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Alternative splicing attenuates transgenic expression
directed by the apolipoprotein E promoter-enhancer
based expression vector pLIV11*

Dongmei Cheng, Philip S. MacArthur, Shunxing Rong, John S. Parks, and Gregory S. Shelness'

Department of Pathology, Section on Lipid Sciences, Wake Forest University School of Medicine, Winston

Salem, NC 27157

Abstract The plasmid vector pLIV11 is used commonly to
achieve liver-specific expression of genes of interest in
transgenic mice and rabbits. Expression is driven by the hu-
man apolipoprotein (apo)E 5’ proximal promoter, which
includes 5 kb of upstream sequence, exon 1, intron 1, and 5
bp of exon 2. A 3.8 kb 3’ hepatic control region, derived
from a region ~18 kb downstream of the apoE gene, en-
hances liver-specific expression. Here, we report that cDNA
sequences inserted into the multiple cloning site (MCS) of
pLIV11, which is positioned just downstream of truncated
exon 2, can cause exon 2 skipping. Hence, splicing is dis-
placed to downstream cryptic 3’ splice acceptor sites caus-
ing deletion of cloned 5" untranslated mRNA sequences
and, in some cases, deletion of the 5" end of an open read-
ing frame. To prevent use of cryptic splice sites, the pLIV11
vector was modified with an engineered 3’ splice acceptor
site inserted immediately downstream of truncated apoE
exon 2. Presence of this sequence fully shifted splicing of
exon 1 from the native intron 1-exon 2 splice acceptor site
to the engineered site.ll This finding confirmed that se-
quences inserted into the MCS of the vector pLIV11 can
affect exon 2 recognition and provides a strategy to protect
cloned sequences from alternative splicing and possible at-
tenuation of transgenic expression.—Cheng, D., P. S. Mac-
Arthur, S. Rong, J. S. Parks, and G. S. Shelness. Alternative
splicing attenuates transgenic expression directed by the
apolipoprotein E promoter-enhancer based expression vec-
tor pLIV11. J. Lipid Res. 2010. 51: 849-855.

Supplementary key words exon skipping ¢ liver-specific transgenic
expression ® microsomal triglyceride transfer protein ® RNA process-
ing ® transgenic mice

Apolipoprotein (apo)E is expressed most abundantly in
the liver, although low expression is also observed in many
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nonhepatic tissues, including brain and kidney. Simonet
etal. (1) identified a 3’ distal hepatic control region (HCR)
responsible for directing high levels of hepatocyte-specific
expression of apoE and silencing of apoE in nonhepatic
tissues, including kidney. On this basis, expression plas-
mids were designed that contained the 5” proximal pro-
moter region (which also included noncoding exon 1,
intron 1, and 5 bp of exon 2), a multiple cloning site
(MCS) for inserting genes of interest, part of exon 4
(which contains a polyadenylation site), and the 3.8 kb
HCR (Fig. 1A). This vector, pLIV11, as well as the related
plasmid, pLIVLE6, which contains a subdomain of the 3.8
kb HCR, have been successfully used to achieve high levels
of expression of a number of genes of interest in both
transgenic mouse (2-8) and rabbit (9) liver.

In the current report, the pLIV11 vector was employed
to express the Drosophila and human orthologs of MTP
(10-12). We report that sequences cloned within the MCS
of pLIV11 can affect 3’ splice acceptor site selection dur-
ing removal of intron 1, resulting in exon 2 skipping and
deletion of 5" segments of mMRNA. A method of protecting
cloned sequences from use as cryptic splice acceptor sites
was developed.

