 bp EcoRI-AvnI sub- 
genomic fragment including the distal 1434 bp of in- 
tron A and 31 1 bp of exon 1. These constructions were 
blunt-ended by Klenow enzyme and subcloned into the 
blunt-ended BgZ I1 site of pCL2-Basic (Promega) to be 
tested for promoter activity. Serial deletions (REXI-A 
to REX1-H) were generated from the REX1 construct 
by exonuclease 111 digestion (Double Strand Nested de- 
letion kit, Pharmacia) and mapped by restriction diges- 
tion and sequencing. As a positive control, cells were 
transfected with the pGL2-Control Vector (Promega), 
which contains an SV 40 promoter upstream from the 
luciferase gene of pGL2-Basic. All transfections were 
conducted along with pCMVPGal, in which beta-galac- 
tosidase is driven by the cytomegalovirus promoter, as 
an internal control. 

Transient transfection and luciferase assay 

All the cell lines described were obtained from the 
American Type Culture Collection. Five X 10” CaCo-2 
cells were added per well to &well plates in minimum 
essential medium as previously described (30) with 1 
mM sodium pyruvate, 0.1 mM nonessential amino acids, 
and 20% fetal bovine serum. CaCo-2 cells were tran- 
siently transfected at times determined visually to coin- 
cide with their reaching 90-95% confluence. HeLa 
cells were cultured in &well plates in minimum essential 
medium supplemented with Earle’s salt, 0.1 mM nones- 
sential amino acid, and 10% fetal bovine serum. Mouse 
hepatoma (Hepa-6), rat hepatoma (McA RH7777), and 
human hepatoma cell lines (HepC2) were cultured in 
&well plates in Dulbecco’s modified Eagle’s medium 
with 10% fetal bovine serum. All cultures were main- 
tained at 37°C with 5 %  C02. Cells were co-transfected 
using 10 pL per well of Lipofectamine@ (Life Technolo- 
gies, Inc.) with 1.5 pg pGL2 or the appropriate reporter 
construct and 0.15 pg of the internal reference plasmid 
pCMV-PGal. Cells were exposed to lipid-DNA com- 
plexes for 5 h,  as recommended by the manufacturer, 
without antibiotics and then fed their complete growth 
medium. Fortyeight hr  after transfection, the cells were 
lysed in 200 or 300 pL reporter lysis buffer (Promega), 
subjected to one cycle of freeze-thaw, and microcentri- 
fuged. Luciferase activity was measured in 20 pL of the 
cell extract in a luminometer (Monolight 2010, Analyti- 
cal Luminescence Laboratory) and the results were 
standardized for beta-galactosidase activity which was 
determined by luminometry in a 5-pL aliquot of the 
same extract using the Galacto-Light chemiluminescent 

reporter assay system (Tropix). AI1 assays were under- 
taken in triplicate and the results represent the mean 
t SD from two or three independent transfections. The 
data are presented as relative luciferase activity (RLA) 
where the luciferase activity from cells transfected with 
pCL-2 Basic is assigned a value of 1.0. 

Oligonucleotides 

All oligonucleotides were purchased from GIBCO- 
BRL and purified, where indicated, by polyacrylamide 
gel electrophoresis. The following oligonucleotides 
were used: 
AP1; 
AP2; 
MEPRIF; 

MEPRSR; 

P1; 

P2; 

P4; 

P5; 

P6; 

P7; 

P8; 

P9; 

P10; 

P12; 

P14; 

P15; 

P16; 

5’-CCATCCTAATACGACTCACTATAGGG~-~’ 
Y-ACTCACTATAGGGCTCGAGCGG< ;-3’ 
5‘-CAGAAAC;ATACTTTCGTCCGAAC~C-~‘ 

+ 239) 
(Translated mouse apobec-l cDNA nt  +215 to 

.5’-(;TCATGATCTGGATAGT~~~CCG(;T-3’ 
(Translated mouse dpobec-i cDNA n t  +434 t o  

5’-(:TGTCTCGGAACTCTCTTG~;-3’ 
(Rat/Mouse Exon 1 nt + I 6  to - 5 )  

(Kat apobec-1, translated region n t  +85 to +63) 

ACTC AT-3’ 
(Rat Exon A n t  +77 to +111) 
5’-GCTC;AGAGTCCTGACATGCTGGTA-3’ 
(Kat 5’ flanking region of Exon A n t  -72 to -49) 

(Mouse Exon A nt + 161 to + 140) 
5 ’ 4  ;GCTTAGTATGTAACATCTCAGATT-9’ 
(Rat 5’ flanking region of Exon A n t  - 195 to 

t409)  

5 ’ - C ; G T ( ‘ ~ C ; A A G A ; A C . T T ~ ~ C T [ ; ~ ~ ~ ’  

Y-GGATCAACAGCTACAGGGCCTGTCTCCC;A 

5’-TTCTTCCTGATCTGATTTCAAC-3’ 

-171) 
5’-TTC;TTCCTGATCTAATTTT~~~~~~’ 
(Rat Exon A nt +I11  t o  +90) 
.i’-CTGTCTCGGAACTC~TCTT(;CT~T(TGT; 
TCTCTG3’ 
(Rat Exon 1 nt + I 6  t o  -19) 
5’-CACACCTGAGGAAG(‘~GTCC~GCA-~~‘ 
(Rat Exon 1 nt -95 t o  -70) 
5’-ATCTGGATTTCCGTCCTCCCT(;GA(;~~GAC; 
CG3‘ 
(Rat Exon 1 nt  -218 to -248) 
5’-GCCTACTCCCGCTAC-~G~CCA~~-3’ 
(Rat Exon A n t  +22 to +44) 
5’-TCCGTGCTGGCTT( :TCTCCCACTCT-3’ 
(Rat 5’ flanking region of Exon 1 nt -366 t o  
- 342) 
5’-GGATC;AACAGCTA( ~(;CG(:C:T(;TCTC(;(;A 
A(:T<’AT-3’ 
(Mouse translated apobec-l cDNA n t  +35 to + 1) 
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Fig. 1. Structural organization and partial restriction map of the 
upobec-l gene in rat and mouse. Filled and open boxes indicate the 
coding and non-coding exons, respectively. R, EcoR I; B, BamH I; H, 
Hind 111; P1, P1 clone obtained from a mouse ES/C129 library. 

RESULTS 

Structural organization of the rat and mouse apobec-1 
genes 

As illustrated in Fig. 1, three independent lambda 
clones were isolated from a rat genomic library and 
their restriction pattern was determined. In addition, 
all the exons, the exon-intron junctions, and the indi- 
cated 5’ flanking regions upstream of both the rat and 
mouse exon A and exon I were sequenced (see below). 
The rat apobec-l gene is shown in alignment with the 
mouse gene, the latter determined by analysis of a sin- 
gle P1 clone. The rat apobec-1 gene spans 15 kb and con- 
tains one untranslated exon (designated exon A) and 
five translated exons, referred to as 1-5. The mouse 
apobec-1 gene spans 24 kb and contains three untrans- 
lated exons (designated exons A, B, and C) and five 
translated exons, as previously demonstrated (17). 
Exon A demonstrates 90% sequence homology between 
the rat and mouse. However, sequence analysis of the 
entire (rat) intron A (-4 kb) demonstrated that re- 
gions homologous to mouse exons B and C were absent 
from the rat apobec-1 gene (data not shown). 

