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Short retroposons (SINEs) are repetitive elements amplified in the genome

via an RNA intermediate, using the enzymatic machinery of autonomous

retroposons (LINEs). SINEs are widely distributed in eukaryotes; for instance,

all tested mammalian genomes contain 104–106 SINE copies. Although several

SINE families such as primate Alu or rodent B1 have long been recognized, the

more recent discovery of many SINEs in various eukaryotes, as well as progress

in understanding the mechanisms of LINE replication and genome functioning as

a whole, shed light on the biology and evolution of SINEs and their significance for

the cell.
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I. Introduction

The genomes of higher eukaryotes are crowded with DNA elements that are

repeated thousands or millions times. For instance, they amount to ~40–45%

of human and mouse genomes. Many of these repeats were generated

through the activity of transposable elements or transposons that can insert

their copies into new chromosomal locations. Transposons are divided into

two classes according to whether their replication is mediated by RNA (class

I) or DNA (class II). Both classes include autonomous and nonautonomous

elements. Autonomous transposons have open reading frames (ORFs)

encoding proteins essential for transposition, whereas nonautonomous

transposons encode no proteins and rely on the replication machinery of

the autonomous transposons. Integration of nearly all transposons results in
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duplication of a short genomic sequence at the insertion point (target site

duplication).

Class I elements (or retroelements) are further divided into three groups by

their replication strategy and structure: LTR‐transposons (or retrotranspo-
sons), long interspersed elements (LINEs), and short interspersed elements

(SINEs). LTR‐transposons resemble retroviruses: they have long terminal

repeats (LTRs) with transcription control sequences and open reading

frames encoding retropositional activities but lack those for forming a

viral capsid.

LINEs (also called long retroposons) encode similar activities but lack

LTRs; instead, they carry a promoter sequence preceding the open reading

frames andmediating synthesis of polyadenylated RNA by RNA polymerase

II, and are usually terminated by poly(A).

SINEs (short retroposons) are nonautonomous retroposons; the internal

promoter at the 50 end provides for their transcription by RNA polymerase

III (Pol III). Similar to LINEs, they end with A‐rich or other simple repeat

sequence.

Nonautonomous elements of DNA transposons, LTR‐transposons, and
LINEs are usually derived from the corresponding autonomous elements via

internal deletion; the origin of SINEs is not so straightforward. Their 50 part
descends from a cellular RNA (usually tRNA); the origin of the 30 part is
unclear, although the extreme 30 part of many (but not all) SINEs is similar to

the 30 end of conspecific LINEs.

Although SINEs are only one of many types of transposons, the number of

their copies makes up half of the total number of repeated elements (at least

in humans and mice). In this article, we review the available data on the

structure, replication, evolution, and biological significance of SINEs.

SINEs were discovered more than 25 years ago with the cloning (Jelinek

et al., 1980; Kramerov et al., 1979) and sequencing of rodent B1 and B2

elements (Haynes and Jelinek, 1981; Haynes et al., 1981; Krayev et al.,

1980, 1982) as well as primate Alu elements (Daniels and Deininger, 1983;

Deininger et al., 1981). Although SINEs were initially believed to occur only

in mammals, later studies demonstrated their presence in the genomes of

reptiles, fish, ascidians, insects, and flowering plants (Table I). Progress in

LINE research demonstrated that their proteins execute retroposition. The

finding of similar nucleotide sequences at the 30 ends of nonmammalian

SINEs and LINEs (Okada and Hamada, 1997) was the starting point for

the concept of involvement of LINEmachinery in the retroposition of SINEs

(Jurka, 1997; Kajikawa and Okada, 2002). For many years, SINEs were

considered to be selfish or parasitic DNA; however, the available data

indicate that SINEs can mediate certain cellular processes. Moreover, they

play an important role in the evolution of individual genomic loci and

genome as a whole.
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TABLE I

Eukaryotic SINEsa

Classification SINE

Ancestral

RNA Structure

Length

(nt)

Associated

LINE Tail

Species

range

Number

of copies Referencesb

Animals

Phylum Vertebrata

Ther‐1
(MIR)

tRNA Monomeric;

CORE‐SINE

270 L2 (TTA)n Mammals,

birds, and

reptiles

4 � 105 (human)

1 � 105

(mouse, rat)

1, 2

Class Mammalia

Subclass Theria Ther‐2
(MIR3)

tRNA Monomeric;

CORE‐SINE

220 L3 Marsupials

and placentals

7.5 � 104

(human)

(2, 3)

Subclass

Metatheria

Mar‐1 tRNA Monomeric;

CORE‐SINE

240 Bov‐B (AAC)n Marsupials 2

Opo‐1 tRNA Monomeric;