MATERIALS AND METHODS

Plasmid construction and generation of transgenic mice

Plasmids pLIV11 (1) and pLIV11-Notl (7) were obtained from
Liging Yu, Wake Forest University School of Medicine. pLIV11-
Notl is a derivative of pLIV11 containing additional rare restric-
tion sites, including Notl, positioned at the 5 end of the

Abbreviations: dMTP, Drosophila microsomal triglyceride transfer
protein; HCR, hepatic control region; hMTP, human microsomal tri-
glyceride transfer protein; MCS, multiple cloning site.
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Fig. 1. Genotypic characterization of hMTP trans-
genic mice. A: Organization of hMTP cloned into

pLIV11-Notl (E, exon; I, intron). Arrows indicate
approximate position of PCR primers used for geno-
typing; amplicon sizes, in bp, are indicated for each
primer pair (supplementary Table I). B: The indi-
cated primer sets were used to amplify tail DNA
from wild-type mice and transgenic founders 1, 2, 9,
and 17. PCR of water serves as a negative control
and PCR of plasmid pLN-hMTP serves as a positive

Primers 337 and 338

Primers pLIV-F and 630

control. Arrowheads indicate position of expected

Mouse Nos.

Mouse Nos.

PCR products; asterisk indicates a nonspecific
band.

transgenic cassette to facilitate separation of the transgene from
the plasmid backbone.

Inserting human MTP (hMTP) cDNA into pLIVII-Notl. The
5" end of the hMTP cDNA insert was released from plasmid pRC/
neo (13) by digestion with Spel, followed by treatment with T4
DNA polymerase. The 3" end was released by digestion with Mlul.
pLIV11-Notl was digested with Clal followed by treatment with
T4 DNA polymerase. Linearized plasmid was digested with Mlul
and dephosphorylated with calf intestine alkaline phosphatase.
Following gel purification, the hMTP insert and pLIV11-Notl
plasmid were ligated and transformed into Escherichia coli strain
XLI-Blue. The resulting plasmid is named pLN-hMTP.

Inserting Drosophila MTP c¢cDNA (dMTP) into pLIVI1I-
Notl. The dMTP ¢DNA insert was separated from plasmid
pCMV5 (10) by digestion with EcoRI (5" end) and Clal (3" end),
followed by treatment with T4 DNA polymerase. pLIV11-Notl
was digested with Hpal and dephosphorylated with calf intestine
alkaline phosphatase. Following gel purification, the dMTP in-
sert and pLIV11-NotI plasmid were ligated and transformed into
E. coli XLL1-Blue. The resulting plasmid is named pLN-dMTP.

Inserting mouse LCAT (mLCAT) ¢cDNA into pLIVII. mLCAT
sequence was amplified from mouse liver cDNA using the for-
ward primer, mLCAT tglF (5-TACCAATTGTGTGATGGGG-
CTGCCTGGCT- 3’) and the reverse primer, mLCAT tglR
(5-AGTACGCGTTTATTCAGGGGGTGGGGGACT-3"). The PCR
product was digested with the primer-encoded restriction en-
zymes, Mfel (forward primer) and Mlul (reverse primer). pLIV11
was digested with Mfel and Mlul. Following gel purification, the
mLCAT insert and pLIV11 plasmid were ligated and transformed
into . coli DH5a.. The resulting plasmid is named pL-mLCAT.

The entire insert and flanking regions of each plasmid con-
struct were verified by sequence analysis. The pLN-hMTP and
-dMTP transgenes were separated from the plasmid backbone by
digestion with Notl (5") and Spel (3'); pL-mLCAT was digested with
Sall (5”) and Spel (3’). Following isolation by agarose gel electro-
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phoresis, transgenic cassettes were microinjected into pronuclei of
fertilized C57BL/6 (Harlan Teklad) eggs by the Transgenic Mouse
Core Facility of Wake Forest University. All mice were housed in a
pathogen—free animal facility in plastic cages in a temperature-
controlled room (22°C) with a 12-h light and 12-h dark cycle. The
mice were fed ad libitum a cereal-based rodent chow diet. All ani-
mal procedures were conducted in conformity with Public Health
Service policy and were approved by the Institutional Animal Care
and Use Committee of Wake Forest University School of Medicine.

