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Abstract The human apoB gene encodes an mRNA of 14121
nucleotides. In liver the apoB gene produces a full-length ma-
ture protein of 4,536 amino acids (B-100), whereas in the intes-
tine this gene produces a truncated protein of 2,152 amino acids
(B-48). B-48 results from RNA editing of nucleotide 6666 from
C to U, thereby producing a stop codon at position 2153. Rat
liver has been shown to contain apoB RNA editing capability
resulting in production of both B-100 and B-48. To create an in
vitro expression system for human B-100, a minigene with a wild
type coding sequence for the entire B-100 protein (B-100/Gln)
was stably transfected into rat hepatoma cells (McA-RH7777).
Similarly, a minigene with mutation at nucleotide 6667 that al-
lowed translation even after editing of nucleotide 6666
(B-100/Leu, nonstop mutant), a minigene with an additional
nonsense mutation at nucleotide 7053 to produce B-50
(B-50/Leu), and a truncated wild type minigene with a stop sig-
nal at codon 3261 to produce B-74 and an mRNA of 10 kb
(B-74/GlIn) were also transfected. Very little full-length B-100
and B-74 was produced by any of the respective constructions,
including the B-100/Leu with the nonstop mutation. Transfec-
tion with B-100/Gln, B-100/Leu and B-74/Gln constructions
produced greater than 90% of apoB as B-48, whereas the
B-50/Leu construction produced 76% B-50 and 24% B-48. The
inability of the B-100/Leu construction to produce B-100 sug-
gested an explanation for B-48 production other than RNA edit-
ing. Northern blot analysis showed that the RNA produced by
all four transfectants was shortened to a size of about 7 kb. A
10-kb but no 7-kb RNA was observed in the B-74/Leu construc-
tion when transfected to Chinese hamster ovary cells suggesting
cell type specificity in generation of a shortened RNA. The 3'
end of apoB RNA from McA-RH7777 B-100/Leu transfectants
was reverse transcribed, cloned, and sequenced. This revealed
two species of RNA: one polyadenylated at or near nucleotide
6775 capable of coding for B-48, the other polyadenylated at
nucleotide 7080 capable of coding for B-50. In 18% of the cDNA
clones, nucleotide 6666 was edited from C to T. In 6 of 34 clones,
addition of the poly(A) tail after nucleotide 6774 created a TAA
stop codon, whereas no stop signals could be detected in the re-
maining clones. il These studies suggest that lack of human
B-100 expression in McA-RH7777 cells is due to alternative
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polyadenylation of apoB RNA at cryptic polyadenylation
sites.— Heinemann, T., S. Metzger, E. A. Fisher, J. L. Breslow,
and L-S. Huang. Alternative polyadenylation of apolipoprotein
B RNA is a major cause of B-48 protein formation in rat hepa-
toma cell lines transfected with human apoB-100 minigenes. J.
Lipid Res. 1994. 35: 2200-2211.
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Apolipoprotein B (apoB) is the major protein compo-
nent of low density lipoproteins (LDL) and is the ligand
for the LDL receptor, which mediates cellular uptake of
LDL (1). The human apoB gene contains 29 exons and is
43 kb in length (2). ApoB protein exists in two forms,
B-100 and B-48, that differ by size and site of synthesis,
the liver and intestine, respectively (1). ApoB mRNA,
which is 14 kb in length, encodes a mature B-100 protein
of 4,536 amino acids (3, 4). B-100 and B-48 are products
of the same gene (1). A specific editing of C to U at
nucleotide 6666 of B-100 RNA converts the glutamine
(Gln) codon 2153 to a stop codon accounting for the
production of B-48 (5, 6).

Elevated plasma LDL and apoB levels are major risk
factors for atherosclerosis susceptibility and coronary
heart disease, while moderately decreased levels of LDL
cholesterol are generally associated with a decreased risk
(7, 8). Specific apoB gene mutations have been shown to

Abbreviations: apoB, apolipoprotein B; LDL, low density lipoprotein;
VLDL, very low density lipoprotein; CHO cells, Chinese hamster ovary
cells; CMV, cytomegalovirus.
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either increase or decrease LDL cholesterol levels (7).
Elucidation of apoB structure/function relationship may,
therefore, enhance our understanding of the role of apoB
in lipoprotein metabolism and atherosclerosis susceptibil-
ity. Expression of truncated apoB proteins in vitro has
yielded insight into the role of the amino-terminal end of
the protein in lipoprotein assembly and secretion {9-11).
Several such studies demonstrate the use of rat hepatoma
cells, McA-RH7777, for expression of human apoB pro-
teins in vitro (10-12). The McA-RH7777 cell line retains
two key properties of primary rat hepatocytes: secretion of
apoB-containing VLDL particles, and a high rate of pro-
tein production (10, 13). However, unlike in humans,
RNA editing activity of apoB RNA is present in both rat
liver and intestine (14). Consequently, transfection of
McA-RH7777 cells with an apoB-100 minigene construc-
tion yields mainly B-48 proteins (12). Base substitutions
near the editing site fail to prevent editing of apo-B RNA
in McA-RH7777 cells (15). The formation of B-48-like
proteins, however, is abolished if the editing of nucleotide
6666 is allowed to occur in a truncated B-53 construction
harboring a nonstop leucine (CTA) codon at position 2153
(12). When this leucine codon (CUA) is edited, a silent
substitution that codes for leucine (UUA) results, thereby
allowing translation to proceed beyond the editing site.

In this report, we describe our results obtained from ex-
pression of one wild type and two mutated B-100
minigene constructions and a B-74 truncated minigene
construction in McA-RH7777 cells. All four minigene
constructions, including the B-100 minigene containing a
nonstop leucine mutation at codon 2153, failed to express
a full-length B-100 protein. Instead, a B-48-like protein
was produced from a shortened 7-kb apoB RNA gener-
ated by alternative polyadenylation at cryptic polyadeny-
lation sites. A shortened apoB RNA, however, was not ob-
served in Chinese hamster ovary (CHO) cells which do
not exhibit RNA editing activity.

