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ABSTRACT

Genomic database mining has been a very useful aid in the identification and retrieval of recently
integrated Alu elements from the human genome. We analyzed Alu elements retrieved from the GenBank
database and identified two new Alu subfamilies, Alu Yb9 and Alu Yc2, and further characterized Ycl
subfamily members. Some members of each of the three subfamilies have inserted in the human genome
so recently that about a one-third of the analyzed elements are polymorphic for the presence/absence
of the Alu repeat in diverse human populations. These newly identified Alu insertion polymorphisms will
serve as identical-by-descent genetic markers for the study of human evolution and forensics. Three
previously classified Alu Y elements linked with disease belong to the Ycl subfamily, supporting the
retroposition potential of this subfamily and demonstrating that the Alu Y subfamily currently has a very

low amplification rate in the human genome.

LU elements have been accumulating in the human
genome throughout primate evolution, reaching

a copy number of over a million per genome. However,
most of these Alu copies are not identical and can be
classified into several subfamilies (reviewed in DEI-
NINGER and BATZER 1993). These different subfamilies
of Alu elements were generated once mutations oc-
curred within the “master” or “source” gene that actively
retroposed at different rates and time periods of primate
evolution (DEININGER et al. 1992). Currently, the Alu
retroposition rate is reduced by 100-fold from its peak
early in primate evolution (SHEN et al. 1991). The vast
majority of the Alu elements present in the human
genome inserted before the radiation of extant humans
and are therefore observed in all individuals in the hu-
man population. However, almost all of the recently
integrated Alu elements in the human genome are re-
stricted to several closely related “young” subfamilies,
with the majority being Yab and Yb8 subfamily members
(BATZER et al. 1994, 1995). Several of these new subfami-
lies appear to originate from an Alu element that fortu-
itously inserted into a favorable region of the genome
capable of supporting Alu retroposition. Subsequent
or concurrent mutations in the new source element(s)
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result in groups of elements that are identifiable as new
subfamilies.

Collectively, the Alu'Y, Ya5, Yaba2, Ya8, and Yb8 sub-
families comprise <10% of the Alu elements present
within the human genome, with the Ya5/8 and Yb8
subfamilies together accounting for <0.5% of all Alu
elements. Although the human genome contains
>1,000,000 copies of Alu (~10% of the genome; SMIT
1996), <0.5% are polymorphic. Due to their recent
evolutionary introduction into the human genome,
many of the young Alu elements are polymorphic be-
tween individuals and/or populations. There is an in-
verse correlation between the age of the Alu subfamily
and the percentage of polymorphic elements it con-
tains. Identification of evolutionarily recent Alu sub-
families and their polymorphic insertions is useful for
human population studies, forensics, and DNA finger-
printing for two reasons: (i) There is no apparent spe-
cific mechanism to remove newly inserted Alu repeats,
making inserts identical by descent; and (ii) the Alu
insertions have a known ancestral state (BATZER and
DEININGER 1991; BATZER et al. 1994).

The availability of large quantities of human genomic
DNA sequence provided by the Human Genome Project
facilitates genomic database mining for recently inte-
grated Alu elements. Through this approach we were
able to identify the youngest Alu subfamily reported to
date, termed (Yaba2), and determined that the majority
of its members are Alu insertion polymorphisms (Roy
et al. 2000). We expanded our computational analyses
to identify other Alu subfamilies derived from the Alu
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Y and Yb8 subfamilies. Here, we present the analysis of
three of the most recently formed Alu subfamilies and
demonstrate their utility for the study of human geno-
mic diversity.