RNA purification and RT-PCR

RNA was isolated from frozen liver or cells by homogenization
in TRIzol, as recommended by the manufacturer (Invitrogen).
RNA was treated with DNase I using TURBO DNA-free KIT (Ap-
plied Biosystems; AM1907). Reverse transcription was performed
in a final volume of 40 pl containing 4 pg of RNA, 500 pM dNTPs,
20 U RNase inhibitor, 200 ng random hexamer primers (Pro-
mega) and 8 U of Omniscript reverse transcriptase (Qiagen).
Samples were incubated at 37°C for 60 min followed by denatur-
ation at 95°C for 5 min. PCR was performed in 50 pl reactions
containing 2 pl of reverse transcriptase reaction, 50 ng each of
forward and reverse primer, 200 pM dNTP, 1x GoTaq buffer
(Promega), 1.5 mM MgCly, and 0.5 pl (2.5 U) of Taq DNA poly-
merase (GoTaq; Promega). Reactions were incubated at 94°C for
2 min followed by 39 cycles as follows: 94°C, 1 min 15 s; 55°C, 1
min; 72°C, 1 min.

Sequencing of PCR products

PCR products were separated by agarose gel electrophoresis,
excised from the gel, and purified using QiaQuick columns ac-
cording to the supplier’s protocol (Qiagen). PCR products were
sequenced by the Biomolecular Resource Laboratory of the Com-
prehensive Cancer Center of Wake Forest University using an Ap-
plied Biosystems Model 3100 Genetic Analyzer.

Generation of anti-human MTP antiserum

c¢DNA corresponding to amino acid residues 772-874 of
hMTP (precursor protein) was generated by PCR and cloned
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into the vector pMAL-c2x (New England Biolabs) for genera-
tion in E. coli of a maltose binding protein-hMTP fusion
protein. Following purification via amylose affinity chromatog-
raphy, the fusion protein was injected subcutaneously into rab-
bits with incomplete Freund’s adjuvant (Lampire Biologicals,
Pipersville, PA). Whole serum was used at 1:1000 dilution for
immunoblot analysis.

RESULTS

Generation of hMTP transgenic mice

Initial PCR analyses of tail DNA from pLN-hMTP trans-
genic founders using primers specific for the 3 HCR
(601 and 602; supplementary Table I; supplementary Fig.
I), revealed that four of 18 mice harbored one or more
copies of the transgene. Subsequent PCR analyses using
primers specific for the 5’ proximal promoter, the hMTP
insert, and the 5" and 3’ vector-insert junctions demon-
strated integration of the intact transgene (Fig. 1). The
four genotypically positive founders were bred with wild-
type C57BL/6 mice; however, only pLN-hMTP founders
1 and 17 produced genotypically positive offspring. Im-
munoblot analysis of liver extracts from founders 1 and
17 offspring failed to produce an immunoreactive band,
although the anti-hMTP antibody (supplementary Fig.
IT) did react with African green monkey liver extract and
extracts from human hepatoma cells (HepG2 and HuH-7;
Fig. 2A, upper). When the blot was stripped and rep-
robed with a monoclonal antibody specific for mouse
MTP, bands were detected in mouse liver and McA-

hMTP-17
hMTP-1

i T
2 3 I <«
[O] oS
“_%_E_E_E

1 2 3 4 5 6 7 8 9 10

a-hMTP

a-mMTP

RH7777 (rat hepatoma) extracts, although not in African
green monkey liver or human hepatoma cell extracts
(Fig. 2A, lower). These data indicate that despite the
presence of the transgene, hMTP expression was unde-
tectable in offspring from two genotypically positive
hMTP transgenic founders.

Transgenic h(MTP mRNA contains 5 deletions

To explore whether mRNA transcribed from the trans-
gene was present and of the predicted structure, pLN-
hMTP founder 1 liver mRNA was subjected to RT-PCR
using primers that spanned the entire transcription unit.
Four of the primer pairs gave rise to RT-PCR products of
the expected size (Fig. 2B, Lanes 2-5); however primer set
659+651, which spans apoE intron 1 (Fig. 1C), gave rise to
a band of ~700 bp rather than the expected 918 bp (Fig.
2B, Lane 1). Hence, although the transgene was tran-
scribed, the 5" end of the predominant mRNA species ap-
peared aberrant. To explore the structure of the mRNA
further, the 659+651 PCR product was sequenced using
antisense primer 668 (supplementary Table I and Fig. 2C).
The sequence evident from the electropherogram is ho-
mogenous until the region defined by the 90 degree arrow
in supplementary Fig. IIIA. At this point, two sequences
appear, neither of which corresponds to the expected
product. Identical PCR sizes and sequences (data not
shown) were observed using liver RNA from pLN-hMTP
founder 17. To determine if generation of the heteroge-
neous hMTP mRNA sequences was unique to expression
in transgenic mouse liver or inherent to the construct,
PLN-hMTP was transfected into HepG2 cells and RNA was