MATERIALS AND METHODS

Construction of apoB minigenes

ApoB-100 and B-74 minigenes were constructed as
shown schematically in Fig. 1. 'To create a wild type B-100
minigene construction, a heterologous promoter derived
from cytomegalovirus (CMYV), and fragments from apoB
¢DNA and genomic clones were used. As shown in line 1
of Fig. 1A, clone pCMV3 contains the CMV promoter
sequence and was derived from pCMVg (Clontech Inc.).
For subcloning purposes, a Pacl site was engineered 3' to
the Sall site in the vector. Clones pB274 (fragment A) and
pB271 (fragment B) containing the cDNA from -10 to
+2278 and +2279 to +5289, respectively, were obtained
by ¢cDNA synthesis from poly(A)* RNA derived from hu-
man hepatoma cells, HepG2 (lines 2 and 3 of Fig. 1A).

Hetnemann ¢t al.

Clone pB264 was subcloned from a 12-kb Xhol fragment
of a genomic clone, CosB31 (16), and contains the
genomic sequence from +5290 to approximately 1 kb of
the sequence 3' to poly(A) signals of the apoB gene (line
4 of Fig. 1A). A linker containing a Pacl site was inserted
downstream to the 3' Xhol site, so that digestion with Sall
and Pacl enzymes would release a 10-kb fragment (frag-
ment C). Fragment C contains most of exon 26, exons
27-29, introns 26-28, the termination codon, the poly(A)
signals, and 1 kb of the downstream sequences. As shown
in Fig. 1A, the final construction, pB384, was obtained by
ligation of fragments A and B (line 5 of Fig. 1A); insertion
of fragments A and B into pCMV3 vector (line 6 of Fig.
1A); and ligation of fragment C with the vector containing
the CMV promoter, fragments A and B derived from line
6 (line 7 of Fig. 1A). Clone pB384, was analyzed by res-
triction enzyme digestions and partial DNA sequence
analysis. Based on the expected size of apoB proteins ex-
pressed from this minigene and the amino acid residue at
codon 2153, the construction was designated as B-100/Gln
(line 1 of Fig. 1B).

To prevent introduction of a stop signal at codon 2153
of the RNA transcribed from the apoB minigene con-
structions by RNA editing, an editing mutant was gener-
ated (B-100/Leu, line 2 of Fig. 1B). A single base substitu-
tion of T for A at nucleotide 6667 of the minigene,
resulting in a Gln (CAA) to Leu (CTA) codon change, was
created using a site-directed mutagenesis system {Amer-
sham Inc.) based on the method of Sayers, Schmidt, and
Eckstein (17). Editing of the RNA transcribed from this
B-100 minigene in McA-RH7777 cells would result in a si-
lent substitution, ie., CUA (Leu) to UUA (Leu), rather
than a stop codon (nonstop editing mutant). For muta-
genesis, a 1.8-kb Clal-HindlIII fragment (line 4 of Fig. 1A)
was subcloned, and then subjected to mutagenesis. The
final B-100 nonstop editing mutant was achieved by sub-
stituting the wild type Clal-HindIII fragment with the
mutated fragment. The base substitution in the final con-
struction, pB379, was verified by DNA sequence analysis.
One of these editing mutant clones was found to contain
an additional A to T base change in nucleotide 7053
resulting in an in frame stop codon (TGA) at amino acid
2282. The predicted size of the apoB protein expressed
from this nonsense and editing double mutant (pB344)
would be B-50 (B-50/Leu, line 4 of Fig. 1B).

A truncated B-74 construction was created by substitut-
ing the 10-kb fragment C in the B-100 minigene construc-
tion with a 4-kb Sall-Avrll fragment (fragment C') iso-
lated from pB264 (line 4 of Fig. 1A). The last codon 3260
(GGT, Gly) in the fragment C' was reconstituted when
engineered into a plasmid vector containing linker se-
quences including a TAA stop signal. The final construc-
tion, pB444, contains the CMV promoter, B-74 se-
quences, and a SV40 poly(A) signal (B-74/Gln, line 3 of
Fig. 1B).
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Fig. 1. Cloning strategy and schematic diagram of the apoB minigene constructions. Multiple cloning steps used for the construction of the apoB
minigenes are depicted in Fig. 1A and are described in detail in Materials and Methods. Clone pCMV3 contains the CMV promoter sequences.
Clones pB274 and pB271 are cDNA clones, while clone pB264 is a genomic clone. Restriction enzyme sites are shown in capital letters: A, Avrll;
C, Clal; H, HindII; K, Kpnl; P, Pacl; S, Sall; X, Xhol. Parentheses indicate sites engineered for cloning purposes. Solid boxes indicate the positions
of introns in pB264. The Clal-HindIII fragment of pB264 was used for site-directed mutagenesis to create a leucine mutation at codon 2153. The
Sall-Avrll fragment of pB264 was used in the construction of the B-74 minigene. All four minigenes are shown schematically in Fig. 1B. Based on
the expected size of apoB proteins from the respective minigene construction and their amino acid residue at codon 2153, clones containing pB384,

pB379, pB444, and pB344 are designated as B-100/Gln, B-100/Leu, B-74/Gln, and B-50/Leu, respectively.
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Preparation of apoB stable transfectants

Both McA-RH7777 and CHO cells were maintained in
Ham’s F12 medium (Gibco BRL, Inc.) containing 10% fe-
tal bovine serum (FBS). Cells were plated at 30%
confluence with Dulbecco’s modified Eagle’s medium
(DMEM) 1 day prior to transfection. ApoB minigene
constructions were cotransfected with pSV2neo plasmid
in a 20:1 molar ratio using calcium phosphate coprecipita-
tion as described previously (18). About 48 h after trans-
fection, G418 was added to medium for selection. Single
foci of the resistant colonies were picked 10-14 days after
selection. Genomic DNA was isolated from these transfec-
tants and then subjected to Southern blot analysis (19).
The 3-kb HindIII-Sall fragment of pB271 (line 3 of Fig.
1A) was used as a probe after radiolabeling with o®?P-
dCTP (800 mCi/mmol, Amersham Inc.) by random
priming method (20). Positive. stable transfectants con-
taining apoB minigene constructions were selected and
maintained in the presence of G418 (400 ug/ml).

