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ABSTRACT The human cholinesterase (ChE) gene from a
patient with acholinesterasemia was cloned and analyzed. By
using ChE cDNA as a probe, four independent clones were
isolated from a genomic library constructed from the patient’s
DNA. Sequencing analysis of all of the four clones revealed that
exon 2 of the ChE gene was disrupted by a 342-base-pair (bp)
insertion of Alu element, including a poly(A) tract of 38 bp,
which showed 93% sequence homology with a current type of
human Alu consensus sequence. Southern blot analysis showed
that the Alu insertion occurred in both alleles of the patient and
was inherited in the patient’s family. This Al insertion was
flanked by 15-bp of target site duplication in exon 2 corre-
sponding to positions 1062-1076 of ChE cDNA, indicating that
an Alu element could have been integrated by retrotransposi-
tion. Thus, this case provides an important clue to the mech-
anism of inactivation of a gene by integration of a retrotrans-
poson.

Cholinesterase (ChE; acylcholine acylhydrolase, EC:
3.1.1.8; also known as butyrylcholinesterase) is a ubiquitous,
polymorphic family of choline ester-hydrolyzing enzymes.
The physiological function of ChE is unknown, but patients
with acholinesterasemia have been reported to have pro-
longed apnea when they undergo surgery with injection of the
myorelaxant succinylcholine (1). Thus, as the ChE deficiency
has, otherwise, no influence on health, there could not be any
selection to eliminate the deficient ChE allele in the popula-
tion. Therefore, it is easy to find the subjects with ChE
deficiency and ChE is thought to be a good model for use in
studies on human gene mutation.

In plasma, ChE is mainly present in a water-soluble form
of a G, tetramer, each subunit consisting of 574 amino acids
of the mature protein truncated by 28 amino acids of signal
peptide. Full-length cDNA of 2.4 kilobases (kb) has been
sequenced in two laboratories (2, 3). Genomic DNA has been
found to have three introns at positions corresponding to
nucleotides —93, 1433, and 1600 of ChE cDNA (4).

ChE is genetically linked to two independent loci, CHEI
and CHE2 (5). Locus CHE]I is on chromosome 3q21-q26 and
expresses almost all of the ChE. Locus CHE? is on chromo-
some 16p11-q23 and encodes a Cs variant that gives a distinct
band on agarose gel electrophoresis in about 10% of Cauca-
sians (5).

Only a point mutation has been reported to change the
activity of ChE, including atypical (dibucaine-resistant) and
silent (complete loss of enzyme activity) ChE. In atypical
ChE, a point mutation was identified at nucleotide 209
(adenine to guanine) that converts Asp-70 to glycine. As
Asp-70 is thought to be a component of the anionic binding

Table 1. Sequences and locations of oligonucleotide primers
used for amplification

Primer Nucleotide
name location* Sequence (5' — 3')

AP1  -77 to —54 GCAAAGTCACAATCATATGCATCAG
AP2t Intron 2 GCTCTGTGAACAGTGTTAGAAAACA
AP3% Intron 3 CCGTGCCTTGGAGAGTATACTTCATCC
AP4§ Intron 3 CGAAATTATTTTTCAGTTAATGAAACAG
APS  718-694 TAGCTTCATAAAGAGATGTTACCGC

AP6 1131-1155 AGATGATCAGAGACCTGAAAACTAC
AP7 1858-1834 GGAATCAATATTATCCTTCTGGCAT

*Position +1 is the first nucleotide of the coding sequence for the
mature protein.

TAP2 matches the sequence in intron 2 near the 3’ boundary with
exon 3.

$AP3 is complementary to the template strand near the 5’ end of
intron 3.

$AP4 matches the sequence near the 3’ terminus of intron 3.

site, its conversion to glycine reduces the affinity of cholin-
esterase for choline esters (6). In silent ChE, a frame shift
mutation at Gly-117 (GGT to GGAG) was found in the family
member with silent ChE (7).

Several other mechanisms, such as deletion, base addition,
and insertion have been reported to inactivate other human
genes. Recently, the mutation of certain human genes by
large nonviral insertions has been demonstrated. In one
study, an L1 insertion into exon 14 of the factor VIII gene was
found in two patients with hemophilia A from different
families (8). In another study, an experimental Alu transpo-
sition was demonstrated in a UV-irradiated human lung
carcinoma cell line, A549 (9). Since duplication of the target
site and a poly(A) sequence at the 3’ end were found in the
insertion, these gene families have been regarded as nonviral
retrotransposons. Most of the transposable elements found in
human DNA have repetitive sequences, and certain classes
of LINEs (10) and SINEs (10) (long and short interspersed
repetitive elements) are thought to be retrotransposons.
However, the exact mechanism of retrotransposition remains
unknown.