CORE‐SINE

190 North American

marsupials

2

Subclass

Prototheria

Mon‐1 tRNA Monomeric;

CORE‐SINE

270 L2 (TTA)n Monotremes 2

Order Primates Alu 7SL RNA Homodimeric 282 L1 A‐rich Primates 1.1 � 106

(human); 1.5

� 105 (galago)

4, 5

SINE type II tRNAIle

þ 7SL RNA

Dimeric 260 L1 A‐rich Bush babies and

lorises

(Lorisiformes)

3.2 � 105 6, 7

SINE type III tRNAIle Monomeric 100 L1 A‐rich Bush babies and

lorises

(Lorisiformes)

2.0 � 105 7, 8

Order

Rodentia

B1 7SL RNA Monomeric 135 L1 A‐rich Rodents 5.6 � 105

(mouse)

9, 10

ID tRNAAla Monomeric 75 L1 A‐rich Rodents 103–105 11

B4 (RSINE2) tRNAAla

þ 7SL RNA

Dimeric

ID þ B1

275 L1 (CA)n Mouse and rat 4 � 105 (mouse)

3.6 � 105 (rat)

12

(continued )
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B2 tRNAAla Monomeric 185 L1 A‐rich Muridae,

Cricetidae,

Spalačidae, and

Rhizomyidae

3.5 � 105 13

DIP tRNAAla Monomeric 190 L1 A‐rich Dipodidae and

Zapodidae

105 14

MEN tRNAAla

þ 7SL RNA

Dimeric

tRNA þ B1

259 L1 A‐rich Squirrels (Menetes

and Callosciurus)

105 14

B1‐dID 7SL RNA

þ tRN AAla
Dimeric

B1 þ ID

200 L1 A‐rich Sciuridae and

Gliridae

105 15

IDL‐Geo tRNAAla

þ tRNA

Dimeric 192 L1 A‐rich Geomyidae and

Heteromyidae

105 16

Order

Dermoptera

CYN (t‐SINE) tRNAlle Mono‐, di‐,
and trimeric

90, 160, 220 L1 A‐rich Dermoptera

(Cynocephalus

variegatus)

1.5 � 105 17, 18

Order

Lagomorpha

C tRNAGly Monomeric 309 L1 A‐rich Rabbit (Oryctolagus

cuniculus)

1.7 � 105 19

Order

Cetartiodactyla

Bov‐tA tRNAGly Dimeric tRNA

þ Bov‐A
210 Bov‐B AT‐rich Bovidae (cattle,

goats, and sheep)

2 � 105 20

CHRS (CHR‐1;
CHRS‐S)

tRNAGlu Monomeric 120–160 L1 A‐rich Cetaceans,

hippopotamuses,

ruminants, and

suiforms

5 � 104

(sperm whale)

2 � 105 (pig)

21

CHR‐2 tRNAGlu Monomeric 270–330 L1 A‐rich Cetaceans,

hippopotamuses,

and ruminants

2 � 105

(sperm whale)

22

PRE‐1 tRNAArg Monomeric 246 L1 A‐rich Pigs and peccaries 106

(cow and pig)

23

Vic‐1 tRNAAla Monomeric 117 L1 A‐rich Camelidae 105 24

Order

Perissod

actyla

ERE‐1 tRNASer Monomeric 212 L1 A‐rich Horses (Equus

spp.)

5 � 104 25

TABLE I (continued )

Classification SINE

Ancestral

RNA Structure

Length

(nt)

Associated

LINE Tail

Species

range

Number

of copies Referencesb
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Order

Chiroptera

VES tRNATyr Monomeric 190 L1 A‐rich Bat families

Vespertilionidae,

Molossidae,

Phyllostomidae,

and Embal-

lonuridae

105 26

Rhin‐1 tRNAlle Monomeric 190 L1 A‐rich Bat families

Rhinolophidae

and

Hipposideridae

27

Order Insectivora SOR tRNALys Monomeric 157 L1 A‐rich Shrews (Soricidae) 105 28

TAL tRNA Monomeric 237 L1 A‐rich Moles (Talpidae) 105 28

ERI‐1 tRNALys Monomeric 126 L1 A‐rich Hedgehogs

(Erinaceidae)

105 28

ERI‐2 tRNA Monomeric 186 L1 A‐rich Hedgehogs

(Erinaceidae)

