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Abstract

The apo C-II gene from a patient with apo C-1I deficiency has
been sequenced after amplification by the polymerase chain
reaction. A substitution of an adenosine for a guanosine at
position 3002 in exon 3 of the patient's gene was identified by
sequence analysis. This mutation leads to the introduction of a
premature termination codon (TAA) at a position correspond-
ing to amino acid 37 of mature apo C-II and to the formation of
a new Rsa I restriction enzyme site not present in the normal
apo C-II gene. Amplification of DNAfrom family members by
the polymerase chain reaction and digestion with Rsa I estab-
lished that the patient is a true homozygote for the mutation.
Analysis of the patient's plasma by two-dimensional gel elec-
trophoresis and immunoblotting detected an apo C-II that ex-
hibited abnormal electrophoretic mobility. Wepropose that
the C to A substitution in the apo C-Ipdova gene is the primary
genetic defect that leads to premature termination and the syn-
thesis of a truncated 36 amino acid apo C-II that is unable to
activate lipoprotein lipase.

Introduction

Apo C-II is a 79 amino acid protein that plays a central role in
triglyceride metabolism as a cofactor for the enzyme lipopro-
tein lipase (1). In the presence of apo C-II lipoprotein lipase
hydrolyzes triglycerides present in chylomicrons and VLDL to
monoglycerides, diglycerides, and FFA. The importance of
apo C-II as a physiological activator of lipoprotein lipase was
established by the identification of patients with a deficiency of
apo C-II, a rare disease inherited as an autosomal recessive
trait (2-8). Patients with apo C-II deficiency develop type I
hyperlipoproteinemia with fasting chylomicronemia and hy-
pertriglyceridemia. Clinical features include eruptive xantho-
mas, lipemia retinalis, hepatosplenomegaly, and an increased
risk of pancreatitis. The diagnosis of apo C-II deficiency is
established by finding a virtual absence of apo C-1I in plasma
associated with reduced postheparin lipoprotein lipase activity
that is corrected by the addition of normal apo C-II-containing
plasma. In two patients evidence of a circulating inhibitor of
lipoprotein lipase activity has been described (9, 10).

Wehave recently described the genetic defect that leads to
deficiency of apo C-II in the probands from the Hamburg and
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Nijmegen kindreds (1 1, 12). Sequence analysis of the apo C-
IIHamburg gene revealed a single base substitution that leads to
abnormal splicing of the apo C-IIHamburg mRNA. Reduced
levels of normal apo C-Il could be detected in the plasma of
the proband from the Hamburg kindred plasma by two-di-
mensional gel electrophoresis and immunoblotting. In the apo
C-IlNjimegen DNA, a deletion of a guanosine results in the intro-
duction of a premature termination mutation and the synthe-
sis of a truncated 17 amino acid peptide instead of the 79
residues present in normal apo C-II. However, this peptide was
not detected in the patient's plasma by RIA or immunoblot
analysis. The defects in apo C-IIToronto ( 13) and apo C-Ilst. Michael
(14) have been studied at the protein level. Both of these mu-
tant apo can be easily detected in plasma, are nonfunctional,
and have an altered amino acid sequence at the carboxyl-ter-
minal end.

In the present manuscript we investigate the genetic defect
in the apo C-Il gene of the proband from the Padova kindred.
A novel substitution of a cytosine for an adenosine at position
3002 of the third exon of the apo ClIpadova gene has been
identified by sequence analysis. This mutation introduces a
premature termination codon in the apo C-IIpadova gene that
leads to the synthesis of a truncated apo C-II peptide. We
propose that this base substitution ultimately leads to the defi-
ciency of apo C-II observed in this kindred.

Methods

Experimental subjects. The two affected individuals from the Padova
kindred have been previously described (15).

DNAand RNApreparation. RNAwas isolated from frozen liver
using the guanidine thiocyanate method (16) and DNAwas prepared
from white blood cells as previously described ( 17). Liver tissue was
obtained from the patient during open abdominal surgery for chole-
cystectomy.

