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Abstract. We have previously shown that several nally, the typing of pre- and postduplication Alus from
multicopy gene families within the major histocompat- both segments indicates an estimated time of duplication
ibility complex (MHC) arose from a process of segmen-of approximately 37 million years ago (mya), some time
tal duplication. It has also been observed that retroeleprior to the separation of Old and New World monkeys.
ments play a role in generating diversity within these
duplicated segments. The objective of this study was td<ey words: Apolipoprotein CI — Hepatic control re-
compare the genomic organization of a gene duplicatiorgion — Duplication — Alu — Retroelements — Diver-
within another multicopy gene family outside the MHC. sity
Using new continuous genomic sequence encompassing
the APOE-CII gene cluster, we show that APOCI and itsThe apolipoproteins (APO) are a family of proteins in-
pseudogene, APOClare contained within large dupli- volved primarily in the transport of lipids throughout the
cated segments which include sequences from the hayody. They are a multicopy gene family whose genes are
patic control region (HCR). Flanking Alu sequences arejocalized within two clusters on human chromosomes 11
observed at both ends of the duplicated unit, suggestingind 19, proposed to have arisen by a process of partial
a possible role in the integration of these segments. Agnd complete gene duplication (Luo et al. 1986; Lauer et
observed previously within the MHC, the major dif- a]. 1988). One of these genes, apolipoprotein ClI
ferences between the segments are the insertion gAPOCI), encodes for a 57-amino acid (6.6-kDa) protein
sequences (approximately 200-1000 bp in length), conthat is expressed primarily within the liver and inhibits
sisting predominantly of Alu sequences. Ancestral retrothe receptor-mediated uptake of triglyceride-rich lipo-
elements also contribute to the generation of sequencgroteins. In addition, APOCI is a potent activator of leci-
diversity between the segments, especially within the 3thin—cholesterol acyltransferase (LCAT) and an inhibitor
poly(A) tract of Alu sequences. The exonic and regula-of lipoprotein lipase (reviewed by Jong et al. 1999).
tory sequences of the APOCI and HCR loci show limitedwithin the APOE-CII cluster (chromosome 19q13.2) a
sequence diversity, with exon 3 being an exception. Figuplicated copy of APOCI has been identified. Known as
APOCI, this copy is located approximately 6.5 kb
downstream of APOCI. Both loci share a similar geno-
Correspondence toElizabeth Freitas, Department of Clinical Immu- mic Struc.:tu.re' with APOClcontaining a premature stop
nology, P.B. Box X2213, Perth WA 6001, Western Austratiamail: ~ codon within exon 3. APOCI has been shown to encode
liz@dci.uwa.edu.au the functional protein, while APOCExpression has not
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been detected, indicative of a pseudogene (Lauer et al. peri-APOCI (kb)
1988). Interestingly, a duplicated APOCI-like sequences R S | |-
has also been detected in the baboon genome (Pastorcic |- =7 % 7~ 7 7 O 7
et al. 1992), but not in the mouse. This suggests that the 'y ;'ﬁ P
duplication event occurred sometime after the diver- P A A T
gence of primates and rodents, approximately 70 mya. | =~ zzw 5 oz x|
Indeed, Raisonnier (1991) estimated the time of diver- [~ 7%~ - o ’ /J . HCR-2
gence to be approximately 39 mya, before the divergenc@‘ , i / < ’// A
of Old and New World monkeys. g AR Y7y

The liver is the primary site of synthesis of all the 8% ; ., » . A
apolipoproteins within the APOE-CII cluster. Therequ- % |~ *7 ° T LT

latory element required for liver-specific expression of *
APOE and APOCI, the hepatic control region-1 (HCR-
1), is located approximately 5 kb downstream of APOCI 5
(Dang et al. 1995). HCR-1 also has a duplicated copy,
HCR-2, which is located approximately 5.5 kb down-
stream of APOCI (Allan et al. 1995). It has been shown
that the presence of at least one of the regulatory ele-
ments is sufficient for hepatic-specific expression of all
the APO genes within the cluster. However, when both ApPOCI HCR-1
HCRs are present, HCR-1 coordinates APOE andig.1. The duplication of APOCI and APOCIis segmental, includes
APOCI expression, while APOCIV and APOCII ex- _the sequencesforthe_hepatic contrql regiqn, ar_1d is inte_:rrupted by large
pression is controlled by HCR-2 (Allan et al. 1997). indels. Thearrowheadm_dlcates the line of |dent_|ty obtained from the_

