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Abstract Cholesteryl ester transfer protein (CETP) defi- 
ciency is the most common cause of hyperalphalipoprote- 
inemia in Japan. However, the genetic basis of this disorder 
has not been fully characterized. We have studied a 49-year- 
old Japanese male presenting with total cholesterol, HDL- 
cholesterol, and apolipoprotein A-I levels of 300, 236, and 
233 mg/dl, respectively, and total absence of CETP activity 
and mass in plasma. Sequence analysis of the patient’s CETP 
gene revealed that the splice donor consensus GT was substi- 
tuted by GG in intron 10 (intron 10 splice defect) and by AT 
in intron 14 (intron 14 splice defect). Restriction digestion of 
PCR-amplified DNA using NdeI and Mae111 established that 
the patient was a compound heterozygote for both gene 
defects. Sequencing of cDNA amplified by RT-PCR from the 
patient’s monocytederived macrophage RNA demonstrated 
abnormal splicing with deletion of exon 10 as well as alterna- 
tive splicing at a native AG site located 31 nucleotides 5’ of 
the normal splice acceptor in intron 13. Thus, the intron 10 
splice defect results in exon 10 skipping and the insertion of 
a 31 bp fragment between exon 13 and exon 14, which 
contains an in frame stop codon. The presence of abnormally 
spliced mRNA was further confirmed by amplification of 
patient cDNA using CETP specific primers. Abnormal splic- 
ing of exon 14 as a result of the intron 14 splice defect was 
not detected, indicating potential unstable CETP mRNA de- 
rived from that mutation. I These findings demonstrate 
that a novel splice site mutation in intron 10 of the CETP 
gene results in the skipping of exon 10, as well as disruption 
of downstream splicing at intron 13 identifymg a novel 
mechanism leading to CETP deficiency.Sakai, N., S. San- 
tamarina-Fojo, s. Yamashita, Y. Matsuzawa, and H. B. 
Brewer, Jr. Exon 10 skipping caused by intron 10 splice 
donor site mutation in cholesteryl ester transfer protein gene 
results in abnormal downstream splice site se1ection.J. Lipid 
Res. 1996. 37: 2065-2073. 
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High density lipoprotein (HDL) is the major an- 
tiatherogenic lipoprotein with increased plasma concen- 
tration of HDL associated with low risk of coronary 
heart disease (1-4). One of several proposed mecha- 
nisms by which HDL may protect against the develop 
ment of atherosclerosis is reverse cholesterol transport 
(5,  6). In this process, HDL acts as a carrier lipoprotein 
that mediates the transfer of cholesterol from periph- 
eral cells to the liver (5-8). Various transfer proteins, 
enzymes, and receptors, such as 1ecithin:cholesterol acyl- 
transferase (LCAT), cholesteryl ester transfer protein 
(CETP), hepatic triglyceride lipase, low density lipopro- 
tein (LDL) receptors, remnant receptors, and putative 
HDL receptors may play key roles in this process of 
reverse cholesterol transport. 

CETP is a glycoprotein that mediates mainly the 
transfer of cholesteryl ester (CE) from HDL to lower 
density lipoproteins, such as very low density lipoprotein 
(VLDL), intermediate density lipoprotein (IDL), and 
LDL in exchange for triglycerides (TG) in human 
plasma (9-1 1). The important role of CETP-mediated 
lipid transfer in reverse cholesterol transport has been 
established by the identification and characterization of 
patients with CETP deficiency (12-17). CETP deficiency 
is the most common cause of hyperalphalipoprote- 

Abbreviations: apo, apolipoprotein; CETP, cholesteryl ester 
transfer protein; LCAT, 1ecithin:cholesterol acyltransferase; VLDL, 
very low density lipoprotein; IDL, intermediate density lipoprotein; 
LDL, low density lipoprotein; HDL, high density lipoprotein; PCR, 
polymerase chain reaction; RT-PCR, reverse transcription coupled 
with PCR DIT, dithiothreitol; PBS, phosphatebuffered saline; TG, 
tri lyceride; CE, cholesteryl ester. 
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inemia in Japan (18). To date several mutations involv- 
ing primarily splicing defects in the CETP gene have 
been reported in CETP deficiency (19-21). However, 
the genetic basis of this disorder has not been fully 
characterized (22). In the present report, we investigate 
the underlying molecular defect in the CETP gene of a 
patient presenting with clinical features of this genetic 
disorder. We describe a novel intron 10 splice defect 
resulting in exon skipping and CETP deficiency in this 
patient. 

MATERIALS AND METHODS 

Patient 

The patient is a 49-year-old Japanese male. A detailed 
characterization of the abnormal plasma lipids and lipo- 
proteins has been previously described (16, 23). The 
patient’s total cholesterol and triglyceride levels meas- 
ured by enzymatic method (Kyowa Medex Co., Tokyo, 
Japan) were 300 mg/dl and 252 mg/dl, respectively, and 
the HDL-cholesterol concentration determined by 
heparin-CaC12 precipitation method was 236 mg/dl. 
Apolipoprotein A-I was 233 mg/dl as judged by single 
radial immunodiffusion assay. CETP mass and activity 
were not detectable in the patient’s plasma (24). 