MATERIALS AND METHODS

Computational analyses: Sequence alignments for the iden-
tification of Alu subfamilies were made using MegAlign soft-
ware (DNAStar version 3.1.7 for Windows 3.2). Screening of
the GenBank nonredundant (nr), the high throughput ge-
nome sequence (htgs), and the genomic survey sequence (gss)
databases was performed using the advanced basic local align-
ment search tool 2.0 (BLAST; ALTscHUL et al. 1990) available
from the National Center for Biotechnology Information
(http:/www.ncbi.nlm.nih.gov/). Database searches for Yb8
consensus Alus showed a common single-base variant termed
Yb9. The databases were searched for matches to the 289 bases
of the Yb9 consensus sequence (as inferred from the previous
Yb8 analysis) or the 281 bases of the Alu Y consensus with
the expected value (real) set at —e¢ 1.0¢ ™" and —e 1.0¢ ',
respectively, in the advanced BLAST options. Only Alu Yb9
elements with all nine diagnostic mutations were selected. A
similar type of search procedure was performed with the Ycl
and Yc2 consensus sequences or with an oligonucleotide query
sequence complementary to the subfamily diagnostic base po-
sitions. Only Alu Ycl/Yc2 elements with 100% identity to the
oligonucleotide query sequences or entire subfamily-specific
consensus sequence were utilized for further analysis. To esti-
mate the copy numbers of the Yb9 subfamily we searched the
draft sequence of the human genome (LANDER et al. 2001),
using a subfamily-specific probe that contained the Yb9-spe-
cific mutation as well as the insertion in the Yb8 subfamily. A
complete list of the Alu elements identified from the GenBank
search is available from M. A. Batzer or P. L. Deininger.

DNA samples: Human DNA samples from the European,
African-American, Alaskan Native, Egyptian, and Asian popu-
lation groups were isolated from peripheral blood lympho-
cytes (AUSUBEL et al. 1996) that were available from previous
studies (Roy et al. 1999).

Oligonucleotide primer design and PCR amplification:
Flanking unique DNA sequences adjacent to each Alu repeat
were used to design primers for the Yb9, Ycl, and Yc2 Alu
elements (Table 1). PCR primers and reactions were per-
formed as previously described (Roy et al. 1999). The heterozy-
gosity associated with each element was determined by the
amplification of 20 individuals from each of four populations
(African American, Alaskan Native or Asian, European, and
Egyptian; 160 total chromosomes). The chromosomal location
for elements identified from randomly sequenced anonymous
large-insert clones was determined by PCR as previously de-
scribed (Roy et al. 1999).

RESULTS

The Alu Yb9, Ycl, and Yc2 subfamilies: Analysis of a
set of 243 Yb8 Alu elements retrieved from the GenBank
database allowed us to identify a putative subfamily con-
taining all the known Yb8 diagnostic mutations plus one
new mutation, which is referred to as Yb9 in compliance
with the standard Alu subfamily nomenclature (BATZER
et al. 1996). The Yb9 consensus sequence is shown in
Figure 1. Searches from the nr, the htgs, and gss re-
trieved a total of 56 Yb9 elements. Of these, 25 elements

were retrieved from the nr database (30.4% of the hu-
man genome at the time), giving an estimated size of
82 members for the YbY subfamily. This estimate is also
in good agreement with a search of the draft human
genomic sequence (LANDER et al. 2001) that identified
79 perfect matches with a Yb9 subfamily-specific query
sequence.

Using a different approach, we also retrieved one
previously identified subfamily, Ycl [formerly termed
Sb0 (Jurka 1995)], and a new variant, Yc2. GenBank
database searches for Alu Y elements that perfectly
match the consensus sequence brought several Alu Y
elements to our attention that share one or two specific
mutations that differ from the Y consensus. Closer in-
spection facilitated the retrieval of the additional Alu
subfamilies. BLAST searches using the consensus se-
quence for Alu Ycl and Yc2 will also retrieve a large
number of elements that are matches to the Alu'Y sub-
family as well, making the analysis of the elements identi-
fied in this manner impractical. Therefore, we selected
only the elements of these subfamilies with 100% iden-
tity to the oligonucleotide query sequence that con-
tained the subfamily-specific diagnostic bases. A total of
176 Ycl (13 perfect matches to the entire subfamily
consensus sequence) and 17 Yc2 (11 perfect matches
to the entire subfamily consensus sequence) elements
were retrieved. A count of all Ycl elements retrieved by
BLAST on a single initial search of the nr database
yielded a total of 116 elements, giving an estimated copy
number of 381 Ycl elements in the human genome (the
nr database contained 30.4% of the human genome
sequence at the time of the search). Interestingly, three
of the four elements previously classified as Alu'Y ele-
ments linked to disease (DEININGER and BATZER 1999)
belong to the Alu Ycl subfamily (Figure2): the de novo
insertion in the CI inhibitor gene (Clinh; STtoppra-
LYoNNET et al. 1990), another de novo insertion in
BRCA2 (BRCA2; MIKI et al. 1996), and glycerol kinase
deficiency (GK; ZHANG et al. 2000).