659(652(660|662|631
+ + + | + +
651[653[661|418| R
Expected (bp) |917|606|801|891|473

Actual |700]|606(801(891|473

Primers

Marker

bp
1000
850

e
—650
o~
500
_\400

C 917mRNA/1677 gene
[ 1
—»
659 651
606 891
I |
MCS 652 653 662 418 MCS
Intron 1
Ef E2[ ] TP cONA [ ] E4 |
668 660 661 631 pLIV-R
- — - —» -
801 473

Fig. 2. hMTP expression in transgenic mice. A: Immunoblot of wild-type (WT), and hMTP-1 and -17 trans-
genic mice using anti-human MTP antibody (a-hMTP; supplementary Fig. II). Also analyzed are African
green monkey liver (AGM), HepG2, HuH-7 (human hepatoma), and McA-RH7777 (McA; rat hepatoma)
cell extracts. The upper blot was stripped and probed with anti-mouse MTP antibody (lower; a-mMTP; BD,
Material number 612022). B: RI-PCR was performed using RNA from hMTP-1 mouse liver as template and
indicated primers (supplementary Table I; R, pLiv-R). The expected and actual sizes of RT-PCR products are
given. C: Relative position of primer pairs used for RI-PCR in Panel B (MCS, multiple cloning site).

pLIV11 and alternative splicing
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subjected to RT-PCR and sequence analysis, as described
for supplementary Fig. IIIA. As observed in supplementary
Fig. IIIB, the sequences obtained were identical to those
observed in transgenic mice. Based on these results, it ap-
pears that when expressed in either mouse liver or trans-
fected hepatoma cells, the pLN-hMTP plasmid gives rise to
three mRNA sequences. Sequence 1 is the expected, al-
though the least abundant sequence. Sequences 1A and
1B are the predominant species and each contain exten-
sive deletions (Fig. 3).

Transgenic h(MTP mRNA 5’ deletions arise due to
alternative splicing

The nature of the deletions observed in transgenic
mouse liver and transfected HepG2 cells was consistent
with alternative splicing, as each of the deletions occurred
3" of AG dinucleotides, which were preceded by pyrimi-
dine-rich domains (14) (Fig. 3). The sites of putative alter-
native splicing, involving removal of introns 1A and 1B,
are diagrammed in Fig. 4A. These two splicing events,
which give rise to the majority of mature mRNA, involved
removal of the initiating ATG, thereby producing a dys-
functional transcript. Although the properly spliced spe-
cies is rare, such that it is barely visible in the sequencing
electropherograms in supplementary Fig. IIIA and B, it
can be detected by RT-PCR using the appropriate primer
pair (primers 667 and 668; supplementary Table I), as ob-
served in Fig. 4B, lanes 10-12. However, this species is
present in trace abundance, as evidenced by the inability to
detect the mRNA without performing high cycle number
PCR using primers 659 and 668, which can detect each of
the three sequences (Fig. 4B, lane 4) and the fact that the
protein product was undetectable in transgenic mouse liver
(Fig. 2A).

A possible explanation for the preferential use of the
downstream cryptic 3’ splice acceptor sites in pLN-hMTP
is that the native intron 1-exon 2 junction underwent mu-
tagenesis. As specified under Material and Methods, the
starting pLN-hMTP plasmid was sequenced, including
exon 1, intron 1, and exon 2. The apoE-derived plasmid