The exon sizes for rat apobec-l vary from 28 bp (exon 
2) to 398 bp (exon 3), as illustrated in Table 1. The 
intronexon boundaries occur at identical positions 
within the coding region of both the rat and mouse 
genes and all the splice acceptor sites were found to 
conform to the gt-ag rule. We confirmed the presence 
of alternative splice-acceptor sites in exon 1 of both the 
rat and mouse genes (17). The intron-exon organiza- 

tion of the mouse apobec-1 gene is illustrated in Table 2. 
The findings differ in several respects from other recent 
reports of the genomic organization of mouse upobec-1 
(17, 32). These differences include the sizes of exon A 
(161 bp) and exon 1 (271 bp), which reflect differences 
in the assignment of transcription start sites, as will be 
detailed below. The discrepancy in the size of intron 3 
[-0.5 kb versus 1.4 kb (17)] is unexplained. 

Delineation of the 5’ untranslated regions of the rat 
and mouse apobec-1 mRNA species 

Transcription start sites in rat and mouse exon A .  Primer 
extension and RNase protection both demonstrated a 
single, major start site in exon A of the rat apobec-1 gene 
using liver RNA (Fig. 2A, B) . These data were indepen- 
dently confirmed by cloning and sequencing the prod- 
ucts of 5’ RACE (data not shown). 

Primer extension and RNase protection yielded com- 
plementary results also for mouse apobec-1 mRNA, 
both approaches demonstrating the presence of three 
major start sites in exon A using mouse liver RNA (Fig. 
2A, C). Other minor bands, of undetermined signifi- 
cance, are detectable in both panels. The current data 
differ from previous findings which demonstrated two 
major transcription initiation sites for mouse liver RNA, 
neither of which correspond to those found in the cur- 
rent study (17). 

Transcription start sites in rat exon 1. A combination of 
primer extension and RNase protection was used to 
demonstrate a single distal transcription start site in 
exon 1 of the rat gene, as indicated schematically in Fig. 
3A. These approaches revealed a single, major start site 
at nucleotide -328 in liver, kidney, and small intestine 
(Fig. 3B, C). 

The same combination of primer extension and 
RNase protection mapping, shown schematically in Fig. 
4A, defined three major transcription start sites in the 
proximal region of rat exon 1 (Fig. 4B, C), correspond- 
ing to nucleotides -44, -55, and -84, respectively. 
Other minor bands of undetermined significance were 
also detectable. Eight independent clones were se- 
quenced from the rat intestine 5’ RACE reactions, of 
which two revealed identical sequence and a suggested 
start site at nucleotide -84 in exon 1. Three additional 
clones with sequence identity suggested a start site at 
nucleotide -44 of exon 1. The remaining three clones 
demonstrated a variety of shorter products (data not 
shown). 

Transcription start sates in mouse exon I .  Analysis of 
mouse small intestinal RNA using both primer exten- 
sion and RNase protection (data not shown) demon- 
strated four proximal transcription start sites within 
exon 1, at positions -34, -48, -66, and -76, respec- 
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TABLE 1. Organization of' rat upobec 1 gene 

Sequence at Exon-Intron Junction 
Exon Exon Codon Intron 
Number Size (bp) 5' Splice Donor 3' Splice Acceptor Interrupted Si7.e (kb) 

L 1 
A 11 1 CAGGAAGAA gtaaggaa attacatag CATTCATAT" 4.0 

1 344" GAG ACA G gtaaag ggtttacag GC CCT GTA Gly6 3.2 

2 28 ACT CTGAG gtaagt atgtttcag G AGA AGA Arg15 6.5 
3 398 AGA CAA t, gtgaag gtttctttag AG TCT GGC Glul@ 0.7 

ccctgcag GTGGCCGT' 

173' 
122' 

4 119 TC A'IT TTA gtaag ctttgtttcag GGA C'IT l ,e~~~'/Gly'"" 2.0 
5 290 

"Alternative 3' splice acceptor sites, beginning of exon 1. 
%ize of mRNA from distal transcription start site in exon 1 (see also Fig. 5A). 
Two different sized mRNA species resulting from alternative 3' splice acceptor sites (see also Fig. 5A). 

tively. Primer extension and RNase protection revealed 
at least one distal transcription start site in exon 1 of 
the mouse apobec-1 gene, corresponding to nucleotide 
-255 (data not shown). 

Distribution of apobec-1 mRNA species in the rat and 
mouse (Overview) 

The major species of apobec-1 mRNA in the rat are 
summarized in Fig. 5A. Only the major splice variants 
are shown for simplicity, as these represent greater than 
95% of the total population found in most tissues of 
the rat (see also below). Similarly, the major species of 
apobec-1 mRNA in the mouse are summarized in Fig. 
5B. Again, for simplicity, the major splice variants have 
been illustrated, representing generally greater than 
90% of the total population in this species (see also 
below). 

"issue-specijic distribution of apobec-1 mRNA species i n  the 
rut: RNase potection reveals three distinct populations. RNase 
protection was used to determine the relative distribu- 

tion of different apobec-1 mRNA species in multiple 
adult rat tissues. A riboprobe template was constructed 
to span the distal portion of rat exon A and a continu- 
ous stretch from exon IC to exon 3 (Fig. 6A). RNase 
protection demonstrated five distinct fragments, corre- 
sponding to the patterns of transcription initiation pro- 
posed above. As illustrated in Fig. 6A, the presence of 
a 282 nt protected fragment (F l ) ,  indicates that the 
transcript contains the distal portion of exon A, the pro- 
totype for which would be hepatic apobec-1 mRNA (Fig. 
6B). The absence of fragment F1 in apobec-1 mRNA 
from the small intestine, coupled with the presence of 
fragments F2-F5 (Fig. 6B) is consistent with the predic- 
tion that transcription in this tissue arises predomi- 
nantly from exon 1, including the distal portion of un- 
translated RNA from this exon. Conversely, apobec-1 
mRNA from the stomach demonstrates a pattern indi- 
cating transcription predominantly from exon A, while 
the mRNA from the colon demonstrates elements of' 
both exon A- and exon 1-derived transcripts, as evi- 

TABLE 2. Organization of mouse apobec I gene 

Sequence at Exon-Intron Junction 
Exon Exon Codon Intron 
Number Size (bp) 5' Splice Donor 3' Splice Acceptor Interrupted Size (kb) 

L L 
A 161 CAWAAGAA gtaagg cttctcag GACTGCCC 2.2 
B 68 ATGAGCCAG gtatgg ccccag GACTGCTA 3.6 
c 146 TCACACAG gtaagc acatag TACAGATC" 6.6 

1 271h GAG ACA G gtaaag tttcag GC CCT GTA Glyh 3.0 

2 28 CT CTG AG gtaaat ttccag G AGA AGA Arg" 5.8 
3 398 G A G C M G  gtaaa ctttag AGTATI'G Glu'l* 0.5 
4 119 CATTTTA gtaagt tttcag GGA CTT C L e ~ ~ ~ ' / G l y ~ ~ ~  1 .9 

ctgcag GTGGCTGT" 