105 28

Order Carnivora CAN tRNA Monomeric 160 L1 A‐rich Carnivores 2 � 105 29, 30

Order Scandentia Tu type I tRNA

þ 7SL RNA

Dimeric

tRNA þ B1

190 L1 A‐rich Tree shrews 102 31

Tu type II tRNA

þ 7SL RNA

Trimeric tRNA

þ B1 þ B1

290 L1 A‐rich Tree shrews 102 31

Tu type III tRNA Monomeric 260 L1 A‐rich Tree shrews 2 � 105 31

Orders Hyracoidea,

Sirenia,

Proboscidea,

Tubulidentata,

Macroscelidea,

Insectivora

AfroSINE tRNA Monomeric 230 (TTG)n Afrotherians 8 � 105 32

Order Xenarthra DAS‐I tRNAAla Monomeric 90 L1 A‐rich Nine‐banded
armadillo

(Dasypus

novemcinctus)

2.9 � 104 27, 33

DAS‐II tRNAAla Homodimeric 190 L1 A‐rich Nine‐banded
armadillo

(Dasypus

novemcinctus)

6.5 � 104 33

DAS‐III tRNAAla Monomeric 440 L1 A‐rich Nine‐banded
armadillo

(Dasypus

novemcinctus)

2.2 � 105 33

(continued )
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Class Reptilia Cry I/Cry II

(pol III/SINE)

tRNALys Monomeric 200 PsCR1 AT‐rich Tortoises 34, 35

P.s. 1/SINE tRNALys Monomeric 116 Lucy 1

(CR1)

AT‐rich Lizard

(Podarcis

sicula)

36

Class

Actinopterygii

(ray‐finned
fishes)

Sma I (Sma I‐div,
Sma I‐cor, Hirt,

Pol III/SINE)

tRNALys Monomeric 150 RSg‐1 AT‐rich Salmonidae 2.6 � 104

(chum and

pink salmons)

37

Fok I tRNALys Monomeric 150 RSg‐1 AT‐rich Chars

(Salvelinus spp.)

38

Hpa I tRNA Monomeric;

CORE‐SINE

200 Rsg‐1 AT‐rich Salmonidae 1–2 � 104

(Salmoninae)

38

Ava III tRNA Monomeric;

CORE‐SINE

280 AT‐rich Salmonidae � 102 39

AFC tRNA Monomeric;

CORE‐SINE

320 CiLINE2 (ATT)n Cichlids 2 � 103–2 � 104 40

DANA tRNAVal Monomeric;

V‐SINE

370 ZfL3 (TGAA)n Zebrafish (Danio) 4–5 � 105 41

SINE3 5S rRNA Monomeric 560 CR1‐like (ACATT)n;

(ATT)n

Zebrafish

(Danio rerio)

104 (0.4% of

genome)

42

Ras1 tRNAVal Monomeric;

V‐SINE

300 (YAAA)n Rasbora

(Rasbora

pauciperforata)

2 � 102 43

AC1 tRNAVal Monomeric;

V‐SINE

380 (TGAG)n Fugu

(Fugu rubripes)

2 � 102 43

(TGAA)n Medaka

(Oryzias latipes)

2.8 � 103 43

Other

Percomorpha

43

UnaSINE1 tRNA Monomeric 300 UnaL2 (TGTAA)n Eel (Anguilla

japonica)

44

Class Chondric

hthyes

(cartilagi

nous fishes)

HE1 tRNAVal Monomeric;

V‐SINE

340 HER1 (NATT

CTAT)n

Higher

elasmobranchs

103–106 45

TABLE I (continued )

Classification SINE

Ancestral

RNA Structure

Length

(nt)
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LINE Tail

Species
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Number

of copies Referencesb
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Class Dipnoi

(lungfishes)

Lun1 tRNAVal Monomeric;

V‐SINE

300 LfR1 (GAAC-

CTAT)n

Lungfish

(Lepidosiren

paradoxa)

3 � 105 43

Class Petromy

zontidae

(lampreys)

Lam1 tRNAVal Monomeric;

V‐SINE

230 (GCA)n Lamprey

(Lethenteron

reissneri)

2.4 � 103 43

Phylum Tunicata

Class

Ascidiacea

(sea squirts)

Cisc‐1 tRNA Monomeric;

CORE‐SINE

290 (CATT)n Sea squirt

(Ciona

intestinalis)

46

Phylum Mollusca

Class

Octopoda

SK tRNALys Monomeric 260 AT‐rich Squid (Loligo

bleekeri)

47

OK tRNA Monomeric 410 AT‐rich Octopus vulgaris 8.5 � 104 48

OR1 tRNAArg Monomeric;

CORE‐SINE

390 AT‐rich Octopus spp. 3.3 � 104 48

OR2 tRNAArg Monomeric;

CORE‐SINE

270 AT‐rich Octopus spp. 2.8 � 104 48

Phylum Platyhelminthes

Class Trematoda Sma (T2), Sja tRNAArg Monomeric 330 AT‐rich Schistosomatidae 49–51

Phylum Echinodermata

Class

Echinoidea

SURF1 tRNA Monomeric �330 AT‐rich Sea urchin

(Strongylo-

centrotus

purpuratus)