E1 E2 MCS Plasmid Sequence
1 GAGCCGACTGGGGGTACCTACAATTGTCGTTAACTAACGCGTATCGATAAGCTTGGTACTAT

1A GAGCCG
1B GAGCCG

hMTP cDNA
ACCGAGCTCGGATCCCCCGGCTGCAGGAATTCGGCACGAGTGAAAGAGTCCACTTCTCAGTGA

Met
CTCCTAGCTGGGCACTGGATGCAGTTGAGGATTGCTGGTCAAT ATG ATT CTT CTT GCT

GTG CTT TTT CTC TGC TTC ATT TCC TCA TAT TCA GCT TCT GTT AAA GGT
mm mmm mem Moo oo moC eoe mci eoe meo —o- CT TCT GTT AAA GGT

b

Fig. 3. hMTP mRNA sequence heterogeneity in mouse liver and
transfected HepG2 cells. RNA from transgenic founder 1 liver or
PLN-hMTP-transfected HepG2 cells (FuGENE HD; Roche) was
subjected to RT-PCR using primers 659 and 651 and sequencing
using antisense primer 668 (supplementary Table I and Fig. 2C).
The multiple sequences observed in the electropherograms (sup-
plementary Fig. IIIA, B) are depicted. E1 and E2, exons 1 and 2;
MCS, multiple cloning sequence; Plasmid Sequence is sequence
derived from the original hMTP expression plasmid that was car-
ried over into pLN-hMTP; dashes indicate deleted nucleotides; ar-
row indicates beginning of hMTP cDNA.

852 Journal of Lipid Research Volume 51, 2010

sequence was identical to the published apoE gene se-
quence used to assemble this plasmid (15) as well corre-
sponding database entries (e.g., locus NW_001838496).
To ensure that mutations affecting the 3 splice acceptor
site did not occur during generation of transgenic mice,
the appropriate region of transgenic mouse tail DNA was
amplified by PCR with primers 659 and 630 and then
sequenced with oligo 630 (supplementary Table I, Figs.
1A, 2C). The 573 nucleotide sequence starting at exon 2
and extending upstream into intron 1 was also identical to
the published sequence (data not shown), indicating that
no mutation within or proximal to the 3’ splice acceptor
site was responsible for the observed alternative splicing.

A consensus 3’ splice acceptor site positioned
downstream of the apoE intron 1-exon 2 border blocks
activation of cryptic splice sites within hMTP cDNA

In an attempt to protect the cDNA sequences cloned
into pLIV11-Notl from being used as cryptic 3’ splice ac-
ceptor sites during intron 1 removal, the pLN-hMTP plas-
mid was modified to encode an engineered 3’ splice
acceptor site positioned downstream of the native intron
l-exon 2 junction but upstream of the hMTP cDNA to
form plasmid pLNSR-hMTP (Fig. 5A). When this construct
was transfected into HepG2 cells and RNA subjected to
RT-PCR with primers 659 and 668, a PCR product size of
~400 bp was observed (Fig. 5B, lane 5), consistent with
splicing at the engineered splice acceptor site. In contrast,
both pLN-hMTP-transfected HepG2 cell and transgenic
mouse liver RNA gave products of ~260 bp, consistent
with splicing at the alternative sites (Fig. 5B, lanes 3, 4).
Sequence analysis of the pLNSR-hMTP RT-PCR product
revealed a homogenous sequence, consistent with splicing
of exon 1 to the engineered splice acceptor site 1 (Fig. bA)
and retention of the initiating ATG codon (supplemen-
tary Fig. IV and data not shown). Hence, the presence of
the engineered 3’ splice acceptor site fully shifted exon 1
splicing from the native intron l-exon 2 junction to the
new site and prevented use of the downstream cryptic
splice sites diagrammed in Fig. 4A. These results confirm
that sequences cloned downstream of truncated exon 2
can dramatically affect native intron 1, 3’ splice acceptor
site utilization and also provides a strategy for protecting
cloned sequences from undergoing deletion via alterna-
tive splicing. To this end, pLIV11-Notl was modified to
contain the engineered 3’ splice acceptor site by ligating
the same double stranded oligonucleotide shown in Fig.
5A into the Munl and Mlul sites of pLIV11-Notl to form
the variant plasmid, pLIVI1-NSR (Fig. 5C). cDNA se-
quences cloned into the Mlul and/or Clal sites of this vec-
tor should not be subjected to alternative splicing even if
they contain cryptic 3’ splice acceptor sites.