About one-half of the 56 total Yb9 elements (29)
shared 100% nucleotide identity with the subfamily con-
sensus sequence. To get an approximation of the age
of the Yb9 subfamily, we evaluated the number of non-
CpG mutations present within the different Alu ele-
ments as previously described (Roy et al. 2000). A total
of 19 CpG mutations, 25 non-CpG mutations, and two
5’ truncations occurred within the 56 Alu Yb9 subfamily
members identified. Using a neutral rate of evolution
for primate intervening DNA sequences of 0.15% per
million years (MivaMoTO e¢f al. 1987) and the non-CpG
mutation density of 0.1908% (25/13,104 bases using
only non-CpG bases) within the 56 Yb9 Alu elements
yield an estimated average age of 1.27 million years
(myr). The age for the Yb9 subfamily members is pre-
dicted at a 95% confidence level in the range of 0.8-1.8
myr, given that the mutations were random and fit a
binomial distribution. No analysis can be made for the
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. . . . . 1 .
Y GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGA 60
4.2 T... 60
B 4.5 T... 60

2 . . . 3 . . .
Y TCACGAGGTCAGGAGATCGAGACCATCCTGGCTAACACGGTGAAACCCCGTCTCTACTAA 120 FicurEe 1.—Consensus se-
Yb8 P 8 e s e et bt a et B i eecresresssasnsaes. 120 quencealignmenton’YbS’
Yb9 e e e e e e e e e e e £ 120 and the potentia] new sub-
family Yb9 identified. Nucle-

. . 4 . . . 9 . otide substitutions at each
Y AAATACAAAAAATTAGCCGGGCGTGGTGCCGGGCGCCTGTAGTCCCAGCTACTCGGGAGE 180 position are indicated with
Yb8 e e e e st et et et Gt i e it et et et e e PEPE 180 the appropriate nucleotide.
YbS e, ot i e et e e e G...... 180 Deletions are marked by

dashes (-). The Yb8 and Yb9

. . .5 . . 6 . diagnostic nucleotides are
Y CTGAGGCAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCAGTGAGCCGAGATCGECGC 240 indicated in boldface type
Yb8 L e e A e i e, T.... 240  yith the corresponding di-
2 = A e et e T.... 240 agnostic numbers above.

7 . 8 . . .

Y CACTGCACTCCA--~----- GCCTGGGCGACAGAGCGAGACTCCGTCTC 281
Yb8 . ...... G. . GCAGTCCG . - .t sttt ittt ee s et 288
Yb9 .. ..... [ R € (67 Y ¢4 N @] ¢ 1 288

Ycl and Yc2 Alu elements, because only subfamily mem-
bers with perfect identity to the subfamily consensus
sequence or one mismatch were isolated from the data-
base using one of the database screening procedures.

Phylogenetic distribution and human genomic diver-
sity of the new subfamilies: Amplification of the Yb9,
Ycl, and Yc2 elements from nonhuman primate ge-
nomes facilitated the analysis of the phylogenetic distri-
bution of these elements, using PCR and the oligonucle-
otide primers in Table 1. Almost all of the elements
evaluated were absent from the genomes of the nonhu-
man primates, suggesting that these elements dispersed
and were fixed in the human genome after the human
and African ape divergence.