174' 
118' 

5 1144 

"Alternative 3' splice acceptor sites, beginning of' exon 1. 
bSize of mRNA from distal transcription start site in exon 1 (see also Fig. 5B). 
'Two different sized mRNA species resulting from alternative 3' splice acceptor sites (see also Fig. 5B). 
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fig. 4. Determination of the transcription start sites in exon A of rat and mouse upobec-1 genes. A Primer extension assay. A =Ptnd-labeled 
antisense oligonucleotide (P4) corresponding to nucleotide +77 to + 1 I 1  of rat exon A was hybridized with 50 pg of mouse (left panel) or 
r A t  (right panel) liver total RNA and extended with reverse transcriptase. Products were separated by 6% PAGE. Lanes C, T, A, and C represent 
dideoxynucleotide chain-termination sequencing reactions performed with the same primer used in primer extension. Transcription start sites 
of rat and mnu.se updwr-1 are indicated by closed and open circles, respectively. R: 5' end mapping of rat exon A by RNase protection as%iy. 
The template for rihoprobe synthesis was made by PCR with primers P7 and PI). 50 pg of rat total liver RNA, or yeast tRNA control, was 
hybridized with the "P-labeled rihoprobe and the protected fragment analyzed by 6% PAGE. Lanes <:. T. A. and G represent a dideoxynucleotide 
chain-terminatinn sequencing reaction perfnrmed with the PR primer. The protected fragment is indicated with the filled circle. C 5' end 
mapping o f  mnwse exon A by RNase protection assay. The template for riboprohe synthesis was made by PCR with primen P5 and P6. Fifty 
pg of mou.se total liver RNA. or yeast tRNA control, was hybridized with the "1'-laheled rihoprohe and the prntected fragment analyzed by 6% 
PACE. The protected fragments are indicated by open circles. 
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denced by the presence of all five fragments (Fig. 
6B). Laser scanning densitometry of the protected 
fragments was used to calculate the distribution of 
apobec-1 mRNA species originating in exon A, versus 
the distal or proximal regions of exon 1, using appro- 
priate corrections for the length of protected frag- 
ments. The results are illustrated in Fig. 6C, which dem- 
onstrates that small intestinal apobec-1 mRNA arises 
almost exclusively from exon 1 while hepatic apobec-1 
mRNA arises from exon A. The remaining tissues dem- 
onstrated differences in promoter usage. Interestingly, 
stomach demonstrated a predominance of transcripts 
arising in exon A, while colon'demonstrated a pattern 
closer to that of small intestine (Fig. 6C). Other extrahe- 
patic, non-intestinal tissues such as spleen demon- 
strated a predominance of transcripts originating in 
exon A (Fig. 6B, C). 
Exon 2 skipping is a minor component in regulating rat and 

m e  apobec-1 mRNA species. Our recent findings have 

Fq. 3. Demonstration of the distal transcription start site within exon 1 
of upobcc-2 in rat liver, kidney and small intestine. A: Schematic presenta- 
tion of exon 1 star t  site mapping. The template for riboprobe synthesis 
was generated by PCR using primers PI and P15. mRNA transcribed from 
this distal start site contains a stretch of untranslated exon 1, designated 
la, lb, and IC. The origin of these different regions of untranslated exon 
1 is considered in a later section of this report (see Fig. 6). B Representa- 
tive RNase protection assay using 50 pg total RNA from rat kidney, small 
intestine and liver, which was hybridized with the '2P-labeled riboprobe and 
the protected fragment (closed circle) analyzed by 6% polyacrylamide gel. 
Lanes G. A, T, C represent the dideoxynucleotide chain-termination se- 
quencing reaction performed with the PI primer. C Primer extension 
assay was conducted on 50-pg aliquots of total RNA from rat small intestine 
using primer P12. demonstrating an extended product corresponding to 
the distal transcription start site (closed circle). Lanes G. A. T, C represent 
the dideoxynucleotide chain-termination sequencing reaction performed 
with the PI2 primer. 

*a 

indicated that -50% of human small intestinal apobec- 
1 mRNA undergoes alternative splicing of exon 2, 
which results in a frame shift and creates a novel trun- 
cated peptide (33). We examined the presence of a sim- 
ilar, alternative splicing event in RNA derived from mul- 
tiple tissues of both the rat and mouse. Using primers 
complementary to regions in exon A and in exon 3 of 
the rat and mouse apobec-I genes, a screening strategy 
was conducted as indicated schematically in Fig. 7A and 
Fig. 8A. The results, illustrated in Fig. 7B and Fig. 8B, 
suggest that generally less than 10% of mRNA species 
in the rat and mouse (a possible exception being mouse 
heart) contain an exon 2-skipped form. Thus, the dis 
tinctive alternative splicing pattern found in human 
small intestine represents a quantitatively minor source 
of variability of apobec-1 mRNA species in the rat and 
mouse. Note that the relatively weak signal from small 
intestinal RNA samples in this RT-PCR analysis most 
likely reflects the observation, alluded to above, that the 
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Fq. 4. Demonstration of proximal transcription start sites within 
exon 1 of a+-1 in rat small intestine. A: Schematic presentation 
of exon 1 start site mapping. Primer extension was performed with 
antisense primer P9, corresponding to nucleotide + 1 to +35 of rat 
a+-1 cDNA. The exon 1 riboprobe template was generated by PCR 
using primers PI and PIO. Three major extension praducts/prcF 
tected bands are demonstrated, corresponding to transcription initia- 
tion sites at exon IC', IC" and IC'". B Primer extension assay results 
using 50 pg total RNA from rat small intestine, hybridized to the end- 
labeled primer F'9 and extended with reverse transcriptase. Primer 
extension products were separated by 8% PAGE. The corresponding 
nucleotide sequence is shown andthe closed circles indicate major 
transcription start sites. C RNase protection mapping of major tran- 
scription start sites in exon 1 of rat small intestine. The template forri- 
boprobe synthesis was made by PCR with primers P1 and PIO. Fifty 
pg of rat total intestinal RNA was hybridized with the ?-labeled r i b  
probe and the protected fragment was analyzed by 8% polyacrylamide 
gel. The protected fragments are indicated by closed circles. Lanes 
G. A, T. and C represent a dideoxynucleotide chain-termination se- 
quencing reaction performed with the PI primer. 

majority of apobec-1 mRNA species originates from 
exon 1 and not exon A. 