We describe an Alu insertion into the ChE gene in the DNA
isolated from a patient with acholinesterasemia, indicating a
possible mechanism for retrotransposition involving the Alu
element.

MATERIALS AND METHODS

DNA Isolation. A 60-yr-old man (II-5) was admitted to our
hospital because of diabetes mellitus, and the lack of ChE
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Abbreviations: spc, small polydisperse circular; PCR, polymerase
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FiG. 1. Southern blot hybridization of the mutant ChE gene.
Samples of genomic DNA (10 ug) were obtained from the patient
with acholinesterasemia (lanes 2, 4, and 6) and a normal control
(lanes 1, 3, and 5). Both samples were subjected to complete
enzymatic digestion with restriction endonucleases EcoRI (lanes 1
and 2), EcoR1/BamHI (lanes 3 and 4), and HindIlI (lanes 5 and 6).

activity in his serum was found by chance. The B lympho-
blastoid cell line, Lch21, was established from peripheral
mononuclear cells of this patient with acholinesterasemia,
II-5, by Epstein-Barr virus infection. DNA was isolated
according to the method previously described (11).
~ DNA Amplification by the Polymerase Chain Reaction
(PCR). DNA amplification was carried out by PCR with Taq
polymerase (Perkin-Elmer/Cetus) and sets of primers (Table
1). A total of 25-40 cycles of amplification was performed,
each cycle consisting of a denaturation step at 94°C for 1 min,
an annealing step at 48°C for 2 min, and an extensnon step at
72°C for 5-7 min.

Construction of the Full-Length cDNA Probe for the ChE
Gene. The 795-base-pair (bp) fragment corresponding to
positions —77 to 718 was amplified from lymphocyte DNA of
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a normal subject by PCR with primers AP1 and APS and was
cut out with EcoRlI to obtain a 166-bp segment (—77 to 89 of
the ChE cDNA). The 1201-bp EcoRI/Bal 1 segment (posi-
tions 90-1290 of the cDNA) was obtained by cloning a normal
genomic DNA library. The 728-bp fragment (1131-1858 of
cDNA) was amplified from first-strand cDNA of HuH7
(Human Hepatoma cell line) (12) by PCR with primers AP6
and AP7 (Table 1). This fragment was cut out with Bal I,
resulting in a 568-bp segment (1291-1858 of cDNA). Each
fragment was ligated with the adjacent fragment to construct
the full-length ChE cDNA. The resulting full-length cDNA,
named pc1935, was confirmed to have an identical sequence
to the ChE cDNA reported previously (2, 3).

Southern Blot Hybridization. Southern blot analysis was
done with a full-length cDNA, pc1935, as a probe by the
method described previously (13).

Construction of a Genomic Library and Screening. The
genomic DNA isolated from the B lymphoblastoid cell line
Lch21 was digested with EcoRI. The digest was separated by
electrophoresis in 0.8% low-melting-point agarose gel, and
the DNA fragments of 2.5-3.0 kb were isolated and ligated
into the Agt10 arms with T4 DNA ligase. The ligated material
was packaged by using Gigapack gold (Stratagene) and
titered on NM514 cells to yield 8 x 10° independent phage
plaques. The 4 X 10° recombinants were screened without
amplification. After transfer to nylon membrane filters, the
plaqués were lysed and hybridized with 32P-labeled ChE
cDNA at 42°C according to the manufacturer’s instructions.

DNA Amplification of the Remaining Segment of the Pa-
tient’s ChE Gene. PCR was used for analyzing the genomic
sequences other than the abnormal 2.75-kb EcoRI fragment.
The 795-bp segment in exon 2, corresponding-to positions
—77 to 718 of cDNA, was amplified by PCR to examine the
region upstream of the EcoRlI site (nucleotide 90), with the
primers AP1 and APS (Table 1). Then the 336-bp segment
containing all of exon 3 was amplified with primers AP2 and
AP3 (Table 1). The segment of 327 bp containing all of the
coding region of exon 4 was amplified with primers AP4 and
AP7 (Table 1). All of these fragments were blunted at their
ends by T4 DNA polymerase and subcleped in pUC18.

DNA Sequencing. DNA fragments were subcloned in
pUC18 and sequenced by the dldeoxy chain-termination
method (14) with the sequence primers M4 and RV (Takara
Shuzo, Kyoto).

RESULTS

Southern Blot Hybridization Analysis. Examination of se-
rum ChE activity of the patient II-5 showed the absence of
butyrylcholine hydrolyzing activity. The possibility that
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F1G. 2. Restriction map and sequencing strategy of the mutant ChE gene. The solid bar represents the coding sequence for the mature protein
of normal CHE. The hatched bar represents the inserted Alu element. Broad arrows and boxed sequence indicate the target site of insertion,
and narrow arrows indicate the directions and extents of DNA sequencing.
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IRAAGAATTTCAGGAAGGTTIAAAAATATTTTTTCCGGCCGGGCGOGGTGGCTCACGCCTGTA

—
direct repeat stop

ATCCCAGCACTTTGGGAGGCCGAGGCGGGTGGATCATGAGGTCAGGAGATOGAGACCATCCT
............................. C......C................-........