We performed a PCR analysis on a panel of human
DNA samples to determine the levels of human diversity
associated with the Alu elements from these new subfam-
ilies, using the oligonucleotide primers shown in Table
1. The panel consists of 20 individuals of European
origin, African-Americans, Asians, and Egyptians for a
total of 80 individuals (160 chromosomes). We were
able to analyze 28 out of the 56 Yb9 elements, 97 out
of 176 Yc1 elements, and 8 out of 17 Yc2 Alu elements,
using this approach. Several factors did not allow for
analysis of all the elements. Mainly, we were unable to
design appropriate primers due to insufficient flanking
unique DNA sequences or because the element ana-
lyzed resided within another type of repeat as described
previously (BATZER et al. 1991). The Alu elements were
classified as fixed present and high, intermediate, or
low frequency insertion polymorphisms (see Table 1 for
definitions). In general, we observed that approximately
one-fourth to one-third of the elements analyzed had
some degree of insertion polymorphism (Yb9 with 10/

28, Ycl with 24/97, and Yc2 with 3/8). The population-
specific genotypes and levels of heterozygosity for each
element are shown in Table 2. The high proportion of
polymorphic elements in these Alu subfamilies is in
good agreement with our previous observations, indicat-
ing that these subfamilies are very recent in origin and
still actively retroposing within the human genome.

DISCUSSION

From our subset of AluYb8 and Y elements, we were
able to retrieve three Alu subfamilies termed Yb9, Ycl1,
and Yc2. A schematic of the evolutionary relationship
of these subfamilies with the previously defined Alu
subfamilies is shown in Figure 3. Alu subfamilies arise
as a result of mutations occurring in an existing master
element or new source elements capable of significant
amplification. In this case, the new subfamilies are pre-
sumably examples of Alu subfamilies that may have origi-
nated from the rare instances when an Alu element
fortuitously becomes both transcriptionally and retropo-
sitionally active, therefore allowing it to be another Alu
source gene.

The young Alu subfamilies are currently active with
respect to retroposition, whereas the older Alu subfamil-
ies typically are not. The old Alu subfamilies (Sx, ],
and Sgl), which comprise the vast majority (>1,000,000
copies) of the Alu elements present in the human ge-
nome, appear completely inactive as none of their mem-
bers have been associated with de novo Alu inserts that
result in human diseases (Table 3). When noting the
ratio of reported Alu insertions associated with diseases
and the estimated size of the Alu subfamily, the younger
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Y GGCCGGGCECGGETGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGA 60
4 60
4 <2 60
Lo 0 15+ ) < 60
2320 60
GK  m o e e e e e e T... 60
: ° * 2 . : * Ficure 2.—Consensus se-
Y TCACGAGGTCAGGAGATCGAGACCATCCTGGCTAACACGGTGAAACCCCGTCTCTACTAA 120 quence alignment of Y, Ycl,
Ycl ..., £ o e ettt tesseessesesasnsses 120 Yc2, and three Alu Yel ele-
D4« Y A. tesscsssassenceseas 120 ments associated with dis-
Clinh .......... e b et ittt et e T. tecsssenssassesnsnss 120 ease. The diseases linked
BRCA2 .......... e e s e e P eeeseacsassssssnsses 120 withYel Alu elements are
GK ... e feseeeeseesieeeeees 1200 goioedema caused by
a de novo insertion in the
: . -1 . ; . C1 inhibitor gene (Clinh;
Y AAA----- TACAAAAAATTAGCCGGGCAETGCTEGCGGGCGCCTGTAGTCCCAGCTACTCG 175 STOPPA-LYONNET ¢/ al. 1990),
Ycl A c e e e s e s e 7 Y . 175 breast cancer with another
Yc? e oemmm—- c et e s e e e e n e - 175 de movo insertion in BRCA2
Clinh .. ABABRA . vttt oo oancusneeenonnens - . 180 (BRCAQ; MIKI et al. 1996),
BRCAZ2 ...----~ e e e e v e e e e e s 7 . 175 and glycerol Kinase defi-
GK ceemmm==- et e e e e e e e et . . 175 ciency (GK; JHANG ¢ al.
2000). Nucleotide substitu-
; : : i : . tions at each position are
Y L GGAGGCTGAGGCAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCAGTGAGCCGAGAT zi 2 indicated with the appro-
= T . priate nucleotide. Deletions
Yc? ............................................................ are marked by dashes (-).
Clinh ............... Gttt et i ittt i s e e CGB. ittt it i s 240 The diagnostic nucleotides
BROA 2 ...t ittt it e st oneeeaneneeesaesssosssseessoensssassasnosssssasss 235 are indicated in boldface
GK . e e Gttt it e v et eeeoeenenosoosssntoeseensnnnnases 235 . X
type with the corresponding
diagnostic numbers above.
Y CGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC 281
4 281
YC2 e € e e e e s e e et e e e 281
Clinh ................. € et e et e e et 286
BRCA2 ... ... iineanns f et e et h e s et e 281
GK e e € et e et e e 281