. . . use of 3 kb of overlapping sequence surrounding HCR-1 to determine
Given that both APOCI and HCR-1 are duplicated in the e extent of the duplication event.
same orientation and at relatively similar distances to
generate APOCland HCR-2, it has been proposed that

g
Q
APOCI

0

X : . ; to map the known exon-intron structures, regulatory do-
both loci were duplicated as a single unit (Allan et al. mains, and retroelement sequences within each locus.
1995,)' , ) .. From BC79129, sequences surrounding APOCI (nucleo-
Within the MHC, several multicopy gene families positions 53,000-69,000) and APOQB6,000—
ha\{e been .shown to hth_a arisen from segmentgl dupli85,000) were compared at 65% stringency using the
catpns, which are gpprommately 30 kb ang_ and '”CIUdeCompare program and graphically displayed using the
codlng and noncoding sequences (Gaudieri .et a}I. 1997%otplot program from the Genetics Computer Group
Kulski et al. 1_997). Th_ese segmen_tal _duphca_\tlons argGCG) package (version 8) (Madison, WI). Alu and other
thought to be involved in the organization of immuno- yepetitive sequences were identified and classified using
logically relevant genes (Gaudieri et al. 1999; Kulski et RepeatMasker version 2 (http:/ftp.genome.washington.
al. 1999). The insertion of retroelement sequences poskduy/cgi-bin/RM2). Sequence alignments were performed
duplication has been shown to generate diversity anqsing CLUSTALw (GCG, Madison, WI).
polymorphism between the segments (Gaudieri et al. Dotplot analysis of the sequences surrounding APOCI
1997b). The importance of retroelement sequences sugfyeri-APOCI) and APOCI(peri-APOCI) shows that the
as LINES (long interspersed repetitive sequences; L1sjuplication is approximately 12 kb in length, extending
and Alus in the integration of duplicated segments haseyond the APOCI loci to include flanking noncoding
also been observed (Fitch et al. 1991; Erickson et a|sequences (Fig. 1). The duplication extends up to and
1992; Kulski et al. 1997). just beyond the HCR loci, consistent with the notion that
The objectives of this study were (1) to compare theboth APOCI and HCR were coduplicated as a segment.
gene duplication within the MHC and the APOE-CII The main differences between both segments are due to
cluster, (2) to identify the sources of diversity, and (3) tothe presence of large indels within either segment, rang-
use pre (ancestral)- and postduplication Alus to detering between 200 and 1000 bp in length.
mine the approximate age of the duplication event. Figure 2 shows the composition of the preduplication
Continuous genomic sequence surrounding APOC([ancestral) sequence, which includes the nature and lo-
and APOCI was obtained from the BAC clone, cation of postduplication indels. The ancestral sequence
BC79129 (Lawrence Livermore National Laboratory; contains both APOCI and HCR loci as well as numerous
http://www-bio.lInl.gov). Genomic sequences of humanretroelements, most of which are Alus localized within
APOCI, APOCI, HCR-1, and HCR-2 and baboon intron 3 and the APOCI-HCR intergenic region. Predu-
APOCI [Genbank Accession Nos. M20902, M20903, plication Alus have been confirmed by the presence of
U32510, U35114, L13176 (Lauer et al. 1988; Dang et al.similar integration sites. Immediately adjacent to both
1995; Allan et al. 1995; Pastorcic et al. 1992)] were usecends of each duplicated segment are Alu sequences
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Fig. 2. Ancestral and postduplication Alus contribute to the genera-fix “Cl,” while those located in peri-APOClIcontain the prefix “Cp.”

tion of diversity between the segments. Postduplication indels greateThe orientations of ancestral and postduplication repetitive sequences
than 100 bp are showrelowthe ancestral sequence in one or the other are indicated by their positioabove(sense) obelow (antisense) the
segment. Postduplication Alus located in peri-APOCI contain the pre-line.

(INT1 and INT2). These Alus are unlikely to have beendomain of the HCR loci also exhibits some sequence
present on the ancestral sequence, as they are memberiation, but to a lesser extent than that observed in exon
of different subfamilies (Table 1) and do not share the3. Examination of this domain reveals that most of the
same sequences at their integration site. The role of thegegulatory sequences are conserved, suggesting that both
flanking Alus in the duplication of the segments is un- HCR loci are under similar evolutionary constraints.
known, however, retroelement sequences have been im- Based upon the classification and insertion times of
plicated in integration, duplication, and deletion pro-the ancestral and postduplication Alus present in both
cesses via homologous recombination (Lehrman et aksegments, an approximate age of duplication was deter-
1987; Markert et al. 1988; Denny et al. 1989). Within mined. The ancestral Alus belong to the older J, Sx, and
each segment there are several postduplication indel§p, subfamilies (Table 1), which were inserted between
These indels are predominantly Alu sequences, but othe81 and 37 mya (Britten 1994), while the postduplication
indels contain fragments from a long terminal repeatAlus belong to the Alu Sx, Sp, Sg, and Y subfamilies,
(LTR2) and a nonretroviral retrosposon (SVA), as wellinserted between 37 and 19 mya (Table 1). From this
as a previously unclassified sequence (UNC). model, the approximate age of the duplication event is 37
Figure 3 illustrates the degree of sequence diversitynya. This is comparable to the finding of Raisonnier
between the segments, excluding the presence of posf1991), which suggests an age of approximately 39 mya,
duplication indels. The degree of postduplication varia-and provides additional evidence that the duplication
tion ranges between 0 and 33%, with an average of 8.2%event occurred sometime during the divergence of the
The difference in coding, noncoding, and repetitive se-Old and New World monkeys (Shen et al. 1991).
quences in both segments increases downstream of exon In conclusion, our analyses have shown that segmen-
2, the same region in which most postduplication indelstal duplication and the contribution of retroelements in
occur (Fig. 2). The hypermutatable and microsatellite-segment diversity are not specific to the MHC. APOCI
associated '3poly(A) region (Epstein et al. 1990; Arcot and HCR-2 appear to have evolved by the duplication of
et al. 1995; Nadir et al. 1996) of ancestral Alus alsoa segment containing the APOCI and HCR-1 loci ap-
contribute to sequence diversity between the segmentproximately 37 mya. As observed within the MHC, the
where considerable expansion of the poly(A) region wagresence of retroelement indels and the hypermutatable
observed (Table 1). Exons 1, 2, and 4 of the APOCI locimicrosatellites within the '3poly(A) region of ancestral
show little or no sequence diversity, with exon 3 beingAlus contribute towards the generation of sequence di-
the exception. This divergence occurs downstream of thgersity between the segments. With the exception of
premature stop codon, suggesting that exon 3 of APOClexon 3, the coding and regulatory sequences between
is no longer under the same evolutionary constraints aparalogous loci are highly conserved. It could be postu-
that of APOCI or the other exons. The 416-bp functionallated that the premature stop codon within APO&bse
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Table 1. Classification of pre- and postduplication Alus