Comparative analysis of 5' flanking regions upstream 
of exon A and exon 1 in the mouse and rat a p o b I  
gene 

Studies of exon A. The nucleotide sequence of -1 kb 
of the 5' flanking region upstream of exon A was ob- 
tained and compared for the rat and mouse. The most 
proximal 400 bp is shown in Fig. 9A. Interspecies nucle- 
otide homology in this region was 78% as shown in Fig. 
9A. A variant TATA box with the sequence TAM, previ- 
ously identified in the mouse apobec-1 gene (17) is 
present at nucleotides -50 to -47 (17). The corre- 
sponding region in the rat gene, from nucleotides -88 
to -85 contains the sequence TGAA and no other re- 
gion in the flanking region of either species was found 
to contain a canonical TATA box. A putative CAT box 
(17), with the sequence CACT, was identified in both 
the mouse and rat genes, at positions -85 to -82 and 
- 107 to - 104, respectively. There were two nucleotide 
differences in the mouse sequence from a previous 
study, at positions +85 and +86 in the untranslated 
exon A, where a C C dinucleotide was found instead of 
T T (17). A number of potential binding motifs to 
known transcription factors were identified (34-40), in- 
cluding sites for PEA3 (34, 35), AP2 (36). APl (37), 
TRE (37), Spl (38), glucagon (39), insulin (40), and 
an insulin response element (41) (Fig. 9A). 

Studies of intron A and the region flanking exon 1. The 
entire 4 kb intron A in rat apobec-1 was sequenced and 
compared to the mouse sequence over the proximal 
-1.2 kb upstream of exon 1. There was a single nucleo- 
tide sequence difference in the mouse sequence found 
in comparison to the previous report, namely a C at po- 
sition - 206 instead of a T ( 17). The overall nucleotide 
homology (rat/mouse) within this region was 61%; the 
first 560 bp upstream of the initiator methionine dem- 
onstrated 84% homology (Fig. 9B) while the distal 
-700 bp demonstrated only 39% homology. A putative 
TATA box was identified in the mouse gene, at position 
-288 to -285, as previously noted (17). The corre- 
sponding region in the rat gene, from nucleotides -312 
to -309 contains the sequence TITA and no other re- 
gion in the flanking region of the rat apobec-I gene was 
found to contain a canonical TATA box (Fig. 9B). Both 
the rat and mouse genes contained a putative CAT box 
with the sequence CCACT, in the mouse from nucleo- 
tides -330 to -326 and in the rat from nucleotides 
-349 to -344 (Fig. 9 B). Anumber of potential binding 
motifs to known transcription factors were identified 
(42-47) in addition to the numerous PEA3 sites also 
found in exon A, above, including sites for GATA (42), 
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c/EBP (43), NF-1 (44), HNF-5 (45), GCN4 (46), and 
OCT-1 (47) (Fig. 9B). In addition, there was a direct 
repeat of 35 nucleotides (boxed motif, Fig. 9B) from 
-214 to -180 and from -179 to -145, found only in 
the rat promoter. This region is AT-rich (67%) and con- 
tains a potential binding site for OCT-1 (47), but the 
functional significance of this adjacent repeat structure 
is unknown. 

Functional analysis of the 5’ flanking regions of the 
rat apobeel gene 

In order to determine the functional importance of 
the 5‘ regions flanking rat exon A and exon 1, three 
different promoter constructs were assembled (Fig. 
lOA), and their relative ability to direct the expression 
of a heterologous reporter gene was determined in sev- 
eral different cell types. Among the cell types selected 
were three hepatoma lines, Hepa-6 and McA-7777, de- 
rived from mouse and rat hepatoma, respectively (both 
of which express endogenous apobec-1) , and HepG2 
cells, a human hepatoma-derived line that does not ex- 
press apobec-1 mRNA and does not edit endogenous 
apoB mRNA (48). The human colon cancer-derived 
cell line CaCo-2 was used to examine intestinal apobec- 
1 expression and, finally, HeLa cells were used as an 
epithelial cell control. Expression of luciferase was de- 
tectable at levels 3 to 9-fold above control (pGL2-Basic) 
in all cells using the REXA construct, indicating ubiqui- 
tous promoter activity (Fig. 10B). The [RINl + REX11 
and REXl constructs both produced high levels of lucif- 
erase activity in CaCo-2 cells, at levels 20- to 30-fold 
above control and 3- to &fold higher than with the 
REXA construct (Fig. 10 B). In addition, a high level of 
luciferase activity was noted with the [RINl + REX11 
and REXl constructs when transfected into McA7777 
cells (Fig. 10B). The activity of these constructs, al- 
though lower than in McA7777 cells, was also demon- 
strable in both Hepa and HepG2 cells. 

In order to further define the promoter region that 
may regulate reporter activity in McA7777 and Caco-2 
cells, a series of nested deletions was prepared. The re- 
sults indicate that luciferase activity was maintained, in 
both cell types, at levels -30- to 40-fold above control 
with constructs REXl and REX1-A (Fig. 10C). Deletion 
of the region from -1415 to -1053 resulted in a -30- 
50% decrease in luciferase activity in both cell types 
(Fig. 10C). Deletion of the region from -674 to -523 
produced a 67% increase in luciferase activity in Caco- 
2 cells without changing the activity noted in McA7777 
cells (Fig. 1OC). Conversely, deletion of the region from 
-262 to -407 produced an 81% increase in luciferase 
activity in McA7777 cells, without changing the activity 
noted in Caco-2 cells (Fig. 10C). These data imply some 
cell-type specificity mediated by the proximal -700 bp 
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Fig. 5. Schematic representation of the origin of the in+ 
apobec-1 mRNA species in rat and mouse tissues. A Major species of 
apohec-1 mRNA in the rat. Open and closed boxes denote untrans- 
lated and translated exons, respectively. Arrows and asterisks denote 
transcription start sites and alternative splice acceptor sites, respec- 
tively. Rat exon 1 contains untranslated regions, designated exon l a  
(171 hp), Ib (51 hp) and l c  (106 hp), and also contains 16 bp of 
translated sequence. Note that the majority of apobec-1 transcripts 
initiating in exon A do not contain exon l a  or I b, the result of alterna- 
live splicing. mRNA transcribed from the distal transcription start site 
in exon 1 (Dis Ex 1 mRNA) contains the entire sequence of exon 1 
(344 hp). Within IC, there are three major proximal transcription 
start sites (three arrows), which produce mRNA species with relatively 
short 5’ untranslated regions, referred to as exon IC’ (84 nt), exon 
IC” (55 nt), and exon IC”’ (44 nt) (see also Fig. 4A). E: Major species 
o f  apobec-1 mRNA in the mouse. Open and closed boxes denote un- 
translated and translated exons, respectively. Arrows and asterisks de- 
note transcription start sites and alternative splice acceptor sites, re- 
spectively. Mouse exon 1 contains untranslated regions, designated 
exon l a  (97 bp), l b  (56 hp), IC (102 bp), and also contains 16 bp 
of translated sequence. Note that the majority of apobec-l transcripts 
initiating in exon A (three arrows) do not contain exon la  o r  lb, 
the result of alternative splicing. mRNA transcribed from the distal 
transcription start site in exon 1 (Dis Ex 1 mRNA) contains the entire 
sequence of exon 1 (271 hp). Within exon IC there are four proximal 
transcription start sites (four arrows), which produce mRNA species 
with relatively short 5’ untranslated regions, referred to a5 exon IC’ 
(76 nt), exon IC” (66 nt), exon IC”’ (48 nt), and exon IC”” (34 nt) 
(data not shown). 