subfamilies Yab, Yb8, and Ycl currently appear to be
~1000 times more active than the Alu 'Y subfamily with
7/2640,3/1852, and 3/400 compared to 1,/200,000 (Ta-
ble 3). The Alu Ya5a2 subfamily appears to have even
a higher current retroposition rate (1,/40), but the very
young age and small size of the subfamily may be an
influencing factor. In general, two independent obser-
vations support the current mobility of these young Alu
subfamilies within the human genome. First, there are
examples of Alu inserts that have caused disease that
belong to these young subfamilies. Second, the subfami-
lies have a high proportion of Alu insertion polymor-
phisms between individuals/populations (Table 3), in-
dicating the recent proliferative/amplification activity
of these Alu elements in the human genome.

Alu elements that are polymorphic for insertion pres-
ence/absence have previously proven useful for the
study of human population genetics and forensics
(BATZER et al. 1991, 1994; PERNA ¢t al. 1992; NOVICK et al.
1993; HAMMER 1994; TISHKOFF et al. 1996; STONEKING e/
al. 1997; MAJUMDER et al. 1999; Comas et al. 2000; JORDE
et al. 2000; WATKINS et al. 2001). The identification of

very young Alu subfamilies with a high proportion of
polymorphic members provides new sources of Alu in-
sertion polymorphisms for the study of human popula-
tion genetics. However, it is important to note that an
exhaustive analysis of these small subfamilies will only
generate a relatively small number of new Alu insertion
polymorphisms.