Metabolic labeling of cellular and medium proteins

ApoB stable transfectants were plated in plastic petri
dishes (100 mm) and grown to confluence. Cells were
washed twice with methionine-free (Met-free) DMEM
and then labeled for 4 h in 5 ml Met-free DMEM con-
taining 0.5 mCi 3*S-Trans label (ICN, Inc.). After label-
ing, medium was collected and protease inhibitors were
immediately added to all samples. Final concentrations of
inhibitors were as follows: aprotinin (100 KIU/ml), ben-
zamidine (2 mM), caproic acid (1.3 mg/ml), EDTA (5
mM), glutathione (0.02%), leupeptin (10 pg/ml), D-
phenylalanyl-L-prolyl-L-arginine (PPACK, 1.0 uM), pep-
statin (10 ug/ml), polybrene (25 pg/ml), and soybean tryp-
sin inhibitor (20 pg/ml). Medium samples were cen-
trifuged to remove cell debris. Cells were washed twice
with ice-cold phosphate-buffered saline (PBS), pH 7.4,
and then scraped off the plates in 1 ml PBS. Cells were
pelleted and resuspended in lysis buffer (150 mM NaCl,
50 mM Tris-HCI, pH 7.4, 5 mM EDTA, 62.5 mM sucrose,
0.5% sodium deoxycholate, and 0.5% Triton X-100) con-
taining protease inhibitors as described above. Cells were
lysed on a rocker at 4°C for 1 h. Debris was removed from
cell lysates by centrifugation. Both medium samples and
cell lysates were analyzed by immunoprecipitation.

Immunoprecipitation and SDS-polyacrylamide gel
electrophoresis

Both medium samples and cell lysates from apoB trans-
fectants were subjected to immunoprecipitation as
described (21). The amount of protein labeled was
quantified by trichloroacetic acid (TCA) precipitation as
described (22). Equal amounts of TCA-precipitable cell
lysates (2 x 107 cpm) and medium samples (5 x 106 cpm)
were used. All samples were incubated with equal volume
of dilution buffer (150 mM NaCl, 50 mM Tris-HCI, pH

Hetnemann et al.

7.4, 5 mM EDTA, 0.5% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS)), and a polyclonal rabbit anti-
human apoB antibody at 4°C overnight. Rat serum was
also added to the reaction mixture to remove antibody
crossreactivity to endogenous rat apoB proteins synthe-
sized in McA-RH7777 cells. Protein A-Sepharose (Phar-
macia LKB, Inc.) was then added to samples and in-
cubated at 4°C for 3 h. At this time, samples were washed
three times with dilution buffer and resuspended in 1 x
electrophoresis sample buffer (23). After washing, sam-
ples were boiled for 5 min prior to loading onto a 4%
SDS-polyacrylamide gel (SDS-PAGE) (23). After elec-
trophoresis, gels were subjected to fluorography, dried,
and exposed to X-ray films at -70°C with intensifying
screens. The relative amounts of apoB proteins expressed
in the transfectants were determined by scanning the auto-
radiogram with a densitometer (LKB, Inc.).

RNA isolation and Northern blot analysis

Total cellular RNA was extracted from various cells
lines using the guanidinium thiocyanate method accord-
ing to Chomczynski and Sacchi (24). Cells plated in plas-
tic petri dishes (100 mm) were grown to confluence and
scraped off plates in 1 ml 4 M guanidinium thiocyanate.
Cell lysates were extracted with a solution containing
water-saturated phenol (Gibco BRL, Inc.), chloroform,
and 200 mM sodium acetate, pH 4.2, prior to isopropanol
precipitation. RNA samples were stored in a 70%
ethanol/200 mM sodium acetate solution at —70°C.

Total cellular RNA samples from both McA-RH7777
transfectants (15 pg) and CHO transfectants (30 pg) were
subjected to Northern blot analysis (25). RNA samples
were electrophoresed in a 6% formaldehyde/0.8% agarose
gel and then transferred to a nylon membrane. Mem-
branes were baked at 80°C for 2 h and prehybridized at
65°C for 3 h in a buffer containing 5 x SSPE (1 x SSPE
= 150 mM NaCl, 10 mM sodium phosphate, pH 7.4, 10
mM EDTA), 0.2% nonfat dry milk, 0.5% SDS, 100 pg/ml
salmon sperm DNA, and 50% formamide. The mem-
branes were then hybridized with either a 5' or a 3' apoB
cDNA probe in the same buffer at 42°C overnight. The
5' probe, pB271, contained nucleotides 2279 to 5289 en-
coding the apoB protein sequence from B-16 to B-38. The
3’ probe, pB522, contained nucleotides 7673 to 9849, en-
coding the apoB protein sequence from B-56 to B-73.
Membranes were then washed in 0.1 x SSC/0.1% SDS
(1 x S8C = 150 mM NaCl, 15 mM sodium citrate) at
65°C for 15 min and exposed to X-ray films at -70°C
with intensifying screens.