No.
diversified

Alu Subfamily*  position$ 3’ Poly(A) tract
Preduplication

INT1(CI) Sx NA (A)sCAT (A)g TTT (A)g

INTL(CI') Spaxz (A TTA

AN1(CI) Jo 15 (ARTT(A),

AN1(CI") Jo (ATT(A)4

AN2(CI) Spgxz 30 (A)sCAA

AN2(CI") Spaxz (A)CTA(CAA),C

AN3(CI) Sx 51 (A)s CAA

AN3(CI") Sx (A)4G(A)12

AN4(CI) Jo 13 (A7

AN4(CI") Jo (A

ANS5(CI) Jb 44 (ALC(A)(GAAAA) ,GAGAA(GAAAA)GA(GAAAA)G(A) sGAC(AGGG),(AGGA),(AGGG),

ANS5(CI) Jb (A)o(GAAA) 5(GAAG)e

ANG(CI) Sx 47 (A)G(A)g

ANB(CI') Sp (A),(GAAA),

AN7(CI) Sx 59 (AG(A)TAA

AN7(CI') Sx (AAAG),(A),

ANS(CI) Sx 41 (A)CAG(A)G(A)sC(A)g

ANS(CI") Sx (A)G(A)13

AN9(CI) Sx 46 TT(A),AGAAA),

AN9(CI") Sx (A)e(T)7

AN10(CI) Sx 28 (A)CAT(A),GG(A);

AN10(CI') Sx (A)sT(A),GGAA

AN11(CI) Jb 8 (AY(GAA) AGA(GAA)(TAAA) ,

AN11(Cl') Jb (A),(GAA)LA(GAA)AGA(GAA)(TAAA) ,

AN12(CI) Sx 30 (AAAAAAC),(A)g

AN12(CI') Sx (A)C(A)C(A)s

AN13(Cl) Jo 22 (AAAAAT),(A)5(TAAAAAA) ,T(A)s

AN13(CI') Jo (AT

AN14(CI) Sp 57 (A} TAATTAAGAAA

AN14(Cl') Sx (A),G(A)sGAAA

INT2(CI) Sp NA (A)s(CAAAA) ,AAAC(CAAA)

INT2(CI") Sc (A)o(GAAAAA) ,C(A),G
Postduplication

C1.1 Y NA (A)23

C1.2 Sg NA NA

Cc1.3 Sg NA (A)

Cl.4 \4 NA (A)11TT(A)sG(A),G(A);CA

C1.5 Sx NA (A)a

C1.6 Sg NA (AW(TAAA) ,

Cp.1 Sg NA (A)s

Cp.2 Sp NA (A)4

Cp.3 Y NA (A)1(GAAAA) ,

Cp.4 Sp NA (CAAAALAA

Cp.5 Sx NA (A),CAT(A),GG(A);

Cp.6 Y NA (A)sg

2 All Alus were assigned to subfamilies using RepeatMasker (version 2). Note that INT1 and INT2 are the proposed integration/duplication sites
for the APOCI-HCR segments. NA, not applicable.

P The degree of diversity was determined by comparing paralogous ancestral Alus and calculating the number of differences (including indels) in
each segment.
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Fig. 3. Ancestral retroelements also contribute to the generation of sequence diversity between the segments. The graph demonstrates the nuntimrofesybyssised as a percentage) observed between

peri-APOCI and peri-APOCI The widths of the bars correspond to the window sizes useddabked linerepresents the average substitution percentage observed between the segments.
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as a selective pressure to reduce APOCI levels. It has
been shown that APOCI overexpression results in hyper-
lipidemia in transgenic mice, a consequence of the im-
paired uptake and clearance of VLDL by the liver
(Shachter et al. 1996). Thus, a segmental duplication
which increases the expression of APOCI under the con-
trol of an important regulator element points toward a
physiological disadvantage, and the loss of APO&X-
pression may be seen as a selective process required to
maintain optimal lipid and cholesterol levels.
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