Master element vs. source gene: Alu elements have
been proposed to fit an evolutionary model where the
copies arose from “master” genes (DEININGER and Sra-
GEL 1988; LABUDA and STRIKER 1989; SHEN et al. 1991,
DEININGER et al. 1992). A master gene can be defined
as an element that is highly active during a long period,
therefore generating a lot of copies of itself. However,
we demonstrated that recently inserted Alu elements
(de novo) belong to a variety of Alu subfamilies, indicat-
ing the simultaneous presence of multiple active ele-
ments in the human genome. These active elements
that have a low rate of amplification and are only active
for a very short period of time should not be classified
as master genes. To distinguish between them, we sug-
gest the use of the nomenclature of “master gene” when
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o s s o . integrated Alu subfamilies. All the origins of the young Alu
25 T2SLI 5 subfamilies are shown. The origins of the Yb9, Ycl, and Yc2
- N I === E Alu subfamilies are shown after the divergence of the Yb8 and
g I 8 the Y subfamily, respectively.. The size of the fpnt is relative
& ~|eegmeoc® g to the number of elements within each subfamily, the largest
Sl L] ! o representing 100,000-200,000 copies; medium, 1000-2000
Mg 8 copies; and the smallest, 50-500 copies. The total number of
= NSO~ 00O elements from each subfamily linked to disease is indicate
= L o~ < 1 f h subfamily linked to d dicated
st Fg to the right. The proportion of polymorphic elements within
Q . g each family is represented by the following: =, rarely polymor-
0w oo r~ I~ o ic elements are found; +, low percentage of polymorphic
~ ~| =2 o= o phic el found; +, low p ge of polymorphi
o 'g + ‘; elements; ++, ~50% the elements are polymorphic; and
2 S : i
5 E lesssen=s g +++, most of the elements are polymorphic.
2 R o
[ 8 Scococcocoo =
@ slggsyg g § = E refffrring to t.he highly active genes for long evolutionary
3 Z| 2 R g periods of time, like the Alu element that generated
3 | B § the majority (>90%) of the Alu elements currently pres-
2 ~|ecegme—° 8,3_@ entin the genome today. For those copies, or daughters,
3 s ' 5 & that acquired the ability to retropose we propose the
P
gl &| 1 cccowoo £ 28 use of the term “source genes.” However, some of the
‘7 ~ . .
212+ - < g elements classified as source genes may be potential
) =] . . .
O N kg master genes, and only the progression of time will allow
N Dgeeoen .‘—; 2 the appropriate distinction to be made.
|5} . . . oy
* &3 Evolutionary reduction in the Alu retroposition rate:
3 § § § g g E lé g“; Our data indicate the existence of several currently ac-
T I SS83Ss333 S Z tive Alu elements that belong to different subfamilies
w A c1- .
SR within the human genome. However, the present ampli-
s|looo o —~ o 2 . .
g ZISEREFRES| = éog fication rate of Alu elements has drastically decreased
B SlmeesesS| g S from when it reached its peak between 35 and 60 million
5 |\ o 4o %’Jg % years ago (mostly Sx subfamily). The majority of the
o °es ¢ Alu elements present in the genome of extant humans
= ! 555 P 8
7ol 22} . . . . . .
8 é: | ?E J inserted during this peak amplification period. There
) . . . .
| oNocoexom| 75 are multiple reasons that could explain the reduction in
=} — — S =z P p
[P . . . .
é + & %’3 % the amplification rate of Alu elements. First, mutations
i e 0o o —man = g 'TE; within or near the master Alu element could reduce its
+] 7 il T e retroposition activity or even totally abolish it by a variety
- = n 5 of mechanisms (DEININGER and BATZER 1993; ScHMID
— 0 MmN 4 : : i
«g SSNNTET| % £ é 1996). Alternatively, mutations within the master gene
cloovovogempAa| =g . e « -
ElezEgzzz|EZS orin the LINE elements that affect the ability to “parasit
= < E SESICECICE I ize” LINE element-encoded enzymes necessary for retro-

position could also reduce the Alu amplification rate.
Furthermore, the host may have also evolved cellular
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TABLE 3
Young Alu subfamilies copy number, inserts linked to disease,
and polymorphism
Inserted General
linked subfamily
Alu Estimated with polymorphism’
subfamily copy number disease” (%)
J, Sx, Sgl >1,000,000 0 -
Y >200,000 1 +
Yab 2640 7 + 26
Yaba2 40 1 +++ 80°
Ya8 70 0 ++ 50
Yb8 1852 3 + 20
Yb9 80 0 + 36
Ycl 400 3 + 25°¢
Yc2 ND 0 + 37.5¢

ND, not determined.

“Previously published Alu elements linked with disease
(DEININGER and BATZER 1999).

" The proportion of polymorphic elements within each fam-
ily is represented by the following: *, rarely polymorphic
elements are found; +, low percentage of polymorphic ele-
ments; ++, ~50% the elements are polymorphic; and +++,
most of the elements are polymorphic.

“Percentage polymorphism was determined using a selected
subgroup introducing a bias.

mechanisms to reduce Alu proliferation. Finally, the
availability of suitable genomic “insertion sites” may be
reduced, since most evolutionarily neutral or positive
sites are presumably already “filled” with different types
of preexisting repeats. Alternatively, new Alu insertions
may result in unacceptable local levels of unequal homo-
logous recombination (DEININGER and BATZER 1999).
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