Isolation of genomic DNA, polymerase chain 
reaction (PCR) and sequencing reaction 

Genomic DNA was prepared from whole blood ac- 
cording to the method of Kunkel et al. (25). Each exon 
of the CETP gene was amplified by PCR using a pair of 
oligonucleotide primers that had EcoRI restriction site 
(forward primer) or BamHI restriction site (reverse 
primer) for the cloning. PCR products were subcloned 
into BluescriptII KS (-) (Stratagene, La Jolla, CA) after 
digestion with EcoRI and BamHI (New England Biolabs, 
Beverly, MA). DNA sequencing was performed accord- 
ing to the dideoxy nucleotide termination method of 
Sanger, Nicklen, and Coulson (26) using Sequenase 
(U.S. Biochemical, Cleveland, OH). At least six inde- 
pendent clones for each exon were sequenced in both 
directions. 

Restriction enzyme analysis using MaeIII and NdeI 
Intron 10 splice donor site and intron 14 splice donor 

site were amplified from genomic DNA by PCR using a 
pair of oligonucleotide primers (5’-CCCTCCGAATT- 
C’TTC’TTCTGAGGAGTGGAC-3’ and 5’-ATAATTGG- 
ATCCATTGGTGGTG’ITA’TTGGC-3’, 5’-C’TTCTGT- 
GCTCCAGGGAGGACTCACCATGG-3’ and 5’-GGC- 
ACCCAG’ITTCCCCTCCAGCCCACACAT-3’, respec- 
tively). The reverse primer for intron 14 was designed 
to generate an NdeI endonuclease cleavage site by in- 

serting a single primer-template mismatch of one base 
pair when one base at the 5’ splice donor site of intron 
14 in the CETP gene is mutated from guanine (G) to 
adenine (A) (18). PCR products were precipitated and 
subjected to digestion with the restriction enzymes 
MaeIII (intron 10) or NdeI (intron 14) (New England 
Biolabs, Beverly, MA). Digested fragments were sepa- 
rated on a 3% Nu-Sieve GTG-agarose (FMC Biopro- 
ducts, Rockland, ME) and 1% standard agarose gel and 
analyzed after staining gel with ethidium bromide. 

Isolation of total RNA and reverse transcription 
coupled with PCR (RT-PCR) 

Total RNA was obtained from the patient’s monocyte- 
derived macrophages. Twenty ml of whole blood was 
drawn from the patient and mononuclear cells were 
separated by the Ficoll-sodium metrizoate (LSM, Or- 
ganon Teknika, PA) gradient method. All mononuclear 
cells were seeded and cultured in a lOcm culture dish 
with 10 ml of RPMI supplemented with 10% heat-inac- 
tivated human AB-type serum. After 3 h incubation at 
37°C in 5% CO2 and 95% air, the medium and nonad- 
herent cells were removed and adherent cells were 
washed 3 times with phosphate-buffered saline (PBS), 
followed by the incubation at 37°C in 10 ml of the same 
medium as described above. The medium was replaced 
every 3 days. After 14 day culture the differentiated 
macrophages were washed with PBS and dissolved in 5 
ml of 4 M guanidine thiocyanate/25 mM sodium citrate 
(pH 7.0)/0.5% (w/v) Sarcosyl/O.l% (v/v) 2-mercap- 
toethanol. Total cellular RNA was isolated using the 
guanidine thiocyanate method (27). 

To perform RT-PCR, 1 pg of total RNA was incubated 
at 70°C for 15 min in a reaction mixture (100 pl) of 10 
mM Tris-HC1 (pH 8.3)/50 mM KC1/1.5 mM MgC12/2 mM 
DTT/2OO pM dNTP/80 units RNAsin (Promega, Madi- 
son, WI)/O.Ol% (w/v) gelatin containing 100 nM reverse 
primer (R 1; 5’-ACACCAGGC’TTCCAGCTGTGA-3’). 
After cooling down, 32 units of Molony murine leuke- 
mia virus reverse transcriptase (Pharmacia Biotech, Pis- 
cataway, NJ) was added in the reaction, followed by the 
incubation at 37°C for 1 h. PCR reaction was performed 
in the same reaction mixture by adding 100 nM forward 
primer (Fl: 5‘-GGGCCACmACACACCAC-3‘) and Taq 
DNA polymerase (Amplitaq, Perkin Elmer Cetus, Foster 
City, CA) under the following conditions: l-min denatu- 
ration at 94”C, 2-min primer annealing at 50’C, and 
3-min extension at 72°C. The second PCR was per- 
formed using 1 pl of total PCR product as a template 
and a pair of nested primers (F2: 5’-GGCCAC’TTCTA- 

CTG’TTAACCTGGTGC’TTGCCTTCTGC-3’) or other 
pairs of primers for the specific target region. The 

GACCACTGCCTGATAACCATG-3’, R2: 5’-TI’CCAC- 
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second PCR product was cloned into pUC 18derived 
vector (pCMV) and sequenced as described above. 