Fractionation of total cellular RNA

Poly(A)* RNA was selected from total cellular RNA of
the McA-RH7777 B-100/Leu transfectant by chromatog-
raphy on oligo(dT) cellulose. A 1-ml column containing
25 mg oligo(dT) cellulose (Boehringer Mannheim) was
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rinsed with ddH,O and a washing solution containing 0.1
M NaOH and 5 mM EDTA. The column was then condi-
tioned with 1 ml of high salt loading buffer containing
0.01 M Tris-HCI, pH 7.5, 0.5 M NaCl, 1 mM EDTA, and
0.1% SDS. Total cellular RNA (150 ug) was resuspended
in 200 ul of this buffer and loaded onto the column after
incubation at 65°C for 5 min. The effluent was heated to
65°C again and reapplied to the column. The column was
then washed twice with 450 ul of high salt loading buffer
with the effluent saved as the poly(A)” RNA fraction. Af-
ter a wash with 800 ul of low salt loading buffer (0.01 Tris-
HCJ, pH 7.5, 0.1 M NaCl, 1 mM EDTA, 0.1% SDS), the
poly(A)* RNA was eluted with 450 ul of elution buffer
(0.01 M Tris-HCI, pH 7.5, 1 mMm EDTA, 0.05% SDS).
The poly(A)Y RNA fraction was applied to a regenerated
oligo(dT) column once more to ensure complete removal
of poly(A)* RNA. Both poly(A)” RNA and poly(A)* RNA
fractions were then precipitated in 70% ethanol/200 mM
sodium acetate and stored at —-70°C.

c¢DNA cloning by reverse transcription and polymerase
chain reaction

Total cellular RNA from apoB stable transfectants was
used for cDNA synthesis by reverse transcription followed
by PCR amplification as described (26). For first strand
synthesis, 5 ug of total cellular RNA was added to a reac-
tion mix containing oligo d(T);s primer (100 pmol),
dNTPs (0.25 mM), M-MLV reverse transcriptase (400
units, Gibco BRL), and RNasin (100,000 units,
Promega) in a buffer containing 50 mM Tris-HCI, pH
8.3, 75 mM KCI, 3 mM MgCl,, and 10 mM dithiothreitol.
Final reaction volume was 20 ul. The reaction mix was in-
cubated at 42°C for 45 min. To increase the yield of first
strand synthesis, the reaction mix was heat denatured at
90°C for 3 min followed by a second addition of M-MLV
reverse transcriptase (400 units) and RNasin (100,000
units). The reaction was carried out at 42°C for an addi-
tional 45 min and then terminated by heating at 90°C for
3 min. Two human apoB-specific primers were synthe-
sized for second strand synthesis. The first primer (#1489)
contained sequences corresponding to cDNA nucleotides
6319 to 6339 (5'-AGATGTTCACTCCATTAACC-3"). The
second nested primer (#259) contained sequences cor-
responding to cDNA nucleotides 6503 to 6525
(5" TCTGAATTCATTCAATTGGGAGA-3"). For cloning
purposes, a 3' oligo d(T) primer (#1827) containing en-
gineered EcoRI and HindIII enzyme sites was also syn-
thesized (5 TATATAAGCTTGAATTC(T)s-3"). For se-
cond strand synthesis, one tenth of the first strand
reaction mixture was added to a mix containing a human
apoB-specific primer #1489 (50 pmol) and 0.2 mM
dNTPs in a buffer containing 10 mM Tris-HCL, pH 8.3,
1.5 mM MgCl,, 0.1% gelatin, and 2 units of Taq DNA
polymerase (Perkin-Elmer Cetus). Conditions were as fol-
lows: 94°C for 3 min, followed by 35 cycles of 94°C (1
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min), 57°G (1 min), and 72°C (2 min), and a final exten-
sion period at 72°C for 10 min. Free nucleotides and
primers were removed from the PCR reaction products by
centrifugation in Centricon-100 fiiters (Amicon, Inc.). To
increase reaction specificity, the purified PCR product
was subjected to a second PCR reaction using two nested
primers, #259 and #1827. The annealing temperature
used for the second set of PCR was 55°C. For cloning, the
PCR reaction mixtures were precipitated and
resuspended in enzyme digestion buffers. Digested reac-
tion mixtures were then extracted with chloroform, cen-
trifuged through Centricon-100 fiiters, and ethanol
precipitated. The digested products were ligated to pUC
vectors and used to transform E. coli DH5¢ competent
cells. Recombinant colonies were identified by colony
hybridization as described (25). Colony filters were hybri-
dized to apoB specific oligonucleotide probes, which were
end labeled with [y3?PJATP using T4 polynucleotide
kinase as described (25). To identify clones containing
apoB sequences 3' to sequences coding for B-48, an
oligonucleotide (#257) corresponding to ¢cDNA nucleo-
tides 6921 to 6943 was used as a probe. In order to iden-
tify all apoB recombinants bearing sequences coding for
B-48 as well as B-50, the probe #257 was removed from
colony filters and filters were rehybridized to a different
probe (#1989) corresponding to cDNA nucleotides 6569 to
6588. Plasmid DNA from recombinants was isolated and
then subjected to DNA sequence analysis.

DNA sequencing analysis

Multiple clones derived from cDNA synthesis were se-
quenced. Double-stranded plasmid DNA isolated from
these clones was denatured by heat as described (27). The
denatured DNA samples were sequenced with apoB
sequence-specific primers using modified T7 DNA poly-
merase (Sequenase, United States Biochemical Co.) ac-
cording to the dideoxy termination method of Sanger,
Nicklen, and Coulson (28).