region flanking exon 1. Deletion of the region from 
-262 to - 137 led to a fall in luciferase activity to - 11- 
fold above control in both cell types (Fig. 10C). Further 
deletion of the region between -137 and -48 resulted 
in total loss of activity (Fig. 10C), suggesting that the 
- 137 construct (REX1-G), which contains binding sites 
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for several transcription factors, including APl (37), 
TRE (37), GCN-4 (46). and PEA-3 (34, 35) (see Fig. 
9B), may function as a minimal essential (proximal) 
promoter region. In order to determine whether the 
distal region of exon 1, from which transcription initia- 
tion was demonstrated in rat small intestine, kidney, 
and liver (Fig. 3, above), could function in the absence 
of the proximal promoter region, a fusion construct was 
created in which the region from -1778 to -282 was 
fused directly to luciferase (REXl-AF, Fig. lOC), 
thereby eliminating the region of exon 1 from nucleo- 
tides -281 to -33. Transfection of the REXl-AF fusion 
construct yielded levels of luciferase activity in Caco-2 
cells that were -30% higher than observed above with 
the parental construct (REXl). By contrast, luciferase 
activity in McA7777 cells with the REXl-AF fusion con- 
struct was -50% lower than found with REXl (Fig. 
1OC). Taken together, these data suggest that the re- 

- 
F- 

Fig. 6. Tiiuespecific altematiw promoter usage of 
rat apobu-I. A: A template for riboprobe synthesis was 
prepared by RT-PCR using rat liver total RNA as start- 
ing material, with primers PI4 and P2. The product, 
which spans exon A to exon 3 was cloned and se- 
quenced and used for the generation of runaff wan- 
scripts as detailed in Methods. The size of the pro- 
tected fragments is indicated in relation to the 
schematic depiction of the different transcripts. B A 
representative RNase protection assay of a panel of 
RNA samples (50 Bg per sample) deriwd from adult 
rats. C Distribution of apobec-1 mRNA in rat tissues. 
The solid black boxes represent transcripts derived 
from the proximal region of exon 1. the solid gray 
boxes represent transcripts derived from the distal re- 
gion of exon 1. and the hatched boxes represent m- 
scripts derived from exon A. These assignments were 
calculated by densitometric scanning of multiple ex- 
posures of the autoradiograms shown in Fig. 6B. Den- 
sitometric quantitation of the protected fragments 
was normalized to the fragment length and expressed 
as a percent of the total for each tissue. The percent 
distribution of exon Aderived transcripts was based 
upon the relative abundance of fragment F1. while 
the distribution of distal exon Iderived transcripts 
was based upon the relative abundance of fragment 
F2. Transcripts initiating from pmximal exon I were 
determined by the combined abundance of fragments 
F3, F4 and F5. 

gion from nucleotides -281 to -33 may confer limited 
cell-type specificity. More importantly, however, the 
findings suggest that the region from -1778 to -282 
(containing the distal transcription start site) demon- 
strates functional activity in both cell types that is inde- 
pendent of the proximal promoter region. 

DISCUSSION 

These studies provide information concerning the 
comparative gene structure of upobec-l in the rat and 
mouse, two species for which considerable information 
exists concerning the tissue-specific distribution and 
physiological regulation of this gene product. As al- 
luded to above, there are many distinctive features of 
apoB mRNA editing in the rat and mouse which to- 
gether serve as an initiation point for the investigations 
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reported. Prominent among these are the observations 
that apoB mRNA editing is subject to developmental, 
metabolic, hormonal, and nutritional regulation in the 
liver of rats and mice (20-27). An additional feature of 
interest in regard to apoB mRNA editing in the rat and 
mouse is the fact that apobec-1 mRNA is widely distrib 
uted, including tissues with virtually no detectable apoB 
mRNA (1 6, 17). These findings imply some presumed 
advantage to the organism, an implication which must 
be reconciled with the impression that genetargeted 
apobec-1 -/- mice have no apparent phenotype with 
regard to intestinal or hepatic lipoprotein secretion 
(28,29). Knowledge of the gene structure and regula- 
tory elements that control the tissue-specific expression 
of apobec-1 may thus enhance our understanding of 
some of these issues. 

Comparative analysis of the structural genes encoding 
rat and mouse apobec-I 

A number of important organizational features of 
these homologs were found to be shared. Both genes 
contain untranslated mRNA at the 5' end of the tran- 
script. Mouse apobec-I was previously shown to contain 
three untranslated exons (1 7). a finding confirmed in 
the present study. The most 5' of these untranslated ex- 
ons in the mouse (referred to in this report as exon A) 

Fq. 7. Schematic repmentation and tissue distribu- 
tion of alternative splicing in the mouse apobec-1 
gene. A: Schematic representation of mouse liver tran- 
scripts. RT-PCR was performed using primer P14, 
which is specific for exon A and P2. which is specific 
for exon 3. The PCR fragments were subcloned and 
sequenced. Four different types of clones (MLl. 2,3, 
and 4) were identified. B Tissue distribution of the 
splice variants of mouse apobec-1 mRNA is illustrated 
using RT-PCRwith the indicated sources of total RNA. 
Radioactive dCTP was included for visualization of the 
products. 

exhibits 90% sequence homology to the corresponding 
region in the rat apobec-1 gene. However, no region ho- 
mologous to exons B and C in the mouse was found in 
the -4 kb rat intron A. The promoter region upstream 
of exon A in both the rat and mouse genes exhibit con- 
siderable homology (78%) over the -1 kb for which 
sequence information was obtained. Another shared 
feature of the promoter region upstream of exon A is 
the absence of a consensus TATA box or CAAT box, 
which, considered together with the GGrich region 
flanking the transcription start sites and the presence 
of multiple, potential Spl binding sites (38), are fea- 
tures of mammalian housekeeping genes, many of 
which also have multiple start sites (49,50). In consider- 
ing possible alternative transcriptional regulatory re- 
gions in these promoters, the sequence flanking the 
transcription start site of rat exon A from -2 to +6 was 
noted to be pyrimidinerich, CC"( + 1)TCTCT. How- 
ever, this region lacks the canonical features of an initia- 
tor element (5'-YYCA(+l)yyyYy), a regulatory motif 
present in some TATA-less genes with a wide tissue dis- 
tribution (49, 50). Other potential binding sites were 
found in the 5' flanking region upstream of exon A, 
whose transcriptional activity has been well docu- 
mented in different systems. Prominent among these 
are binding sites for PEA-3, a motif found in the pro- 
moter region of several developmentally regulated 
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Fig. 8. Schematic representation and tissue distribution of alterna- 
tive splicing in the rat apnhcc-l gene. A Schematic representation of 
rat livcr tmnscripa. RT-I’CR was performed using primers P14, which 
is specific for exon A and 1’2. which is specific lor exon 3. The PCR 
frngmrnts w r c  sirhcloncd and sequenced. Four diNerent types of 
cloiies ( R L I ,  2, 3. and 4) were identified. R: Tissue distribution of 
the splice m-iants of mt apnhcc-l mRNA is illustrated using RT-PCR 
with the indicated sources of total RNA. Radioaciive d(TP w w  in- 
cluded for visualimion of the prducts. 

genes (34, 35) and which was present in two sites in 
exon A of both the rat and mouse genes. Previous stud- 
ies have established that the p68’*‘*’ product of the 
ets oncogene can activate heterologous transcription 
through the PEA-3 motif, an effect that was dramatically 
magnified by AP-I, after coexpression of the c-Fos and 
cllun products (35). The presence of an AP-1 site in the 
rat exon A promoter, when considered along with the 
demonstration of multiple PEA-3 sites, lends weight to 
the possibility that this region may function as a regula- 
tory domain. Convincing proof of this speculation, how- 
ever, will await more formal examination. 