RESULTS 

Figure 1 illustrates the autoradiogram of sequencing 
gels of DNA isolated from the patient and a normal 
control. About 100 bp of the 5‘ and 3’ flanking regions 
as well as all exons and exon-intron junctions were 
sequenced. The DNA sequences of splice donor sites of 
introns 10 (Fig. 1A) and 14 (Fig. 1B) for the CETP gene 
are shown. In the patient, the second nucleotide T of 
intron 10 is substituted by G (intron 10 splice defect) in 
4 clones out of 6 clones sequenced and the first nucleo- 
tide G of intron 14 is substituted by A (intron 14 splice 
defect) in 3 clones out of 6 clones sequenced. Sequence 
analysis of other exons as well as intron-exon junctions 

Fig. 1. Genomic DNA sequences of splice donor 
sites of intron 10 (A) and intron 14 (B). Each exon 
and exon-intron junction of CETP gene was ampli- 
fied by PCR, cloned into Bluescript, and sequenced. 
The patient’s mutant CETF’ allele (right) and control 
normal CETP allele (left) are shown. Capital letters 
represent exonic sequences and lower case letters 
represent intron sequences. The mutant nucleotides 
at the second nucleotide of intron 10 and the first 
nucleotide of intron 14 are circled. 

C 

of the patient’s CETP gene did not reveal any other 
mutations. 

To establish that these two mutations were not on the 
same allele, restriction analysis of PCR-amplified DNA 
was performed in the patient as well as in his immediate 
family members. The identified T to G mutation in 
intron 10 eliminates a Mae111 restriction enzyme site. 
Thus, a 227 bp DNA fragment containing the mutant 
region was amplified by PCR from genomic DNA of a 
normal control and the patient and digested with Mae111 
(Fig. 2A). Digestion of PCR-amplified DNA for a control 
resulted in the generation of two fragments, 123 bp and 
104 bp in length, while digestion of the patient’s ampli- 
fied DNA resulted, in addition, in the formation of an 
uncut 227 bp fragment. Figure 2B illustrates the diges- 
tion products of a 149 bp DNA after incubation with 
NdeI. This fragment was amplified by PCR using a pair 
of primers designed to have an NdeI restriction site 
when the intron 14 splice donor site G is mutated to A. 

Sukui et al. Exon 10 skipping in CETP gene 2067 
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of the 149 bp fragment with NdeI results in 
149 bp band for the normal allele, and in 

addition, in the formation of abnormal fragments 118 
bp and 3 1 bp in length for the patient’s amplified DNA 
(Fig. 2B). Thus, analysis of the restriction fragments 
present after digestion for both patient and family mem- 
bers demonstrated that the patient was a compound 
heterozygote for both mutations, with the intron 10 
splice defect derived from the maternal gene and the 
intron 14 splice defect from the paternal gene. Direct 
sequencing of the CETP gene also confirmed that the 
patient was heterozygous for both mutations (data not 
shown). Consistent with the genetic analysis, plasma 
HDL-cholesterol concentrations of the heterozygotes 
were approximately half of control values (Fig. 2C). 

To further investigate the consequences of the mo- 
lecular defects caused by these two mutations, RT-PCR 
was performed using total RNA isolated from control 
and patient’s macrophages as a template (Fig. 3). Con- 

F M P S D1D2 

Fig. 2. Restriction analysis of PCR-amplified DNA 
for the intron 10 and intron 14 splice defects. The 
family members were screened for intron 10 splice 
defect (A) and intron 14 splice defect (B) as de- 
scribed in Materials and Methods. (A) Normal allele 
results in 123 bp and 104 bp fragments, whereas 
mutant allele shows an 227 bp uncut band after 
digestion with MaeIII because of the destruction of 
the MaeIII restriction site (GTNAC) at the mutation 
site. (B) Normal allele results in a 149 bp uncut band, 
while mutant allele shows 118 bp and 31 bp bands 
after digestion with NdeI because of the introduc- 
tion of the cleavage site (CATATG). (C) Summary of 
restriction analyses, HDL-cholesterol concentration, 
and CETP activity in family members. 

trol cDNA amplified by RT-PCR consisted of a 1575 bp 
major band and a 1395 bp minor band, representing the 
presence of alternatively spliced cDNA of CETP gene. 
Compared to control cDNA, patient cDNA exhibited a 
slightly reduced apparent size of 1555 bp on agarose gel 
electrophoresis. In addition, the minor cDNA product 
(1395 bp) could not be detected. 