RESULTS

McA-RH7777 apoB transfectants expressed B-48-like
proteins

Expression of human apoB proteins from McA-
RH7777 transfectants was examined by metabolic label-
ing, followed by immunoprecipitation and SDS-PAGE.
As shown in Fig. 2, no cellular B-100 protein was ob-
served in either the B-100/Gln (wild type) or the
B-100/Leu (nonstop editing mutant) transfectants (lanes 2
and 3 of left panel). Trace amounts of B-100 protein were
observed in the medium fractions (lanes 2 and 3 of right
panel). No B-74 protein was observed in either cell or
medium fractions from the B-74/Leu transfectant (lane 4
of left and right panel). However, trace amounts of B-74
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Fig. 2. ApoB expression from McA-RH7777 transfectants. Cell lysates and medium samples from McA-RH7777 apoB transfectants were subjected
to immunoprecipitation followed by SDS-PAGE (see Materials and Methods). The fluorograph from the gel is shown. The molecular mass standard
in kD is indicated on the left. Cell and medium samples from HepG2 cells were used as positive controls for the B-100 proteins. Cellular samples
are shown on the left panel, and medium samples on the right panel. Lane 1: control McA-RH7777 cells. Lane 2: B-100/Gln transfectant. Lane 3:
B-100/Leu transfectant. Lane 4: B-74/GlIn transfectant. Lane 5: B-50/Leu transfectant. Proteins expressed by apoB transfectants are indicated on the

right side of the figure.

protein from both cellular and medium fractions were
visible after prolonged exposure (data not shown). In the
B-50/Leu transfectant, a protein of expected B-50 size was
detected in both cellular and medium fractions (lane 5 of
left and right panel). Additional bands underneath the
B-48-like protein were detected in the cell lysates of all
apoB transfectants (lanes 2 to 5 of left panel). These bands
were also observed in untransfected McA-RH7777 cells
(lane 1) after prolonged exposure to autoradiogram (data
not shown). These bands were often observed in untrans-
fected McA-RH7777 cells in our experiments and most
likely reflect nonspecific binding to the antibody. It is not
surprising to see the expression of B-48 proteins in both
B-100/Gln and B-74/Gln transfectants (lanes 2 and 4 of
left and right panel) as human apoB RNA can be edited
to B-48 RNA by the RNA editing activity present in
McA-RH7777 cells. However, a high level of expression of
B-48-like proteins in both B-100/Leu and B-50/Leu trans-
fectants was also observed (lanes 3 and 5 of left and right
panel). In the B-100/Leu transfectant, almost all apoB
protein produced is B-48-like, while in the B-50/Leu
transfectant, 24% of the total apoB protein is B-48-like
and the remaining 76% is B-50. As editing would only
result in a leucine to leucine silent mutation and not a
stop codon, these results were unexpected. To rule out the
possibility that the formation of B-48 protein was due to
a cloning artifact, all of the minigene constructions were
sequenced 1 kb spanning the editing site. No sequence er-
rors were found. As the presence of B-48-like proteins is
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not likely due to introduction of a stop codon by RNA
editing, we speculated that other mechanisms might play
a role in the formation of these proteins.

A 7-kb apoB RNA was transcribed in the
McA-RH7777 transfectants but not in the CHO
transfectants

To determine whether the formation of B-48-like pro-
teins in B-100/Leu and B-50/Leu transfectants was a tran-
scriptional or post-transcriptional event, total RNA sam-
ples from apoB transfectants were subjected to Northern
blot analysis (Fig. 3A and B). Expected sizes of the apoB
mRNA are 14 kb for the B-100/Gln, B-100/Leu, and
B-50/Leu transfectants and 10 kb for the B-74/GlIn trans-
fectant (Fig. 1B). Surprisingly, in McA-RH7777 cells only
one species of apoB RNA from all four transfectants was
detected using a 5' cDNA probe specific to human apoB
(lanes 2 to 5 of Fig. 3A). The size of RNA was approxi-
mately 7 kb. Although this result was unexpected, it indi-
cated that the formation of B-48-like proteins in apoB
McA-RH7777 transfectants (Fig. 2) was likely due to a
shortened RNA. To determine whether this phenomenon
also occurs in other types of-cells, RNA from four
separate CHO B-74/GlIn transfectants were analyzed by
Northern blot analysis. As shown in Fig. 3, an expected
10-kb B-74 RNA was detected in the CHO transfectants
(lanes 7 to 10 of Fig. 3A). These results showed that the
occurrence of shortened apoB RNA was specific to a cell
line exhibiting RNA editing activity.
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Fig. 3. Northern blot analysis of RNA samples from McA-RH7777
and CHO apoB transfectants. Total RNA isolated from McA-RH7777
and CHO apoB transfectants was subjected to Northern blot analysis
and hybridized to either a human apoB probe (pB271) containing cDNA
sequences from nucleotide 2279 to 5289 (A) or to a human apoB probe
containing cDNA sequences from nucleotide 7673 to 9849 (B). A 14-kb
apoB RNA was detected from control HepG2 cells by both probes. RNA
samples from control McA-RH7777 and CHO cells are shown on lane
1 and lane 6, respectively. RNA samples from McA-RH7777 apoB sta-
ble transfectants are shown in lanes 2 to 5 of Fig. 3, A and B: lane 2,
B-100/Gln transfectant; lane 3, B-100/Leu transfectant; lane 4, B-74/GIn
transfectant; and lane 5, B-50/Leu transfectant. RNA samples from four
different CHO B-74/GIn transfectants are shown in lanes 7 to 10 of Fig.
3, A and B.