Other cloned sequences promote alternative
splicing in pLIV11

In contrast to our experience with hMTP, the vector
pLIVI11 has been used widely and successfully to achieve
transgenic expression of a variety of genes. We attribute
this to one of two possibilities: ) the sequences cloned
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Fig. 4. Alternative splicing of transgenic hMTP. A: Intron—exon structure of the hMTP transgene is depicted. Brackets and diagonal lines
define introns utilized during hMTP mRNA processing. Intron 1 is the native apoE intron; introns 1A and 1B arise from skipping of exon
2 and utilization of downstream cryptic 3" splice acceptor sites. The sequence details found at the native and alternative 3’ splice acceptor
sites are shown. The vertical arrows indicate the intron boundaries (lower case is used for exonic sequence). The underlined sequence
shows the pyrimidine rich track, which precedes the AG dinucleotide at the 3’ end of the introns; the numbers indicate the number of
pyrimidines/number of total nucleotides within the underlined region. The intron 1A and 1B splice acceptor sites are closely spaced;
hence, the parenthetic arrow in the intron 1B sequence defines the splice acceptor site utilized for formation of intron 1A. B: RT-PCR of
hMTP mouse liver RNA using the indicated primers. Primer pair 667 and 668 is specific for the properly spliced mRNA product generated
by removal of native intron 1; primer pair 659 and 668 amplify all of the splicing products (arrowhead indicates PCR product correspond-
ing to removal of native apoE intron 1); the predominant products corresponding to removal of introns 1A and 1B are similarly sized and
run as a single band. HC, high cycle PCR generated by isolating initial PCR products and subjecting to a second round of PCR. Lanes 7 and
13 show PCR results using pLIV-hMTP plasmid as template with the indicated primers.

into the vector contain either no or very weak cryptic splice
acceptor sites or in some other way do not negatively affect
apoE intron 1-exon 2 splice site recognition, or 2) alterna-
tive splicing is taking place but removes only 5 untrans-
lated sequences, leaving the open reading frame intact.
To explore the generality of our observations regarding
alternative splicing, we analyzed mRNA from NPC1L1 (7),
mLCAT, and dMTP transgenic mice. Using primers that

sequence from the 3’ to 5" end of the transgenic mRNAs,
we noted no signs of alternative splicing in NPCILI1 trans-
genic mouse liver (data not shown). In contrast, dAMTP and
mLCAT mice both showed signs of alternative splicing. In
the case of dMTP, the alternative splicing occurred up-
stream of the initiating ATG codon; in the case of mLCAT,
alternative splicing occurred within the open reading frame,
although this was a minor product (supplementary Fig. V).

Acceptor Sites
1 2

AATTGTCCTAACGCCTCTGCACGCCCTCTTCTCCTCTTTCCAGGCTTCAGGA Miul

[] E4 |

3'SAS

1 |
apoE promoter I II—. HCR
E1 E2 ‘ E4
1

Branch Site Pyr-rich track
Munl CAGGATTGCGGAGACGTGCGGGAGAAGAGGAGAAAGGTCCGAAGTCCTGCGC
E2] [ATG_— RMTP cDNA
&
LN
P g
a
Sls(8(8|8
e [E|E|2|8|8|
1000 b I I - ol = Sall Srfl Pmel Notl Pacl Sall

MCS (Miul-Clal) Spel

Fig. 5. Insertion of an engineered 3’ splice acceptor site protects hMTP from alternative splicing. A: A
double stranded oligonucleotide containing an engineered 3’ splice acceptor site was inserted into pLN-
hMTP at the Munl and Mlul sites, as indicated, to form plasmid pLNSR-hMTP. The branch site, pyrimidine
(Pyr)-rich track, and predicted splice acceptor sites are indicated. B: pLN-hMTP (pLN) and pLNSR-hMTP
(pLNSR) were transfected into HepG2 cells using FUuGENE HD. RNA from transfected cells and from
founder 1 (Mouse 1) liver was subjected to RT-PCR using primers 659 and 668, as described for Fig. 4B, and
sized by agarose gel electrophoresis. C: Organization of vector pLIVI1-NSR. Restriction enzyme sites at the
5" and 3’ ends appropriate for separating transgene from plasmid backbone are shown (note that Sall ap-
pears twice). The 3’ splice acceptor site (3'SAS) shown in A, was cloned into the Munl and MIul sites of
pLIV11-Notl, leaving Mlul and Clal for inserting cDNAs of interest.
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DISCUSSION