To further characterize the spliced products, the 
cDNAs were cloned into a plasmid vector. Analysis of 
the DNA sequence of these spliced products demon- 
strated that in controls the major band (1575 bp) repre- 
sented the full length CETP cDNA (data not shown), 
while the minor band (1395 bp) was an alternatively 
spliced cDNA which lacked exon 9 (Fig. 4, left panel). 
The exon 10 splice defect mutation present in the 
patient’s gene resulted in exon 10 skipping (Fig. 4, 
center panel). In addition, an insertion of the 31 bp of 
intron 13 splice acceptor site sequence between exons 
13 and 14 in all 16 sequenced clones (Fig. 4, right panel) 

2068 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Fig. 3. Agarose gel electrophoresis of the CETP cDNA from a normal 
control and the patient. After RT-PCR amplification as described in 
Materials and Methods, 10 pl of total product was loaded on 0.8% 
agarose gel and run. 

was demonstrated, indicating that cryptic splice ac- 
ceptor sequence present in intron 13 was utilized. Inter- 
estingly, sequence analysis of either control or patient 
cDNA failed to reveal exon 14 skipping. 
Figure 5A illustrates the mutant allele in the patient's 

CETP gene and CETP cDNA as well as the sequence and 
location of the oligonucleotide primers used for RT- 

G A T C  G A T C  
3' - 3'; 7 . 

PCR amplification of mRNA. In order to determine 
whether the intron 13 cryptic splice acceptor site is also 
used in controls, we amplified exons 9 through 16 using 
primers A and B (Fig. 5A), followed by digestion with 
NcoI which cuts uniquely within the 31 bp inserted 
sequence. As shown in Fig. 5B, the patient's cDNA 
fragment (541 bp) was completely digested with NcoI. 
However, the normal cDNA fragment (561 bp) was not 
digested by NcoI indicating the absence of the 31 bp 
insertion for control cDNA. To further establish these 
findings, we performed RT-PCR using a primer pair 
based on the 31 bp inserted sequence (oligos C and D, 
Fig. 5). As shown in the left panel of Fig. 5C, the expected 
532 bp fragment could be amplified from patient RNA 
but no amplified fragments were detected after the 
control RT-PCR reaction. Thus, the cryptic splice site at 
intron 13 splice acceptor site is not used in splicing of 
normal CETP mRNA. 

In order to evaluate the consequences of the intron 
14 splice defect, the PCR-amplified fragment containing 
exons 9 through 16 utilized previously for digestion with 
NcoI was digested with PstI, which contains a unique 
restriction site in exon 14. As illustrated in Fig. 5B, both 
control and patient's amplified cDNA fragments were 
completely digested by PstI indicating the presence of 
exon 14 in both groups of amplified cDNA. 

I 
I 

3 
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5' 

E9 Alternative Splice El 0 skipping 

7 TGA 

c - 
5' 

31 bp Insertion 

stop codon 

Fig. 4. Parts of CETP cDNA sequence from a normal control or the patient. CETP cDNA were cloned into 
pCMV and sequenced using the specific primers. An alternative splicing of exon 9 in the minor band of normal 
control cDNA (left), a skipping of exon 10 (middle), and an insertion of 31 bp sequence of intron 13 (right) in 
the patient's cDNA are shown. 
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Fig. 5. (A) Schematic representation of splicing event detected for the patient's gene and the location of primers used in (B) and (C). (B) 
Restriction analysis of CETP cDNA with NcoI and PstI in a normal control and the patient. After amplification using a pair of primers (A and 
B), the product was subjected to digestion with NcoI or PstI. (C) Detection of minor transcripts with the 31 bp insertion in control RNA (left 
panel) and of transcripts from the intron 14 mutant allele in patient's RNA (right panel). Primer pairs C and D (left panel), or E and F (right 
panel) were used for the PCR amplification. 

To further confirm the absence of transcripts from 
the intron 14 mutant allele in the patient, another 
RT-PCR was carried out with oligo primers E and F 
in Fig. 5. The sense primer E was designed in exon 
10 to amplify the transcripts from the intron 14 mutant 
allele which do not lack exon 10. As shown in the 
right panel of Fig. 5C, the expected 597 bp fragment 
could be amplified from control RNA but no fragment 
was amplified from the patient RNA. Thus, utilizing 
this approach, exon 14 skipping as a result of the intron 
14 mutation was undetectable in the patient, indicating 

that transcripts containing exon 14 skipping are un- 
stable. 

DISCUSSION 

As the major transfer protein involved in the ex- 
change of CE and TG between HDL and apoBcontain- 
ing lipoproteins, CETP plays a central role in HDL 
metabolism. Thus, patients with CETP deficiency pre- 
sent with high plasma concentrations in TC, HDL-cho- 
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Sequence of Intron 13Exon 14 Junction 

5’ -agcatctgcc ttgtgggtca cttctgtgct - -  ccagggagga ctcaccatgg 

gcatttgatt ggcagAGCAG - CTCCGAGTCC -3’ - -  

3‘ Splice Acceptor Consensus Sequence 

5 ‘ -(dt), n (dt) ag G -3 ’ 

Fig. 6. Sequence around the authentic and cryptic splice acceptor sites in intron 13 of CETP gene. Capital 
letters represent exon 14 sequence and lower case letters represent intron 13 sequence. The authentic and 
cryptic splicing acceptor consensus ag is bolded. Mismatched nucleotides from the consensus sequence were 
underlined for both splice acceptor sites. Splice acceptor consensus sequence was quoted from ref. 31. 

lesterol, and apoA-I as well as low LDL and apoB con- 
centrations (16,23). To date, several mutations of CETP 
gene have been reported in CETP deficiency (19-21, 
28), including an intron 14 splice defect, exon 15 mis- 
sense mutation (442D:G), and exon 10 nonsense muta- 
tion. The incidence of the first two mutations has been 
demonstrated to be quite frequent in the Japanese 
population (18,28,29). In the present study, we describe 
the underlying molecular defect in a 49-year-old Japa- 
nese patient presenting with total cholesterol, HDL-cho- 
lesterol, and apoA-I levels of 300, 236, and 233 mg/dl, 
respectively. 