Physiologic maneuvers previously demonstrated to 
modulate apoR mRNA editing and which also induce 
changes in apobec-1 mRNA abundance include fasting 
and refeeding a high carbohydrate diet to rats (16). Re- 
cent work has identified a carbohydrate-response ele- 
ment in the liver-type pyruvate kinase gene and also in 
the rat hepatic S 14 gene promoter, both of which con- 

sist of two CACGTG motifs separated by 5 base pairs 
(51.52). A single copy of CACGTG motif was found in 
intron A of the rat apobec-1 gene, at position - 1995 (K. 
Hirano and N. 0. Davidson, unpublished observations). 
The required second copy of this motif, however, was 
absent from this region of the apobec-1 promoter 
(tgflaa) and consequently the importance of this d e  
main in regard to the demonstrated responsiveness of 
apobec-1 gene expression to carbohydrate flux remains 
unknown. An additional observation wa.5 the presence 
of an insulin-response element (41) in both the rat and 
mouse exon A promoter region (Fig. 9A). In this re- 
gard, it is noteworthy that earlier studies demonstrated 
an increase in apoR mRNA editing in primary rat hepa- 
tocytes after insulin treatment (24). The question of 
whether insulin produces a transcriptional increase in 
apobec-1 gene expression in rat liver cells is clearly wor- 
thy of study. In addition, it will be important to de- 
fine the mechanisms underlying the accumulation of 
apobec-1 mRNA in the liver of rats subjected to fasting 
and refeeding a high carbohydrate diet. 

Tissue-specific expression of apobeol mRNA in rat 
and mouse: regulated alternative promoter usage and 
differential splicing 

A central conclusion of these studies is that the ex- 
pression pattern of apobec-1 mRNA in both the rat and 
mouse is a product of differential promoter usage and 
multiple transcription initiation sites, coupled with al- 
ternative splicing. The present findings demonstrate 
that there are at least three clusters of transcription ini- 
tiation sites in both the rat and mouse njdwc-1 gene. 
This represents an important departure from the data 
of Nakamuta and colleagues (17). These authors found 
evidence of transcription initiation sites in exon A and 
in the distal region of exon 1, the latter suggested to 
be dominant in the mouse small intestine (17). In addi- 
tion, however, these authors demonstrated the pres- 
ence of a 102 nt sequence at the 5’ end of the “intesti- 
nal-type” mRNA which was not detectable in the “liver- 
type” species (see Figs. 5 and 7 of reference 17). Our 
results suggest an explanation for this observation, but 
do not support the contention that this sequence is in- 
testine?ipecific. As summarized in Fig. 5 of the present 
study, our data suggest the presence of both distal and 
proximal transcription start sites within exon 1. Indeed, 
evidence for a cluster of proximal start sites was found 
for both rat and mouse aj>obt?c-l genes. Accordingly, we 
propose that the 102 nt sequence% alluded to in the 

$Owing to differences in allncation of the distal transcription initia- 
tion site in exon l ,  hcnveen the current sttrdy and that of Nakamirta 
and colleagues ( 1  7). we estimate that moir.sc exon la is 97 nt in length 
(Fig. 5). 
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B E A 3  A RAT GCGACTAGACTTAGTCATACAGTTA .... GCCCTTCAAGAGGAAGAGAGC -560 
I I I  I I I I  I I I I I I I I I I  I I I  I I I I  I I I I I I I I I I I I I I I  RAT ATTCTGATTTCTGGTTGGAGCCTGTCT.GGACCCAAGCAAGAAGAAAGTG -406 

MOUSE ATTCTGCT'TTCTGG.TGGAGCCTCTCTAGGACCCAAGAAAGGAGAAAGTG -402 
I I I I I I  I I I I I I I  I I I I I I I I  I l l  I I I I I I I I I  I l l  I I I I I I I I  NOUSE GAGATTAGATTTAGTCATACGGCTAACCTTCCCTACAAGPIGGI\AGAGAGC -540 

PEA3 
GnTACr) c/EBP,W1(7/8) 

RAT A C C A G A A C T G C A C A C T A G m V A C T C A G A G G C C A A G G T C C T G C T T T T  -510 

I I  II I I I I I I I I I I  I l l 1  I I I I I  1 1  I I I I I I  I l l  I I l l  MOUSE ACCAGAAGTGCACACTAGTTATCTG/\CTCAAAGGCCAAGGTCCTGCTTTT -490 
RAT GATGCGGCACTGCTCCTGGGGTTAGAGGTGGTCTGGAGATGTCCTGCCTT -356 I I I IO I  I I I I I I I I I I I I I I I I  I I I I I  l l l I I I I I l I l l l / r l I l I  

GATACrI ~ E B P , A P ~  MOUSE G A C G C A G C A C T G C T C C G A G G G T C A G A G G A G G A G C G G C C C G . C T T  -353 
C/EBP PEA3(5/6) 

RAT GCA-CCATCCCCTCCTTTCTCCAACAGACACGAGG-GGG -460 

I I I I I I I I I I I I I I I I I I I I I  I I I I  I I I I I I I I I I I I I I I I I I  I MOUSE G C A T C T T A A G . C T G C C C C T C C T T T V U T A G A C A T A T G G m G G G  -441 

Ins"l,nCr, 

RAT T T C A C T G G ~ T G A G G G G C A C ~ G G T T C T G G T T C T G G G C A T G C G G  -306 I I I I I I I I I I  I I I I I I I I I I I  I I I I I  I I I I I  I I I I I I I I I I I  

c / E W  5 1(5/6) CAT box PEA3(5/6) MOUSE TTCACTGGTTTCCACTGAGGGAACATTTGCVCTGGTTCTGGGCATGCTG -303 

RAT GATTGCTC . . . .  TTGTCGGTTTGTGTCTGTAGTTTGATTTAGTTTGGTTG -260 RAT T A A C T G A G A G G C A G T A G C ~ A ~ c c c A c A G T ~ T T c T c A c c ~ ~ ~ T c A c  -410 

MOUSE GATTGCCCATCTCTGTCAGTCTGTGTCTGTGGTTTCATTTAGTTTGAATG -253 MOUSE C A A A T G G G ~ T A A T ~ A c c c A T A A T A T T c T c A c c ~ ~ G T C A C  -391 

InSUHnCrI F'EA3<5/& PEA3(5/6) 

I1 I I  I I I I I I I I I  I I I I I I I  I I I I  I I I I I I I I I I I I I I I I I  
I I I I I I  I I I I I  I I  I I I I I I I I I  I I I I  I I I I I I I I I I  I I  