The 5 proximal promoter elements as well as the 3’
HCR are critical to drive high levels of liver-specific expres-
sion using the vector pLIV11 and its derivatives. The exon
l-intron I-exon 2 sequences present in this construct may
also be important as in some studies, intronic sequences
were shown to increase transgenic expression (16). In the
current report, we demonstrated that sequences cloned
downstream of the intron l-exon 2 splice acceptor site
can affect splice site utilization, resulting in exon 2 skip-
ping and use of cryptic splice acceptor sites located within
a cloned cDNA. In the case of pLN-hMTP, splicing re-
sulted in deletion of an initiating codon and failed trans-
genic expression.

The reason for the poor utilization of the native apoE
intron 1, 3" splice acceptor site is uncertain. For the most
part, the cisacting sequences that drive splice site selec-
tion are contained within introns themselves, which are
recognized by components of the spliceosome (14, 17).
In particular, 3’ splice acceptor sites adhere to a consen-
sus that includes a conserved A positioned ~18-50 nucle-
otides upstream of the 3’ end of the intron, which serves
a branch point for lariat formation, a =11 nucleotide
pyrimidine-rich tract, and a conserved AG dinucleotide
(18-20). Based on its close adherence to the consensus
sequence, the native apoE intron 1, 3" splice acceptor site
would be expected to serve as an efficient substrate. In-
deed, based on database searches and available literature,
no evidence of alternative splicing involving human apoE
exon 2 was found. Nonetheless, alternative splicing is a
common means of achieving protein diversity and is be-
lieved to affect ~40-60% of human genes (21). Alterna-
tive splicing is driven in part by the presence of splicing
enhancer and silencing elements, some of which are en-
coded within exonic sequences (17, 22-26). In this re-
gard, several studies report that truncations of internal
exons can dramatically affect 3" splice site utilization. For
example, progressive 3’ - 5’ truncation of an internal exon
in the human B-globin gene from 171 to either 23, 29, or
33 nucleotides, resulted in quantitative exon skipping
(27). Although small exons exist in nature, these are usu-
ally flanked by strong intronic splicing enhancers (28).
We propose, therefore, that truncation of apoE exon 2
from its native 66 nucleotide length to the 5 nucleotides
present in pLIV11 could affect splice site selection by ei-
ther loss of an exonic splice enhancer or, more likely, be-
cause sequences that replace the truncated exon (in this
case cDNA) either negatively affect splice site selection at
the native site or enhance utilization of a downstream
cryptic site.

As a means to protect cloned sequences from alterna-
tive splicing, an engineered 3" splice acceptor site was in-
serted downstream of the native apoE intronl-exon 2
junction in pLIV11 (Fig. 5A). Presence of this sequence
resulted in a complete shift of splicing to the engineered
site, confirming the weak context of the native splice ac-
ceptor site contained within pLIVI11l and providing a
means to prevent opportunistic use of downstream cryptic
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splice acceptor sites contained within cDNA. This modifi-
cation to the pLIV1l plasmid and its derivative seems
advisable to ensure unattenuated expression of cloned se-
quences. Accordingly, for future use, a variant of pLIV11-
Notl termed pLIV11-NSR was engineered as diagrammed
in Fig. 5C.

Alternatively, should unmodified pLIV11 vector be
employed for transgenic expression, cDNA sequences
should be screened and, if possible, modified to remove
potential cryptic 3" splice acceptor sites. Although the
large size of pLIVll-related plasmids gives rise to low
transfection efficiencies, making detection of protein
overexpression in cultured cells difficult, the use of RT-
PCR revealed that the pattern of splicing in mouse liver
and HepG2 cells was identical (supplementary Fig. III).
Hence, the sizing and sequence analyses of RT-PCR
products derived from pLIV1l-transfected HepG2 or
other hepatoma cells can provide a reliable means of
monitoring the pattern of splicing and mRNA structure
prior to oocyte injection .l

The authors thank Liqging Yu, M.D, Ph.D. for plasmids pLIV11
and pLIV11-Notl and for valuable advice.
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