Analysis of control and patient’s genomic DNA as well 
as cDNA revealed that the patient is a compound het- 
erozygote for both a novel intron 10 splice defect and 
the intron 14 splice defect (19). In addition, the presence 
of alternative splicing of exon 9 was demonstrated in 
control cDNA, as previously reported (30), but not in 
the patient’s cDNA. The intron 10 splice defect results 
in the skipping of exon 10 in the patient’s cDNA as well 
as the insertion of a 31 bp sequence from intron 13 splice 
acceptor site, indicating an alteration of splice site selec- 
tion and the use of an alternative splice site acceptor 
sequence at intron 13. Exon 14 skipping could not be 
found in either patient’s or control cDNA. 

Thus, for the first time skipping of exon 10 in CETP 
mRNA was demonstrated. It is well known that conser- 
vation of the 5’ and 3‘ splice sites nucleotide sequence 
as well as the branch site are critical for accurate splicing 
(31-34). Exon skipping is predominantly attributed to 
the mutations identified in the consensus sequence of 
the 5’ donor and 3’ acceptor splice sites (35). In this 
patient the substitution of the splice donor consensus 
sequence GT in intron 10 by GG resulted in skipping of 
exon 10. However, a more striking finding is that the 
intron 10 splice defect has a remote effect on the 
downstream splicing of intron 13 and exon 14. Thus, in 
addition to exon 10 skipping, an insertion of 31 bp of 

intron 13 sequence was detected in the patient’s cDNA. 
The sequence of the patient’s intron 13 splice acceptor 
site and the cryptic splice acceptor site used are shown 
in Fig. 6. The homology of the cryptic splice site to the 
consensus sequence described by Mount (31) is higher 
than that of the natural splice site. Recently, Will et al. 
(36) reported that a G to T transversion of the first base 
of exon 4 in the CFTR gene activates a cryptic CFTR 
exon in intron 3, showing the importance of the first 
nucleotide of exon 4 in the 3’ splice site selection. Thus, 
the cryptic splice site used in the patient may be prefer- 
entially utilized over the authentic one because the first 
nucleotide of the 31 bp insertion is a G, while that of the 
native exon 14 is an A. The in-frame stop codon included 
in this 31 bp inserted sequence can result not only in the 
abnormal translation of mRNA but also in a decrease in 
the steady state levels of mRNA, leading to CETP defi- 
ciency. The exact mechanism by which premature ter- 
mination mutations lead to decreased amounts of 
mRNA is unclear but may involve altered intranuclear 
stability, abnormal nuclear to cytoplasmic transport of 
the mRNA, or decreased stability of intracellular mRNA 
(37, 38). 

We also investigated whether the cryptic splice site 
was used to any extent in the splicing of control mRNA. 
Restriction analysis and PCR studies demonstrated that 
only the native intron 13 acceptor splice site was utilized 
in the splicing of control cDNA. Thus, we speculate that 
this cryptic splice acceptor site is inactivated during the 
normal splicing process, but in the patient, skipping of 
exon 10 may have a remote effect on the splice site 
selection at the intron 13 splice acceptor site, activating 
the cryptic splice acceptor site in this intron. 

This hypothesis is supported by recent studies which 
suggest that exonic sequences as well as the secondary 
structure of the RNA precursor have essential informa- 
tion required for accurate splice site selection (39,40). 
Thus, not only are the conservation of the sequences 
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surrounding the splice donor, splice acceptor, and the 
branch sites essential, but in addition, the secondary 
structure of pre-mRNA may be necessary for maintain- 
ing accurate splicing. The importance of secondary 
structure of pre-mRNA in accurate splicing is also dem- 
onstrated by the finding of an exonic mutation that 
results in exon skipping (41-43). It is also noted that the 
normal alternative splicing of exon 9 could not be 
observed in the patient’s cDNA. Thus, the alteration of 
the secondary structure caused by exon 10 skipping 
appeared to affect the splice site selection at both intron 
9 and 13 splice acceptor sites. 

Another interesting finding in the analysis of this 
patient’s CETP mRNA was that despite the presence of 
a mutation in the intron 14 splice site, abnormally 
spliced exon 14 was not identified. Thus, as supported 
by the fact that no CETP mass is detectable in CETP-de- 
ficient patients homozygous for the intron 14 splice 
defect (24,44), the transcripts from the intron 14 muta- 
tion may be easily degraded by cells. This is also consis- 
tent with previous studies that indicate that the structure 
of mRNA may also determine its susceptibility to degra- 
dation (45,46). 