PEA3(5/61 PEAK5161 

RAT CCTGAGGACTTCTTAGTTATAGGAGCTGCTTCATTCTCTCCGA.TCCGTC -361 
I I I I  I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I  I I  I I  RAT T T G C T C T G T G V T C A T A T C C G G G A A A A G T T C T T C T G C T G G C  -210 

MOUSE TTGCTCTGTGTTTTATATCT-AACGGGCCAAAGTTCATCTGCTGGT -203 MOUSE A C T G A ~ G A C T T C T T A G T T A T ~ G c T T c A T T c T c T c c ~ A c T c A ~ T T  PEA3(5/6) &P1(7/8) -342 

RAT CTGGCTTCTCTCCCACTCTCACT. . . . .  TGA-GGGAAAGCTTTC -317 

MOUSE T G T T C ~ T ~ ~ ~ ~ ~ C T T A G T A ~ A C C C A T C T C A A ~ G A T ~ T c G G G G ~  -158 MOUSE CTGGCTTC.CTCGC&ICTTACTTGAGCCTGAAGGAAGGAGAAAGCTTTC -293 

P E a Y 6 )  

I I I I I I I I I O I I  I I I I I  I 1  I I I I  I I  I I I I I I I I I  I I I I I I I I  

PEA3(5/6) NFI - PEA3 -6) 

RAT TGTTCACCTCTTGGCTTAGTATG1A.ACATCTCA . .  G A T T T C A G  . . . . . .  -169 I I I I I I I I I I  l l l l l l l l l l  l I l I l 1 1 I  I I I I I I I I I I  I l l  
I I I I I I I l l  I I I I I I I I  I I  I I I I I I I  I I I I I  I 

PEA3Cr )  Sp1(5/6) "' Dr: PEA3(5/6) PEA3fr) APZ .. 
T I E  *p1 

RAT ...... GGGVAAAGCGGCTGAATCAG . . . . . . . . . . .  ACAACAACAATA -136 

MOUSE GGGTGTGGGmCGGCCGAATCGGGACAb&AALAACAATAATAATA -108 
I l l  I I I I 1 1 1  I I I I I  I I I I I  I I  I I I I  

PEA3(5/6) W N F X r I  
CAT box 

RAT ACAACAAAAACAGATAAACTGGCTGA~TGAGTACGGC . . . . . . . . . . .  -97 
I I I I I I I I I I I  I I I I I I I I I I I  I I  I I  I I I I  

MOUSE ACAACAAAAACTGATAAACTGG-TGTGCCTGCAGCTGAGAGTCCTG -60 
<*T kor 

IRE sP'(5/6) Piy3(r)(5/6) PEA3<5/6) APZ(8/10) 
RAT . . .  TGCTGGTGAAG~CCTGCTGCCTGAC-ACCCCAGCCA -50 

I I I I I I I  I I I I J I I I I I I I I I I I I  I I l I l l l l l l  I l l  
MOUSE A C A T G C T G G T A A A C C T G C T C G C C T G A T G C A A A C C C C T G C G  -10 

C l K o g O "  5p1(5/6)- 
P E E )  

IRE Sp10 

RAT CCTGAT . . . .  TTGTCCAAGTCCCTCTTAAAGCCGAACCAGCAA~CCTCA -4  
I I I I I I  I l l  I I I I I  I I I I  I I I I I  I I I I I I I I  1 1  I I 

MOUSE U G A T C T A $ C T G T T C A A G T T T C T C T A A A A G C G A A A C C A G C A G C T C T T A A  - +41 
Gl"C.BO" 8 

. PEA3(rXY61 PFII? . ~ .,.~ ~ - -  
RAT GCTTTCTCTGGTC~X~ZT~CCTGCGCCTACTCCCGCTACAGAACCACTGT +47 

I I I I I I I  I I I I I I I I I I I I I  I I I I I I I I J I I I I I I I I I I I I I O  I I  
W U S E  G-TGTGGTC-CCGGTGCCTACTCCCGCTACAGAACCACGGT +91 

PEA3(r)(Y6)% P E A 3  
PEAP(SI6) SP1(5/6)PE13(rXY6) 

RAT GCCCATGAGAGTTGGATTTTGAAGG . . . . . .  CC~G~~FGGCGCTCCTCCCT 19% 
I I I I I I I I I  I I I I I I I I  / I  I l l  I l l  I I I I I I I I I I I I I I I  

MOUSE G C C C A T G A G C G T T G G A T T C T G C A G G C A G C A A C ~ G C G C T L ~ T  +14i  
PEA3(5/6) spl(s86) PEA3(rXY6) 

P E A 3  

RAT T G A A A T T A G A T C m G A A  rlll 
I I I I I I  I I I I I I I I I I I I I  

MOUSE TGAAATCAGATC-AA rlbl 
P E A 3  

RAT TAAGTTTAGCCGTC . . . . . . . . . .  ACTCTGGAATTTAACATCATCGATGT -277 
I I I I I I I  I l l  I l l  I I1  O I I I  I I I I I  I I I I  

WUSE TAAAIBIBGATGTCACCTAAGAGAACTTTAGAGTTTAtTGTCATCAATGT -243 
TAT1 tar 

5-1 
RAT TCTACTGTGCAGCGTTGATGGTTCGATGGGCTCTCTCCAGGGAGGACGGA -227 

I I I I  I I I I  I l l  I I I I I I I  I I  I I I I  I I I I I  I I I I I I I I  I 
MOUSE TCTATTGTGTAGCATTGATGGCTCTGTGGGTGTTCTCCGGGG- - 193 

PEA3(5/6) HNF5 
p%nso OCTlC7/8> PEA3- 

RAT AATCCAGATGCC&TTCCVCTTCATTTACATAGCAVCATATCACGAKT -177 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I  I l l  I I I 

MOUSE I A T C C A G A T G C C A ~ T C T T C A V T 4 C A T A G . . ~ A C A G A T C T C A A G T  -145 
PEI3<r> "TT1<7,., . -  . . . .  

OETlC7/8> I P E A 3 ( 5 / 6 E m G C N 4  - 
RAT TCCTTCVCA~ACATAGCAT~CATATCACG&TGACGCTCAGGAATGA 127 

I I I  I I I I I I I I I I I I I I I I I I  

RAT TCCGGCACGCAGCTGGCAGCAECCATCGCCGC~ACATAAGCTCCC~A -27 
I I I I I I I I  I I I I I I I I I I  I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I  

MOUSE TCCGGC$CACAGCTGGCAGAAGCCATCGCAGCAACATAAGCTCCCG* -23 ,. IR a P F n  - .. 
- PEA3(5/6) M 5 5 E G 

RAT AGGAGTCCAGAGACACAGAGC~AGPITGAGTTCCGAGACAG +16 
I l l  I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I  

MOUSE GGCGTCCAGAGAC . . . .  A G B A T G A G T T C C G A G A C A G  +16 
PEA3(5/6) M S S E T G 

Fig. 9. Sequence al ignment of mouse and rat apobec-1 gene f lanking regions. h: 5' flanking DNA sequence, upstream of and inc lud ing the 
first untranslated exon (exon A).  The locations o f  potential transcription factor binding sites are indicated by a solid l ine. The solid circle 
indicates the major transcription s t a r t  site o f  rat exon A. The open circles indicate the dif ferent transcription start sites identi f ied in exon A 
of the mouse upobec-1 gene. B: 5' f lanking region upstream o f  exon 1 in the rat and mouse upohec-1 gene. The locations o f  potential transcription 
factor binding sites are indicated by a solid line. A direct repeat of 35 nucleotides in the rat  upobec-I gene i s  boxed. The solid circles indicate 
the dif ferent transcription s ta r t  sites in rat exon 1. The open circles indicate the dif ferent transcription start sites identi f ied in exon I of the 
mouse upobec-1 gene. The asterisks indicate the sites o f  alternative splice acceptor sites. 