Sequence amplification with Taq I DNApolymerase. 1 gg of geno-
mic DNAfrom control and apo C-II-deficient subjects was amplified
by the automated polymerase chain reaction (PCR)' technique (18) for
30 cycles using Taq I DNApolymerase (Perkin-Elmer Corp., Norwalk,
CT) and 50-bp primers containing the restriction enzyme sites for
Hind III and Xba I. The amplified region included bases 2616-3133 of
the apo C-II gene (19). The PCRreactions were performed with 2-min
extensions at 72°C, 30-s denaturation at 95°C, and primer annealing
at 55'C. One-tenth of the total amplified DNAwas digested with 2 U
of Rsa I (Bethesda Research Laboratories, Bethesda, MD) for 2 h. The
digested fragments were separated on a 4% agarose (FC BioProducts,
Rockland, ME) Tris acetate EDTA(pH 8.3) minigel at 85 V for 1 h.
DNAwas identified by staining with ethidium bromide. Amplified
DNAwas digested with Hind III and Xba I and subcloned into Ml 3
vector DNAfor sequencing. Synthetic oligonucleotides were synthe-
sized by the phosphoramidite method of oligonucleotide synthesis in
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Figure 1. Schematic representation of the apo C-II gene. Exons are

illustrated by the solid bars interrupted by lines that represent in-
trons. The patient and normal apo C-II sequences are shown. The C
to A mutation is highlighted by a box.

a DNAsynthesizer (model 380B; Applied Biosystems Inc., Foster
City, CA).

DNAsequencing. Single-stranded DNAsequencing from M13 vec-
tor DNAwas performed by the dideoxynucleotide chain termination
method of Sanger (20).

Southern and Northern blot hybridization. Southern blot hybridiza-
tion was performed after digestion of 20 lAg of normal or patient DNA
with the restriction enzyme Rsa I (Bethesda Research Laboratories) as

described (17). Gels for Northern blot analysis were prepared with 1%
agarose in the presence of 6% formaldehyde, electrophoresed at 25 V
for 16 h, and transferred to nitrocellulose filters (Schleicher and
Schuell, Inc., Keene, NH) as described previously (21). 8 ,Ag of total
RNAwas analyzed and gels were stained with ethidium bromide to
confirm that equivalent quantities of RNAwere electrophoresed in
each lane.

Peptide synthesis. The truncated 36 amino acid apo C-IIpadova pep-
tide was synthesized by the Merrifeld solid phase method using a

synthesizer (model 990B; Beckman Instruments, Inc., Palo Alto, CA)
and the phenylacetamidomethyl resin as described in detail pre-
viously (22).

Electrophoretic analysis of the plasma apo C-II protein. Two-di-
mensional gel electrophoresis of plasma, consisting of isoelectric fo-
cusing followed by SDS gel electrophoresis, was performed as de-
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scribed (23). The gels were stained by the silver stain method (24). The
proteins separated by two-dimensional gel electrophoresis were trans-
ferred to nitrocellulose paper at 80 V for I h. Apo C-II was detected by
using a monospecific rabbit apo C-Il antisera as the first antibody and
visualized by indirect immunoperoxidase assay on nitrocellulose paper
according to the manufacturer's instructions (Bio-Rad Laboratories,
Richmond, CA).

Results

Sequence analysis of the four exons, all splice junctions, and
the 5' and 3' untranslated regions of the apo C-IIpadova gene
revealed a single base substitution at position 3002 (data not
shown). Fig. 1 illustrates the genomic organization of the apo
C-II gene and the position of the C to A mutation in exon 3
identified during the sequence analysis of the apo C-IIPadova
gene. This substitution leads to the introduction of a prema-
ture termination codon (TAA) at a position corresponding to
amino acid 37 of the normal apo C-II and, ultimately, to the
synthesis of a truncated 36 amino acid apo C-II peptide. Fig. 2
contains autoradiography of sequencing gels of the DNAfrom
normal and apo C-II-deficient subjects in the region of the
mutation. The C to A substitution in base 3002 of the patient's
apo C-II gene is indicated by the arrow.

Computer analysis (Fristensky-Cornell DNASequencing
Analysis Program) of the apo C-IIpadova gene sequence con-
taining the C to A mutation revealed the loss of an Rsa I
restriction enzyme site present at position 3000 of the normal
apo C-II gene (19). Amplifications of the apo C-II genes from
normal and apo C-II-deficient subjects were performed by the
PCRas illustrated in Fig. 3. Digestion of amplified normal
DNAwith Rsa I should result in the formation of two frag-
ments of 385 and 132 bp. Digestion of DNAamplified from
the patient, however, should lead to the formation of a single
fragment of 517 bp (Fig. 3) as the Rsa I restriction enzyme site
was destroyed by the mutation.

Fig. 4 illustrates the analysis of DNAisolated from the two
apo C-II-deficient individuals and the immediate family
members from the Padova kindred after amplification by the
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Figure 2. Autoradiography of se-
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introduction of a premature termi-
nation codon is indicated by the
arrow.