In the current study we report a novel mutation in the 
CETP gene of a patient presenting with CETP deficiency 
and hyperalphalipoproteinemia. The mutation in the 
donor splice site sequence of intron 10 leads to exon 10 
skipping. In addition, this mutation results in the disrup- 
tion of downstream splicing at intron 13, indicating for 
the first time a possible remote effect of exon skipping 
on the downstream splice site selection and providing a 
new mechanism leading to CETP deficiency.l 

MunurcriPt received I7  APrill996 and in revised form 1 Iulv 1996. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

Miller, N. E. 1987. Associations of highdensity lipopro- 
tein subclasses and apolipoproteins with ischemic heart 
disease and coronary atherosclerosis. Am. Heart J. 113: 

Gordon, D. J., and B. M. Rifkind. 1989. Highdensity 
lipoprotein-the clinical implications of recent studies. N. 
Engl. J. Med. 321: 1311-1316. 
Gordon, D. J., J. L. Probstfield, R. J. Garrison, J. D. 
Neaton, W. P. Castelli, J. D. h o k e ,  D. R. Jacobs, Jr., S. 
Bangdiwala, and H. A. Tyroler. 1989. Highdensity lipo- 
protein cholesterol and cardiovascular disease: four pro- 
spective American studies. Circulation. 79: 8- 15. 
Buring, J. E., G. T. O’Connor, S. Z. Goldhaber, B. Rosner, 
P. N. Herbert, C. B. Blum, J. L. Breslow, and C. H. 
Hennekens. 1992. Decreased HDL2 and HDLs choles- 
terol, apoA-I and apoA-11, and increased risk of myocar- 
dial infarction. Circulation. 85: 22-29. 
Glomset, J. A., E. T. Janssen, R. Kennedy, and J. Dobbins. 
1966. Role of plasma 1ecithin:cholesterol acyltransferase 
in the metabolism of high density 1ipoproteins.J Lipid 
Res. 7:  639-648. 

589-597. 

6. Glomset, J. A. 1968. The plasma 1ecithins:cholesterol 
acyltransferase reacti0n.J. Lipid Res. 9: 155-167. 

7. Brewer, H. B., Jr. 1995. Current concepts of the plasma 
lipoproteins and their role in atherosclerosis. In Cardio- 
vascular Disease 2. L. L. Gallo, editor. Plenum Press, New 
York. 31-40. 

8. Sakai, N., S. Yamashita, Y. Ueyama, T. Kawamoto, T. 
Nakamura, T. Funahashi, K. K. Takemura, S. Kawata, M. 
Kubo, K. Tokunaga, S. Tarui, and Y. Matsuzawa. 1993. 
Extralysosomal degradation of highdensity lipoprotein in 
a human hepatoma cell line, Mahlavu. Biochim. Biophys. 

9. Tall, A. R. 1993. Plasma cholesteryl ester transfer protein. 
J. Lipid Res. 34: 1255-1274. 

10. Barter, P., and K. A. Rye. 1994. Cholesteryl ester transfer 
protein: its role in plasma lipid transport. Clin. Exp. 
Phannacol. Physiol. 21: 663-672. 

11. Lagrost, L. 1994. Regulation of cholesteryl ester transfer 
protein (CETP) activity: review of in vitro and in vivo 
studies. Biochim. Biophys, Acta. 1215: 209-236. 

12. Kurasawa,T., S. Yokoyama, Y. Miyake, T. Yamamura, and 
A. Yamamoto. 1985. Rate of cholesteryl ester transfer 
between high and low density lipoproteins in human 
serum and a case with decreased transfer rate in associa- 
tion with hyperalphalipopr0teinemia.J. Biochem. (Tokyo) 

13. Koizumi, J., H. Mabuchi, A. Yoshimura, I. Michishita, M. 
Takeda, H. Itoh, Y. Sakai, T. Sakai, K. Ueda, and R. 
Takeda. 1985. Deficiency of serum cholesterylester trans- 
fer activity in patients with familial hyperalphalipoprotei- 
naemia. Atherosclerosis. 5 8  175-186. 

14. Yamashita, S., Y. Matsuzawa, M. Okazaki, H. Kako, T. 
Yasugi, H. Akioka, K. Hirano, and S. Tarui. 1988. Small 
polydisperse low density lipoproteins in familial hyperal- 
phalipoproteinemia with complete deficiency of 
cholesteryl ester transfer activity. Atherosclerosis. 7 0  7-12. 

15. Yamashita, S., D. L. Sprecher, N. Sakai, Y. Matsuzawa, S. 
Tarui, and D. Y. Hui. 1990. Accumulation of apolipopre 
tein E-rich high density lipoproteins in hyperalphalipe 
proteinemic human subjects with plasma cholesteryl ester 
transfer protein deficiency. J. Clin. Invest. 86: 688-695. 