study of Nakamuta and colleagues (1 7) corresponds to 
exon la, and results from utilization of the distal tran- 
scription start site in mouse exon 1. In particular, the 
data establish the presence of exon l a  in rat kidney, 
colon, heart, and ovary in addition to the small intes- 
tine (Fig. 6B). Our findings thus suggest that this un- 
translated region of exon 1 is transcribed in multiple 
tissues of both the rat (data above, Fig. 6) and mouse 
(K. Hirano and N.O. Davidson, unpublished observa- 
tions) upobec-1 genes. By contrast, the data suggest that 
apobec-1 mRNA originating from the proximal tran- 
scription start site in exon 1 is confined to the small 
intestine and colon in the rat. 

We confirmed the presence of alternative splice ac- 

ceptor sites within exon 1 of both the mouse and rat 
upobec-I genes, although, as suggested by Nakamuta and 
colleagues (17), the major splice variants account for 
more than 90% of the population of apobec-1 tran- 
scripts found in both species. In addition to these previ- 
ously described splice variants, minor populations of 
mRNA (-5-10% total) were found in both the rat and 
mouse that arise from a novel, exon %skipped, splice 
variant which generates a frame-shift and produces a 
premature stop codon. As a result, it is anticipated that 
the variant mRNA species would not encode a func- 
tional protein, but firm conclusions on this point must 
await formal examination. Our recent results indicate 
that -50% of the total population of apobec-1 mRNA 

1116 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Exon A Exon 1 
A 

c 
Hind 111 Spe I(4239) 

1 I LUC 1 REXA 

Spe I (4239) Ava I (-33) 
LUC I RINl+REXI 

B 
R E M  

RINl tREXl  

REXl 40-1 
30 - 

2 20- 

10- 

CaCo-2 Hepa.6 McA7777 HepG-2 HeLa 

C 
Dislal TSS E Proximal TSS 

-E 
ATG 

-1778 
REXl a-m 

REXI-6 -l,-W 

REXI-C 

REXI-D 

REX1-E 

REXI-F 

REXI-G 

REX1.H 

REXI-AF 

0 10 20 30 40 50 

-1778 
REXl m 
REX1-A 

REXI-8 
REXI-C -674 

-1415 
iiia 
m 

REX1-D .52G 
REX1-E -40* 
REX1 F 

REX1-G 

REXI-H 

REX1.AF 

0 10 20 30 40 50 

RLA 

Fig. 10. Demonstration of promoter activity of rat upobec-1-luciferase fusion constructs. A Schematic presentation of rat upobec-1 gene illustrating 
5’ flanking regions of exon A and exon 1 and the three constructs used to examine promoter activity. REM contains -3.0 kb of upstream 
sequence; IUNl + REXI contains a continuous region from -4239 to -33 (intron 1 and exon 1) while REXl contains the proximal region 
of intron 1, from -1778 to -33. LUC, luciferase reporter gene. B: Reporter gene Constructs were cotransfected into the indicated cell lines 
along with pCMV PGal as an internal control and luciferase activity determined 48 h later. The data (mean 2 SD) are expressed as relative 
luciferase activity (RLA), normalized to the expression of !.%Gal. For the purposes of comparison, luciferase activity in cells transfected with 
pGL-2 Basic is assigned a value of 1.0. C: Distinct promoter regions within intron A and exon 1 of the rat apobec-1 gene function in the 
regulation of intestinal expression. The parental construct REXl was used as a starting point for serial deletions using exonuclease 111 digestion, 
resulting in the production of constructs REXl-A through REX1-H, each of which was sequenced. REXl-AF was constructed with an internal 
deletion from nucleotides -281 to -33 and religated into the original plasmid. These constructs were transfected into confluent Cat-2 and 
McA7777 cells and luciferase activity measured 48 h later. The data (mean ? SD of triplicate transfections) are expressed as relative luciferase 
activity (RLA), normalized to the expression of !.%Gal, as detailed above. For the purposes of comparison, luciferase activity in cells transfected 
with pGL2 Basic is assigned a value of 1.0. The location of transcription initiation sites within exon 1 is indicated schematically at the top of 
the figure as a reference point for the constructions examined. 

in the human small intestine undergoes exon 2 skip 
ping. The splice variant mRNA species is predicted to 
encode a novel truncated peptide of 36 residues which 
is detectable by immunocytochemical staining within 
small intestinal enterocytes (33). Conceivably, the mod- 
ulated pattern of promoter usage and alternative splic- 
ing could function in the physiological regulation of 
apobec-1 gene expression and this possibility merits fur- 
ther attention. While yet untested, such a possibility 
could potentially provide a mechanism to limit the ex- 
pression of apobec-1. Considered in the light of recent 
studies from Yamanaka and colleagues (53), which indi- 
cate that forced overexpression of apobec-1 in the liver 

of transgenic mice and rabbits is associated with the de- 
velopment of hepatomas, it is tempting to speculate that 
adaptive mechanisms may have evolved to restrict the 
expression of apobec-1 . 

The current studies also provide important preliminay 
information conceming the regulation of apobec-1 tran- 
scription in the rat. The data demonstrate that an un- 
restricted pattem of luciferase expression was promoted 
by a construction containing the region flanking exon A, 
a finding consistent with the widespread expression of 
apobec-1 mRNA in the rat (16). However, the ability of 
constructions containing - 1.8 kb flanking exon 1 to p r e  
mote luciferase activity in McA7777 cells was somewhat 

Hirano et al. Rat and mouse apobee-I gene structure 11 17 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


unexpected, as the evidence from RNase protection assay 
(Fig. 6) implies that the major population of apobec-1 
mRNA arising in the rat liver is transcribed from exon A. 
Among the potential explanations for this observation is 
the absence of liver-specific repressor element$ from the 
constructions used. While the use of constructions con- 
taining larger flanking regions upstream of exon A will 
help in the resolution of this issue, it bears emphasis that 
the interpretation of such transient transfection assays re- 
quires caution. In addition, while a defined region from 
the putative proximal promoter region of exon 1 ,  con- 
taining 262 nt of flanking sequence upstream of the initia- 
tor codon, appeam to contain a minimal functional pro- 
moter active in both Caco-2 and McA7777 cells, further 
work will be required to delineate the niechanisrns re- 
sponsible for intestine-specific expression. The evolution- 
a’y and functional significance of these regulatoly motif:., 
will be the focus of future rep0rts.U 

This work was supported by grants from the National Insti- 
tutes of Health (HL-38180, DK42086, and HL-18.577) to NOD. 
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