Another Northern blot with samples identical to those
in Fig. 3A was hybridized with a 2.2-kb cDNA probe con-
taining sequences coding for B-56 to B-73 (Fig. 3B). This
was performed to rule out the possibility that a full-length
14-kb apoB message in McA-RH7777 transfectants was
cleaved at the sequence near the B-48 editing site by a
nuclease resulting in two 7-kb RNA species indistinguish-
able by size. As shown in Fig. 3B, the 3' probe hybridized
only to the 10-kb apoB RNA from four separate CHO
B-74/Gln transfectants (lanes 7 to 10), but not to the 7-kb
apoB RNA from McA-RH7777 transfectants (lanes 2 to
5). These results showed that the latter was in fact derived
only from the 5' half of the apoB RNA. In addition, the
probe hybridized to trace amounts of a 14-kb full-length
message from the McA-RH7777 transfectants containing
full-length minigene sequences (lanes 2, 3, and 5 of Fig.
3B) and a 10-kb message in the B-74/Gln transfectant
(lane 4 of Fig. 3B), consistent with the small amount of
secreted full-length protein detected by immunoprecipita-
tion as shown in Fig. 2.
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The 7-kb apoB RNA was polyadenylated

To determine whether the 7-kb apoB RNA was poly-
adenylated, total cellular RNA from McA-RH7777
B-100/Leu transfectants was separated into poly(A)* and
poly(A)™ fractions by oligo(dT) cellulose chromatography.
Both RNA fractions along with total cellular RNA were
subjected to Northern blot analysis using a 5' human
apoB cDNA probe (pB271), as shown in Fig. 4. A total
of 15 pg total cellular RNA (lane 2) and poly(A)~ frac-
tion (lane 5) was used. A total of 0.18 pg of poly(A)* RNA
was used (lane 3 of Fig. 4), as the percentage of poly(A)*
RNA recovered from total cellular RNA was about
1.23%. Additional samples with higher or lower concen-
trations of RNA from poly(A)* (0.37 pg, lane 4) and
poly(A)~ (10 pg, lane 6) fractions were also used. As shown
in Fig. 4 the 7-kb apoB RNA was present in both total cel-
lular RNA (lane 2) and poly(A)* RNA fraction (lanes 3
and 4), but not in the poly(A)™ fraction (lanes 5 and 6).
This indicated that most if not all of the 7-kb apoB RNA
in McA-RH7777 transfectants was in fact polyadenylated.
The migration difference of apoB RNA observed in total
cellular RNA (lane 1) and poly(A)* RNA (lanes 2 and 3)
was likely attributed to different amounts of RNA loaded
on the gel and was not a reflection of size differences.
Trace amounts of a 7-kb apoB RNA were also observed
in the HepG2 cells (lanes 1 and 7) suggesting that genera-
tion of a shortened 7-kb apoB RNA also occurred in this
cell line.

} X 3
y & © 9 © @
> ) )
\Z‘oqo \6@ ¢ ¢ Q@Q

1 2 3 4 5 6 7

14 kb—

7 kb—

Fig. 4. Northern blot analysis of poly(A)* and poly(A)” RNA fractions
from McA-RH7777 B-100/Leu transfectant. Total cellular RNA (15 ug,
lane 2), poly(A)* RNA (0.18 ug, lane 3; 0.37 ug, lane 4) and poly(A)”
RNA (15 pg, lane 5; 10 pg, lane 6) from the McA-RH7777 B-100/Leu
transfectant was subjected to Northern blot analysis using a 5' human
apoB probe (pB271). A 14-kb full-length B-100 RNA from HepG2 cells
was used as size marker (lanes 1 and 7). The difference in migration be-
tween total cellular RNA and poly(A)* RNA was caused by differences
in the amount of RNA loaded on the gel as described in Results.
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Polyadenylation occurred at various sites in the 7-kb
RNA

The size of the apoB RNA from the examined McA-
RH7777 apoB transfectants indicated that apoB RNA
terminated at approximately 7 kb 3' to the start of tran-
scription. As there are several cryptic polyadenylation sig-
nals clustered in nucleotides 6681-7055 of the apoB
cDNA sequence (4), as shown schematically in Fig. 5, we
speculate that these cryptic poly(A) signals were utilized
to generate shortened polyadenylated apoB transcripts.
To prove this possibility, total cellular RNA isolated from
the McA-RH7777 B-100/Leu transfectant was used for
c¢DNA synthesis by reverse transcription followed by PCR
amplification. An oligo d(T);s and a2 human apoB-specific
primer were used for the cDNA synthesis. The apoB-
specific primer was located approximately 300 to 600 bp
5 to possible polyadenylation sites (nucleotides
6681-7055) for the 7-kb RNA. PCR-amplified products
were analyzed on agarose gels, stained with ethidium bro-
mide, and visualized under UV light. One major product

- of approximately 300-350 bp, suggesting a polyadenyla-

tion site in the vicinity of the cDNA that encodes B-48,
and a minor product of approximately 600 bp, suggesting
a polyadenylation site in the cDNA encoding B-50, were
observed when total cellular RNA isolated from the
B-100/Leu transfectant was used as a template (data not
shown). The same preparation of the RNA sample from
the B-100/Leu transfectant was also subjected to cDNA
synthesis with the omission of first strand synthesis fol-
lowed by PCR amplification, and no specific PCR
products were observed. This indicated that there was no
DNA contamination in the RNA preparation from the
B-100/Leu transfectant and that the amplified cDNA
products are in fact reverse transcripts from the apoB RNA.

Amplified PCR products containing apoB cDNA der-
ived from the B-100/Leu transfectant were used directly
for cloning. Recombinant clones were identified by colony
hybridization using [y3?P]ATP-labeled oligonucleotide
probes corresponding to sequences in the vicinity of
cDNA encoding either B-48 or B-50. About 250 colonies
hybridized to the B-48 oligonucleotide probe and 11 of

them also to the B-50 specific probe. Plasmid DNA was
isolated from 23 of the B-48 clones and from all of the
B-50 clones. All B-48 recombinants contained an insert of
300-350 bp, whereas the B-50 recombinants had an insert
of about 600 bp. Sequence analysis of the B-48 clones
showed that the sites for polyadenylation varied. In 6
clones poly(A) sequences were added after cDNA nucleo-
tide 6777, which is 21 bp 3' to the cryptic poly(A) signal
ATTAAA at nucleotide 6752 (Fig. 6A). In 6 other clones
the poly(A) tails were added after nucleotide 6774, in 9
clones after nucleotide 6771, in 1 clone after nucleotide
6747, and in 1 clone after nucleotide 6651. In all clones,
the sequence of the editing site at nucleotide 6666 was also
examined. In 4 of the 23 B-48 clones (18%) nucleotide
6666 was edited to T and had TTA sequences for the leu-
cine codon 2153. Eighteen clones were not edited and the
remaining clone was polyadenylated before the editing
site. Among the 4 edited clones, 3 were polyadenylated af-
ter nucleotide 6771 and 1 after nucleotide 6777. In the 6
clones polyadenylated after nucleotide 6774, the addition
of a poly(A) tail created a TAA-stop codon, whereas no
stop codons were found in the sequences of the other
cDNA clones.