16. Sakai, N., Y. Matsuzawa, K. Hirano, S. Yamashita, S. 
Nozaki, Y. Ueyama, M. Kubo, and S. Tarui. 1991. Detec- 
tion of two species of low density lipoprotein particles in 
cholesteryl ester transfer protein deficiency. Arterioscler. 
Thromb. Vasc. Biol. 11: 71-79. 

17. Sakai, N., S. Yamashita,K. Hirano,M. Ishigami,T. Arai, K. 
Kobayashi, T. Funahashi, and Y. Matsuzawa. 1995. De- 
creased affinity of low density lipoprotein (LDL) particles 
for LDL receptors inpatientswithcholesterylestertransfer 
proteindeficiency. Eur. J. Clin. Invest. 25: 332-339. 

18. Hirano, K., S. Yamashita, T. Funahashi, N. Sakai, M. 
Menju, M. Ishigami, H. Hiraoka, K. Kame&-Takemura, 
K. Tokunaga, T. Hoshino, K. Kumasaka, K. Kawano, and 
Y. Matsuzawa. 1993. Frequency of intron 14 splicing 
defect of cholesteryl ester transfer protein gene in the 
Japanese general population-relation between the muta- 
tion and hyperalphalipoproteinemia. Atherosclerosk. 100 

19. Brown, M. L., A. Inazu, C. B. Hesler, L. B. Agellon, C. 
Mann, M. E. Whitlock, Y. L. Marcel, R. W. Milne, J. 
Koizumi, H. Mabuchi, R. Takeda, and A. R. Tall. 1989. 
Molecular basis of lipid transfer protein deficiency in a 
family with increased highdensity lipoproteins. Nature. 

Acta. 1169 169-175. 

98: 1499-1508. 

85-90. 

342: 448-451. 

2072 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


20. Takahashi, K., XC. Jiang, N. Sakai, S. Yamashita, K. 
Hirano, H. Bujo, H. Yamazaki, J. Kusunoki, T. Miura, P. 
Kussie, Y. Matsuzawa, Y. Saito, and A. Tall. 1993. A 
missense mutation in the cholesteryl ester transfer pro- 
tein gene with possible dominant effects on plasma high 
density lipoproteins. J. Clin. Invest. 92: 2060-2064. 

21. Gotoda, T., M. Kinoshita, H. Shimano, K. Harada, M. 
Shimada, J. Ohsuga, T. Teramoto, Y. Yazaki, and N. 
Yamada. 1993. Cholesteryl ester transfer protein defi- 
ciency caused by a nonsense mutation detected in the 
patient’s macrophage. Bwchem. Biophys. Res. Commun. 

22. Yamashita, S., D. Y. Hui, D. L. Sprecher, Y. Matsuzawa, 
N. Sakai, S. Tarui, D. Kaplan, J. R. Wetterau, and J. A. 
Harmony. 1990. Total deficiency of plasma cholesteryl 
ester transfer protein in subjects homozygous and het- 
erozygous for the intron 14 splicing defect. Biochem. Bio- 
phys. Res. Commun. 170 1346-1351. 

23. Yamashita, S., D. Y. Hui, J. R. Wetterau, D. L. Sprecher, 
J. A. K. Harmony, N. Sakai, Y. Matsuzawa, and S. Tarui. 
1991. Characterization of plasma lipoproteins in patients 
heterozygous for human plasma cholesteryl ester transfer 
protein (CETP) deficiency: plasma CETP regulates high- 
density lipoprotein concentration and composition. Me- 
tabolism. 7: 756-763. 

24. Yamashita, S., D. L. Sprecher, Y. Matsuzawa, N. Sakai, S. 
Tarui, J. A. K. Harmony, and J. R. Wetterau. 1990. A 
delayed-addition enzyme immunoassay for the relative 
cholesteryl ester transfer protein mass in patients with 
deficient plasma cholesteryl ester transfer activity. Clin. 
Chim. Acta. 194: 145-160. 

25. Kunkel, L. M., K. D. Smith, S. H. Boyer, D. S. Borgankar, 
S. S. Wachtel, 0. J. Miller, W. R. Breg, H. W. J. Jones, and 
J. M. Rary. 1977. Analysis of human Y-chromosome-spe- 
cific reiterated DNA in chromosome variants. Proc. Natl. 
Acad. Sci. USA. 74: 1245-1249. 

26. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA 
sequencing with chain-terminating inhibitors. hoc .  Natl. 
Acad. Sci. USA. 74: 5463-5467. 

27. Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. 
J. Rutter. 1979. Isolation of biologically active ribonucleic 
acid from sources enriched in ribonuclease. Biochemistry. 

28. Inazu, A., J. Koizumi, T. Haraki, K. Yagi, T. Wakasugi, T. 
Takegoshi, H. Mabuchi, and R. Takeda. 1993. Rapid 
detection and prevalence of cholesteryl ester transfer 
protein deficiency caused by an intron 14 splicing defect 
in hyperalphalipoproteinemia. Hum. Genet. 91: 13-16. 