1216 Fojo, Lohse, Parrott, Baggio, Gabelli, Thomas, Hoffman, and Brewer

35 36 37
asn leu TERM

AAC CTG TAAI1 GA G A A G PATIENT ApoC-II SEQUENCE

35 36 37 38 39
asn leu tyr glu lys

AAC C T G T A g] GA G A A G NORMALApoC-II SEQUENCE

5'-

3

Si i'...

4..." .,i

.mii.o



ApoC - II
Gene

PCR

EXON2 EXON3 primer B

primer A

normal

*- 385S -t- 132 '
R

--- 517 -

Figure 3. A schematic representation of the portion of the apo C-II
gene that was amplified by the PCRis shown. The positions of
primers A and B are indicated. The Rsa I site (R) present in the nor-

mal amplified DNAis shown. This site is not present in the patient's
amplified DNA. The horizontal solid arrows indicate the size of the
restriction fragments generated by the digestion of normal amplified
DNAby Rsa I. The horizontal dashed arrow illustrates the size of the
restriction fragment generated by digestion of the amplified DNAof
the patient with Rsa I.

PCRand digestion with Rsa I. The patients' lanes (IIH and 112)
exhibit only the abnormal 51 7-bp band. The lanes containing
digested DNAof the parents (I1 and I2) and offspring (III, and
I112) have both the normal (161 and 416 bp) and abnormal
(517 bp) bands. This finding establishes that the patient is a

true homozygote for the C to A substitution. The offspring's
lanes (III, and 1112) contain lower amounts of amplified DNA,
which results in a faint 1 32-bp band that is clearly visible in the
original gel.

Southern blot hybridization of genomic DNAafter diges-
tion with Rsa I of a normal subject and the two homozygous
members of the Padova kindred is illustrated in Fig. 5. As
expected from analysis of the genomic sequence of the normal
apo C-Il gene (19), digestion of normal DNAwith Rsa I leads
to the formation of a fragment that was 1,280 bp in length.
Digestion of the patient's DNAresulted in a larger, abnormal
fragment that was 1,626 bp in length due to the loss of the Rsa
I restriction enzyme site caused by the mutation.

Northern blot analysis of total liver RNA from normal
subjects and the apo C-II-deficient patient performed by hy-
bridization with an apo C-II cDNA probe is shown in Fig. 6.
As expected for a premature termination mutation, the pa-
tient's apo C-II mRNAwas of normal size when compared
with the normal control apo C-1I message. Despite the reduced
levels of apo C-II present in plasma, the amount of apo C-Il

mRNAand protein in the liver of the apo C-IIpadova proband
was previously shown to be normal by slot blot hybridization
and immunohistochemistry (25).

Analyses of apo C-Il in the plasma of the normal and apo
C-II-deficient subjects were performed by two-dimensional gel
electrophoresis and immunoblotting (Fig. 7). As in previous
studies (15), normal apo C-II could not be detected in the
proband's plasma but an abnormal C-IIpaddva apo was found.
The apparent molecular weight of apo C-IIpaddva was found to
be closer to 8,000 D than to the 4,500 D expected for the 36
amino acid peptide predicted by the sequencing studies. To
investigate this discrepancy, a synthetic peptide consisting of
the first 36 amino terminal residues of apo C-11 was synthe-
sized and analyzed by two-dimensional gel electrophoresis
(Fig. 7). Results indicated that the synthetic as well as the
native apo C-TI peptides comigrated at the same position in the
gel and thus have the same pI and apparent molecular weight,
which was larger than that expected for a 36 residue protein.
This confirms that the apo C-IIpadova protein detected in the
patient's plasma by immunoblot studies was the truncated apo
C-Il protein that exhibited abnormal electrophoretic behavior
on two-dimensional gel analysis.

Discussion

In the present study we analyzed the genetic defect that leads
to the deficiency of apo C-IT in the proband from the Padova
kindred. Sequence analysis of the patient's gene revealed a
substitution of a C for an A in exon III that leads to the
introduction of a premature termination codon at a position
corresponding to amino acid 37 of normal apo C-II and thus to
the synthesis of a truncated protein. Since this truncated apo
C-Il peptide lacks the carboxyl-terminal end that contains the
activating domain for apo C-Il (26), it will not activate lipo-
protein lipase and thus leads to deficiency of apo C-IT activity
in this patient.