All of the B-50 clones were polyadenylated after nucleo-
tide 7079. As shown in Fig. 6B, a second cryptic poly(A)
signal (AATAAA) at nucleotide 7055 was apparently
used. In two out of 11 clones (18 %) the leucine codon 2153
was edited (TTA), whereas the remaining clones had a
non-edited codon (CTA). No stop signals or other
modifications in these fragments were detected by DNA
sequence analysis.

These DNA sequencing data showed that 6 out of a to-
tal of 34 clones examined (18%) were edited at codon
2153, suggesting that the RNA editing activity was active
and recognized the proper nucleotide for editing in the
McA-RH7777 B-100/Leu transfectant. There was no
difference in the percentage of edited cDNA clones ob-
served between B-48 clones and B-50 clones. More than
one cryptic poly(A) signal was apparently used resulting
in alternative polyadenylation of apoB RNA in McA-
RH7777 apoB transfectants. In the population of B-48
clones, polyadenylation after nucleotide 6771 appeared to

construction B-48 (CAA,CTA) B-50(TGA)  B-74 (TAA) B-100 (TAA)
codon 2153 2282 3261 4537
2 4 6 \] r 8 10 12 ‘14
kb _ 1 1 1 1 | ] ] | I ] | 1 ] ] 1 1 I
AATAAA ssaaj Jhoss L 9476 . Luosa bp
ATTAAA 2412 4791 6198 6681 6752 7406 7523 13068 13557 bp

Fig. 5. Schematic diagram of stop codons and cryptic poly(A) signals in apoB minigene constructions. The sites and nucleotide sequences of stop

codons for the four apoB minigene constructions are indicated in the map. Nucleotide positions for cryptic poly(A) signal sequences are shown beneath
the gene. Positions for the AATAAA and the ATTAAA motifs are indicated in base pairs (bp). One of two natural poly(A) signals in the 3' untranslated
region of the apoB cDNA is also shown (16).
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Fig. 6. Sequence analysis of cDNA clones. cDNA clones derived from
the B-100/Leu transfectant were subjected to DNA sequence analysis.
Fig. 6A shows the sequence from a cDNA clone identified by colony
hybridization with oligonucleotide probe corresponding to cDNA encod-
ing B-48. Fig. 6B shows the sequence of a cDNA clone identified by
colony hybridization with oligonucleotide probe corresponding to cDNA
encoding B-50. The cryptic poly(A) signals ATTAAA and AATAAA are
indicated in Fig. 6, A and B, respectively. cDNA nucleotide numbers up-
stream to the poly(A) tail are also shown.

be slightly favored and the percentage of edited clones was
found to be higher in this subpopulation when compared
to cDNA clones polyadenylated at other sites. The size
difference between the major B-48 and minor B-50 RNA
species (about 300 bp) could not be distinguished by
Northern blot analysis.

DISCUSSION

Expression of full-length apoB-100 proteins from
minigenes transfected into rat hepatoma McA-RH7777
cells is hampered due to conversion of CAA to UAA at
codon 2153 by a specific RNA editing mechanism (5, 6).
However, substitution of codon 2153 with a leucine codon
(CTA) allowed expression of full-length B-53 proteins af-
ter transfection with a truncated B-53 minigene (12). It
was shown that RNA editing of the Leu codon (CUA)

2208 Journal of Lipid Research Volume 35, 1994

would give rise to a silent substitution (UUA) instead of
a stop codon. In this report, we showed that McA-
RH7777 cells transfected with a B-100 minigene construc-
tion containing a Leu substitution at codon 2153 failed to
express full-length B-100 proteins. Instead, large amounts
of B-48-like proteins were produced. Northern blot analy-
sis detected a 7-kb RNA, rather than the expected 14-kb
RNA. A 7-kb apoB RNA was also observed in a McA-
RH7777 transfectant containing a truncated B-74 con-
struction, whereas in four different CHO B-74/Gln trans-
fectants the expected 10-kb apoB RNA was present. Se-
quence analysis of cDNA clones indicated that cryptic
poly(A) signals downstream of the editing site were used
for polyadenylation thereby resulting in a shortened apoB
RNA. The formation of B-48-like proteins, therefore,
resulted from an alternative polyadenylation of apoB
RNA and occurred only in a cell line exhibiting RNA
editing activity.

Recently, Johnson and Innerarity (29) reported an
identical species of polyadenylated apoB RNA in McA-
RH7777 cells transfected with a nonstop B-100/Leu
minigene as described in this study. However, the amount
of B-48 of total apoB proteins produced in their
B-100/Leu transfectant was about 70%, compared to
almost 100% produced in our B-100/Leu transfectant.
This suggests that the extent of alternative polyadenyla-
tion varies in different McA-RH7777 transfectants. It is
also possible that the level of expression of the transfected
apoB minigenes affects the efficiency of alternative RNA
polyadenylation.