29. Sakai, N., S. Yamashita, K. Hirano, M. Menju, T. Arai, K. 
Kobayashi, M. Ishigami, Y. Yoshida, T. Hoshino, N. Naka- 
jima, K. K. Takemura, and Y. Matsuzawa. 1995. Frequency 
of exon 15 missense mutation (442D:G) in cholesteryl 
ester transfer protein gene in hyperalpldpoproteinemic 
Japanese subjects. Atherosclerosis. 114 139- 145. 

30. Inazu,A.,E.M.Quinet,S. Wang,M.L.Brown,S.Stevenson, 
M. L. Barr, P. Moulin, and A. R. Tall. 1992. Alternative 
splicing of the mRNA encoding the human cholesteryl 
estertransfer protein. Biochemistly. 31:2352-2358. 

31. Mount, S. M. 1982. A catalogue of splice junction se- 
quences. Nuckic Acids Res. 10: 459-472. 

194: 519-524. 

18: 5294-5299. 

32. Green, M. R. 1986. Pre-mRNA splicing. Annu. Reu. Genet. 

33. Smith, C. W., J. G. Patton, and B. Nadal-Gmard. 1989. 
Alternative splicing in the control of gene expression. 
Annu. Reu, Genet. 23: 527-577. 

34. Smith, C. W., E. B. Porro, J. G. Patton, and B. Nadal-Gi- 
nard. 1989. Scanning from an independently specified 
branch point defines the 3’ splice site of mammalian 
introns. Nature. 2142: 243-247. 

35. Nakai, K., and H. Sakamoto. 1994. Construction of a 
novel database containing aberrant splicing mutations of 
mammalian genes. Gene. 141: 171-177. 

36. Will, K., T. Dork, M. Stuhrmann, T. Meitinger, R. Bertele- 
Harms, B. Tummler, and J. Schmidtke. 1994. A novel 
exon in the cystic fibrosis transmembrane conductance 
regulator gene activated by the nonsense mutation E92X 
in airway epithelial cells patients with cystic fibr0sis.J. 
Clin. Invest. 93: 1852-1859. 

37. Baserga, S. J., and E. J. J. Benz. 1988. Nonsense mutations 
in the human beta-globin gene affect mRNA metabolism. 
Proc. Natl. Acad. Sci. USA. 8 5  2056-2060. 

38. Humphries, R. K., T. J. Ley, N. P. Anagnou, A. W. Baur, 
and A. W. Nienhuis. 1984. Beta 0-39 thalassemia gene: a 
premature termination codon causes beta-mRNA defi- 
ciency without affecting cytoplasmic beta-mRNA stability. 

39. Reed, R., andT. Maniatis. 1986. A role for exon sequences 
and splice-site proximity in splice-site selection. Cell. 46: 

40. Ligtenberg, M. J. L., A. M. C. Gennissen, H. L. Vos, and 
J. Hilkens. 1990. A single nucleotide polymorphism in an 
exon dictates allele dependent differential splicing of 
episialin mRNA. Nucleic Acids Res. 19: 297-301. 

41. Ricketts, M. H., M. J. Simons, J. Parma, L. Mercken, Q. 
Dong, and G. Vassart. 1987. A nonsense mutation causes 
hereditary goiter in the Afrikander cattle and unmasks 
alternative splicing of thyroglobulin transcripts. Proc. Natl. 
Acad. Sci. USA. 8 4  3181-3184. 

42. Fukao, T., S. Yamaguchi, A. Wakazono, T. Orii, G. Hogan- 
son, and T. Hashimoto. 1994. Identification of a novel 
exonic mutation at -13 from 5 splice site causing exon 
skipping in a girl with mitochondrial acetoactylcoenzyme 
A thiolase deficiency.J. Clin. Invest. 93: 1035-1041. 

43. Wakamatsu, N., H. Kobayashi, T. Miyatake, and S. Tsuji. 
1992. A novel exon mutation in the beta-hexosaminidase 
beta subunit gene affects 3 splice site se1ection.J. Biol. 
Chem. 267: 2406-2413. 

44. Inazu, A., M. L. Brown, C. B. Hesler, L. B. Agellon, J. 
Koizumi, K. Takata, Y. Maruhama, H. Mabuchi, and A. R. 
Tall. 1990. Increased high density lipoprotein caused by 
a common cholesteryl ester transfer protein gene muta- 
tion. N. Eng1.J. Med 323: 1234-1238. 

45. Urlaub, G., P. J. Mitchell, C. J. Ciudad, and L. A. 
Chasin. 1989. Nonsense mutations in the dihydrofolate 
reductase gene affect RNA processing. Mol. Cell, Biol. 

46. Cheng, J., M. F. Petrovic, and L. E. Maquat. 1990. Trans- 
lation to near the distal end of the penultimate exon is 
required for normal levels of spliced triosephosphate 
isomerase mRNA. Mol. Cell. Biol. 1 0  5215-5225. 

2 0  671-708. 

Blood. 64: 23-32. 

681-690. 

9: 2868-2880. 

Sakai et al. Exon 10 skipping in CETP gene 2073 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