GGCTAACAAGGTGAAACCCCGTCTCTACTAAAAAATACAAAAAATTAGCCGGGCGCGGTGGC
........ C..........-.............. I Y NI

GGGCGCCTGTAGTCCCAGCTACTGGGGAGGCTGAGGCAGGAGAATGGCGTGAACCCGGGAAG
....................... C.....................................G

CGG ACGTTGCAGTGAGCCGAGATIGTGCCACTGCAGTCCGCAGTCCGGCCNGGCGACAGAG
GC ................. C .C ......... C B RS Y

CGAGACI'CCGTCTCAAAAAAAAAAAMAAAAMAAMAMMAAMAAAMAAAAAATATH
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FiG. 3. Nucleotide sequence of inserted Alu element. Cons. Alu represents the sequence of the human Ali consensus sequence (15). Boxes
enclose the sequence ‘of CHE. Arrows indicate 15 bp of direct repeat. Dots and asterisks indicate the same nucleotides and the nucleotides that

are not present in the Alu consensus sequence, respectively.

expression of the silent ChE phenotype was due to rear-
rangement.of the ChE gene was examined by -Southern blot
hybridization with the full-léngth cDNA probe, pc1935. The
patient’s DNA gave the 2.75-kb fragment for EcoRI but not
a band at the 2.4-kb fragment obtained with the normal ChE
gene (Fig. 1). Hence, there was a 0.35-kb elongatlon in both
alléles of the patient’s DNA.

Analysis of the Patient’s ChE Gene. To identify the 0.35-kb
elongation of the EcoRI fragment in the patlent’s ChE gene,
4 x 10° clones of an unamplified genomic DNA library
obtained from the patient’s DNA were screened with ChE
cDNA as a probe, and four independent clones (mc1, mc2,
mc3, and mc4) were obtained, all of which contained 2.75-kb
fragment. Thiese 2.75-kb EcoRI fragments from mc1-4 clones
were recloned into pUCI8.

The restriction maps of mc1-4 revealed that the four clones
were identical, and a 0.35-kb fragment was inserted in exon
2 (Fig. 2). For determination of the nucleotide sequence of the
inserted element and the 5’ and 3’ boundaries, the 2.75-kb
EcoRI fragment was analyzed.

The inserted element was 342 bp long and was flanked by
15 bp of target site duplication in the boundary positions
1062-1076 corresponding to normal ChE cDNA. The se-
quence of this inserted element showed 93% homology with
the human Alu consensus sequence of the evolutionarily most
recent branch (i.e., the class IV of Britten et al.) (15) (Fig. 3).
In addition to the data of Southern blot analysis, the same Alu
element was inserted into the same position in all mcl-4

clones, thus indicating the Alu element was inserted irito both

CHEI and CHE?2 alleles homozygously PCR amplification
was used to examine, the region upstream of the EcoRlI site
(nucleotide 90) of exons 2, 3, and 4. On sequencing the PCR
products, no other mutation was found except the Alu
insertion in exon 2.

Family Study. The parents of patient II-5 were dead, but
three siblings and two children are alive (Fig. 4 Upper).
Enzymatlc studies revealed that the patients II-5 and II-1 had
no serum ChE activity and that III-1 and III-2 had half the
normal level of ChE activity. Southern blot analysis showed
thiat DNA from II-1 gave only the same EcoRI band of 2.75
kb as that of patient.II-5 and that the DNA of III-1 and III-2
ga\ge EcoRlI bands of both 2.75 kb and 2.4 kb (Fig. 4 Lower).
Thesé ata indicate that the Alu insertion was inherited in this
family. As the parents of the patnent were not consanguine-
ous, the ancestral mutation in the ChE gene may be con-
served reglonally, resulting in expression of a silent ChE
phenotype in a homozygous individual.

DISCUSSION

An insertion of an Alu e¢lement into the ChE gene was
identified in the patient with acholinesterasemia. Immunoas-
says for the ChE protein were performed by Ouchterlony’s
double immunodiffusion assay with polyclonal antibody to
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FiG. 4. (Upper) Family tree of the patient with acholinest-
erasemia.. Boxes indicate males and circles indicate females. The
arrow indicates the patient studied (Ii-5). Homozygous silent indi-
viduals are represented by solid figures, and heterozygotes are
represented by half-open/half-solid figures. Other persons indicated
by open figures were not studied. (Lower) Southern blot analysis of
family members. Samplies of genomic DNA (10 ug) were digested
completely with EcoRI. Lanes: 1, normal control; 2, patient II-5; 3,
son III-1; 4, daughter III-2; 5, brother II-1.
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FiG. 5. Schematic representation of Alu integration in the form of spc DNA. The solid bar represents the Alu element. The wavy line
represents the target site of the ChE gene and the identical region of the spc DNA including the Alu element.