A 7-kb apoB RNA also has been observed in intestinal
cells of humans and rabbits (5, 6). In the human intestine,
poly(A) signals in positions 6752 and 7055 were shown to
be utilized for the generation of alternatively poly-
adenylated intestinal apoB RNA (5, 6). Both of these
poly(A) signals were apparently also responsible for alter-
native polyadenylation of apoB RNA in the B-100
minigene transfectant described in the current study. The
combined results indicated that alternative polyadenyla-
tion of apoB RNA occurs both in vivo and in vitro.

As a short 7-kb apoB RNA was observed in a McA-
RH7777 B-74/Gln transfectant but not in CHO B-74/GIn
transfectants, this suggests that alternative polyadenyla-
tion of apoB RNA occurred only in cells with endogenous
RNA editing activity. Previous studies also have shown
that a 7-kb apoB RNA is detected only in intestinal cells
but not in human HepG2 hepatoma cells, which exhibit
a negligible amount of RNA editing activity (5, 6, 30, 31).
Our Northern analyses (Fig. 4) suggest that there is a
negligible amount of 7-kb apoB RNA present in HepG2
cells. In another study, an apoB fragment containing 354
bp of apoB cDNA sequences (nucleotides 6507-6860) en-
compassing the RNA editing site was inserted in frame
into the apoE cDNA sequence (32). A full-length apoE,B
chimeric message was detected in CHO transfectants,
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whereas both a full-length and a shorter chimeric message
were detected in human CaCo-2 cells of intestinal origin.
This shorter chimeric message was edited and poly-
adenylated 3' to the poly(A) signals in apoB cDNA sequences.

Therefore, there is strong evidence that the presence of
RNA editing activity is coincident with alternative poly-
adenylation of apoB RNA. It was suggested that replace-
ment of C by U at nucleotide 6666 in the intestinal apoB
RNA allows the recognition of cryptic polyadenylation
signals present in the apoB RNA (32). These signals are
clustered within 1 kb downstream of the editing site as
shown in Fig. 5. However, editing and alternative RNA
polyadenylation are most likely two separate mechanisms
relying on the presence of intact editing machinery. As
described previously, all human intestinal apoB RNA is
edited to a stop codon in residue 2153, yet only 85% con-
sists of a shortened 7-kb RNA (5). Hence, the conversion
of nucleotide 6666 from C to U does not ensure conse-
quent alternative polyadenylation of the RNA. Consistent
with this, our study showed that only 18% of the apoB
¢DNA clones derived from the shortened apoB RNA of
the B-100/Leu construction were edited.

In eukaryotic genes both poly(A) and termination sig-
nals are generally required for termination of the tran-
scription by RNA polymerase II (33, 34). Termination
sites are located downstream of poly(A) signals at varying
distances ranging from a few base pairs to more than 4 kb
(35, 36). These elements are considered to destabilize the
transcription complex by slowing the kinetic rate of tran-
scription, thereby initiating the termination process (37).
It was shown that multiple functional termination ele-
ments acting in concert may be necessary to ensure an
efficient termination of transcription (36, 38). It is not
clear by which mechanism the shortened RNA is created
in the McA-RH7777 apoB transfectants; however, it
might be caused by premature termination of RNA tran-
scription. In this respect it is interesting that in the
B-50/Leu transfectant both B-48 and B-50 proteins were
expressed and the amount of B-50 proteins was substan-
tially higher than that of B-48-like proteins. As the non-
sense mutation in this B-30 construction was a result of
base substitution at nucleotide 7053, this mutation might
decrease the efficiency of premature termination of RNA
transcription by affecting a sequence possibly involved in
the termination process, thereby allowing transcription to
proceed beyond the cryptic polyadenylation signal at
nucleotide 7055. Other 3' sequences might be relevant for
premature transcription termination. The B-50/Leu con-
struction used in this study contained the entire apoB
coding sequence. However, expression of a B-48 protein
was not detected when a truncated B-53/Leu minigene
was transfected in McA-RH7777 cells (12). Furthermore,
a recent report showed that B-48-like proteins were
produced when McA-RH7777 cells were transfected with
truncated minigene constructions ranging from B-60 to

Heinemann et al.

B-94 (39). In light of these additional findings we specu-
late that the absence of the 3' apoB sequence downstream
of cryptic poly(A) signals in the B-53/Leu minigene might
have prevented premature termination of apoB transcription.

A highly unusual finding in our study was that only 6
out of 34 cDNA clones derived from the B-100/Leu trans-
fectants had an in-frame stop codon (TTA) created by the
addition of a poly(A) sequence after nucleotide 6774, and
no stop codons were found in any of the remaining 28
clones. To our knowledge, this finding is unprecedented.
It remains unresolved whether the absence of a stop
codon affected translation termination or whether the
translated B-48 proteins contained a poly-lysine peptide
(AAA), translated from the poly(A) tail, at the carboxy
terminus of the protein.

In summary, we have identified alternative polyadeny-
lation of RNA as a major mechanism, in addition to RNA
editing, that accounts for the formation of B-48-like pro-
teins in B-100 minigene transfected McA-RH7777 cells.
Although the mechanisms responsible for the generation
of shortened apoB RNA transcripts await further investi-
gation, we propose that expression of a full-length B-100
protein might be achieved by the introduction of silent
substitutions in cryptic poly(A) signal sequences. Muta-
tions in poly(A) signals have been shown to affect tran-
scription termination drastically in mammalian genes
(33, 40). The elimination of active cryptic poly(A) signals
in apoB in conjunction with a nonstop leucine substitu-
tion in codon 2153 might overcome both hindrances of al-
ternative RNA polyadenylation and RNA editing so as to
facilitate full-length B-100 expression. The current study
also suggests that an in vitro expression system for B-100
in McA-RH7777 cells allows studies relevant to the alter-
native polyadenylation of apoB RNA described in human
intestine, adding to its value as a tool for investigation of
the intracellular metabolism of B-100. B
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