Analysis of the apo C-II gene from immediate family
members of the Padova kindred by the PCR, followed by re-
striction enzyme digestion with Rsa I, established that the two
affected individuals were true homozygotes for the mutation.
This finding suggested that despite the absence of a family
history of consanguinity there is inbreeding in this kindred.
The same has been true of other apo C-Il-deficient families
previously described (1 1, 12).
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Figure 5. Southern blot hybridization of 20 ,g DNAfrom the two af-
fected patients (PT) and a normal subject (N) after digestion with
Rsa I. The larger, abnormal 1,626-bp fragment is present in both pa-
tients.

Northern blot hybridization analysis indicated that the apo
C-II mRNAin the patient's liver is of normal size, which is
consistent with the premature termination mutation identified
by our sequencing analysis. Interestingly, despite markedly re-
duced plasma apo C-II levels, normal amounts of both apo

28s

-18s

AApoC-1
mRNA

Figure 6. Northern blot
analysis of 8 ,ug of total
liver RNAfrom normal
(N) and apo C-Il-defi-
cient (PT) subjects after
hybridization with an
apo C-Il cDNAprobe is
shown. The relative po-
sitions of the 28s and
1 8s rRNA species are
indicated.
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Figure 7. Two-dimensional gel electrophoresis and immunoblot
analysis of plasma apo in the region of apo C-Il in normal (A) and
normal + patient (B) plasma are shown. The electrophoretic position
of normal apo C-II relative to the apo C-IIp,dova variant is illustrated.
An apo A-II standard is included as reference. Cshows a two-dimen-
sional electrophoretogram stained for protein containing the syn-
thetic apo C-IIpadova peptide, and apo C-II, apo C-III, and apo A-II
standards. The position of the synthetic peptide relative to the apo
standards is illustrated. The synthetic peptide exhibits the same pI
and aberrant molecular weight as the native apo C-IIpadoV. peptide.

C-IT mRNAand protein were detected intrahepatically (26),
which suggests that the mutant apo is either abnormally se-
creted from hepatocytes or rapidly catabolized in plasma. This
is in contrast to the apo C-IT-deficient proband from Nijmegen
(12), who also had a nonsense mutation in exon III (base 2943)
and very low intrahepatic levels of apo C-II mRNA. Most in
vivo nonsense mutations described to date lead to decreased
mRNAaccumulation by mechanisms that are not clearly un-
derstood. These may involve altered intranuclear stability, ab-
normal nuclear to cytoplasmic transport of the mRNA, or
decreased stability of the intracellular mRNA(27, 28). How-
ever, two recent studies indicate that a nonsense mutation will
not necessarily result in a decreased level of steady-state
mRNA(29, 30). Thus, normal mRNAlevels have been iden-
tified for the LDL receptor and the ,B-globin chain in patients
that have nonsense mutations of these genes. Both of these
mutations, as well as the premature termination mutation in
the apo C-Ilpadova DNAare located closer to the 3' end of the
respective genes than other previously described nonsense
mutations in those genes. This observation may be similar to
what has been described in prokaryotes, where the effect of
nonsense mutations on mRNAaccumulation is polar, with
mutations located near the 5' end of the gene resulting in lower
mRNAaccumulation than those closer to the 3' end (31). It
may be that critical nuclear events needed for mRNAaccu-
mulation do not occur with more proximal mutations.

Analysis of plasma from the apo C-IT-deficient patient by
two-dimensional electrophoresis and immunoblotting re-
vealed a protein that exhibited a larger apparent molecular
weight than that expected for a 36 residue protein. The 36
amino acid synthetic peptide comigrated on two-dimensional
gel electrophoresis with the native apo C-IIpadov,a protein, con-
firming that the apo C-IIpadova protein migrated at a larger
apparent molecular weight of - 8,000 D. The reason for
this behavior is unclear, but may involve dimerization of the
peptide through hydrophobic interactions that are not
disrupted by detergents.

In conclusion, the genetic abnormality that leads to defi-
ciency of apo C-II in the Padova kindred has been identified. A
single base substitution (C to A) in the third exon of the apo
CIIPadova gene leads to the introduction of a premature termi-
nation mutation and the synthesis of a truncated apo C-Il
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protein that can be identified in plasma by immunoblotting.
Since the carboxyl-terminal half of apo C-II is missing in apo
C-Ilpadova, the protein does not activate lipoprotein lipase and
thus results in the development of type I hyperlipoproteinemia
in this kindred.
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