ChE and by Sandwich immunoassay with a monoclonal
antibody against ChE, although the epitope of monoclonal
antibody has not been determined. Both assays could not
detect the immunoreactive protein of ChE at all (data not
shown). Two possibilities exist for the loss of ChE protein,
either (i) normal transcription was interrupted by the inserted
Alu element or (ii) mature mMRNA was transcribed, but the
translation was stopped at the stop codon in the inserted Alu
element, resulting in the loss of the stability of the truncated
protem We could not furthier evaluate the different hypoth-
eses, since the tissues (brain or liver) expressing the nRNA
of ChE could not be obtained from the patient.

In this paper, we identified an insertion of an Alu element
into the ChE gene. Alu elements are a specific human family
of interspersed repetitive sequences, with over 100,000 cop-
ies per genome, and their dispersion and high copy number
have been thought to be due to transpositions. We found that
the inserted Alu element created a 15-bp direct repeat at both
junctions with no mutation in the original ChE gene se-
quence. These data indicate that the Alu insertion might not
be due to homologous recombination between linear DNA
fragments, but to integration by retrotransposition.

One mechanism has been proposed that an Alu element is
integrated into a genomic site with staggered nicks (16).
Nicking of the genome on both strands followed by repair
system could make the flanking direct repeats at the integra-
tion site, but there are several problems to be solved. First,
the target site must be nicked to allow the entry of the new
sequence, but the variation in léngth and nucleotide sequence
of the flanking direct repeat suggest that the specific integra-
tion enzymes, as in the case for retroviruses and transposons,
could not be used. Alternatively random nicking from chem-
icals or radiations could be involved to make staggered nicks,
but preferential adenosine richness at the flanking direct
repeat rather reflects the selection of specific séequence
during the integration process. Second, the reverse tran-
scribed Alu element (cDNA of Alu element) must be inte-
grated into the genomic site with staggered nicks. It is
hypothesized that an adenbtsine richness at the nick site may
interact with the thymidine-rich cDNA end [reverse-
transcribed poly(A) tract of the Alu element] to stabilize the
interaction at the 5’ end of the cDNA. But unknown enzymes
or mechanisms are needed for the ligation of the 3’ end of the
c¢DNA to the target site. Thus, the mechanism of retrotrans-
position is not fully elucidated.

We speculate another possible mechanism that an Alu
element was integrated into .a new site of the genome. In
yeast, it has been found that a circular plasmid carrying a
yedst gene was integrated into a homologous region on the
genomic DNA, resulting in sequence duplication of the target
site. This phenomenon has been demonstrated in several
genes of yeast (17-19). Both yeast and humans are eukary-
otes. They have a similar gene control system, and the same

phenomenon could occur when a circular form of DNA is
present in human cells.

Recently small polydisperse circular (spc) DNAs have
been shown in many types of human cells by electron
microscopy. Kunisada and Yamagishi (20) reported that
repetitive sequences including Alu elements. were found in
most of the spc DNAs of HeLa cells. Furthermore Krolewski
and Rush (21) cloned Alu-containing spc DNAs after isolation
of 300-bp spc DNAs. Thus, we propose that the spc DNA,
including Alu element, could be integrated into the ChE gene
by homologous recombination. The spc DNA containing
both the Alu element and a homologous sequence to the
insertional boundary of ChE has not beea found, and this
casts a question on the origin of the homologous sequence to
the ChE. Although termination of RNA polymerase III needs
four or more thymidine residues, Alu consensus sequence
does not contain such a termination codon. Therefore, a
termination codon in a sequence adjacent to the 3’ end of the
Alu element must be used. Furthermore, reverse transcripts
of Alu-specific mRNAs are thought to be possible precursors
for the generation of spc DNA.

Thus, we suggest that transposable Alu elements and
adjacent_sequence to the termination codon of RNA poly-
merase III left their parental genome through the RNA
intermediate, converted to the form of spc DNA with some
kind of reverse transcriptase, and could be integrated into a
new site of a chromosome by homologous recombination
(Fig. 5). We cannot conclude at present which hypothesis is
correct, integration of an Alu element with staggered nicks or
integration by homologous recombination between the ChE
and the spc DNA including the Alu element. To clarify the
mechanism of Alu retrotransposition, more critical data that
reproduce some parts of the retrotransposition process in
vitro would have to be gathered.
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