8 � 102 52

Phylum

Arthropoda

Class Insecta

Order

Lepidoptera

Bm1 tRNA Monomeric 430 A‐rich Silkworm

(Bombyx mori)

2 � 104 53

Order

Orthoptera

Lm1 (SGRP1) tRNALeu Monomeric �200 T‐rich African

migratory

locust (Locusta

migratoria)

Schistocerca

Chorthippus)

6 � 105 (locust) 54

(continued )
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Order Diptera Feilai tRNASer Monomeric 275 Juan‐A (GAA)n Yellow fever

mosquito

(Aedes aegypti)

6 � 104 55

Sine200 Type 2 Pol III

promoter

(not tRNA)

Monomeric 210 (GAA)n Anopheles gambiae 2 � 103 56

Twin tRNAArg Homodimeric 250 A‐rich Mosquito

(Culex pipiens)

5 � 102 57

Phylum Nematoda

Subclass

Rhabditia

CELE45 tRNA (Lys) Dimeric 270 RTE1 AT‐rich Caenorhabditis

elegans

Several

hundreds

3; and

our

unpub-

lished

data

Plants

Phylum Magnoliophyta (dicoteledons)

Order Poales Au tRNA Monomeric 180 T‐rich Poaceae

(grass family)

Fabaceae (pea

family)

Solanaceae

(nightshade

family)

58; and

our

unpub-

lished

data

p‐SINE1 tRNAGly (Ser) Monomeric 130 T‐rich Rice (Oryza

genus)

6 � 103 59, 40

F524 tRNA Monomeric 290 A‐rich Rice (Oryza

sativa)

3

CASINE tRNA Monomeric 190 A‐rich Rice (Oryza

sativa)

3; and our

unpub-

lished

data

Order

Solanales

TS tRNALys (Arg) Monomeric 210 T‐rich Solanaceae and

Convolvu-

laceae

5 � 104

(tobacco)

61

TABLE I (continued )

Classification SINE

Ancestral

RNA Structure

Length

(nt)

Associated

LINE Tail

Species

range

Number

of copies Referencesb
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Order

Brassicales

S1 tRNAPro (Pro) Monomeric 180 Bali1 A‐rich Brassicaceae

(mustard

family)

�103 62

RAthE1 (AtSN2,

AtSINE3, SL1)

tRNACys (Lys) Monomeric 150 A‐rich Arabidopsis

thaliana

1.5 � 102 63, 64

RAthE2 (SL2) tRNAGly Monomeric 310 A‐rich Arabidopsis

thaliana

60 63

RBolE2 tRNA Monomeric 300 A‐rich Brassica Our

unpub-

lished

data

AtSINE1 (AtSN1) tRNA Monomeric 170 AtLINE1‐
3A

A‐rich Arabidopsis

thaliana

64, 65

Abbreviations: LINE, long interspersed element (autonomous retroposon); SINE, short interspersed element (short retroposon).
aNote: Many repeats described as SINEs do not belong to this class of repetitive elements: Bov‐A2, ARE (cetartiodactyls), ELA (carnivores), Hy/Pol III (reptiles),

RANA/Pol III (amphibians), D88I (echinoderms), Bm1b, Cp1 (insects), ZmSINE1, XC1, XC2, TSCL (plants), MGSR1, Mg‐SINE, Ch‐SINE (fungi), EHINV1/2,

EhLSINE1, EhLSINE2, and Scal (protists).
bReferences: (1) Smit and Riggs, 1995; (2) Gilbert and Labuda, 2000; (3) Jurka, 2000; (4) Deininger et al., 1981; (5) International Human Genome Sequencing

Consortium, 2001; (6) Daniels and Deininger, 1983; (7) Roos et al., 2004; (8) Daniels and Deininger, 1991; (9) Krayev et al., 1980; (10) Vassetzky et al., 2003; (11)

Milner et al., 1984; (12) Lee et al., 1998; (13) Krayev et al., 1982; (14) Serdobova and Kramerov, 1998; (15) Kramerov and Vassetzky, 2001; (16) I. K. Gogolevsky and

D. A. Kramerov, unpublished data; (17) Piskurek et al., 2003; (18) Schmitz and Zischler, 2003; (19) Cheng et al., 1984; (20) Lenstra et al., 1993; (21) Shimamura et al.,

1999; (22) Nikaido et al., 2001; (23) Singer et al., 1987; (24) Lin et al., 2001; (25) Sakagami et al., 1994; (26) Borodulina and Kramerov, 1999; (27) Borodulina and

Kramerov, 2005; (28) Borodulina and Kramerov, 2001; (29) Lavrent’eva et al., 1989; (30) Vassetzky and Kramerov, 2002; (31) Nishihara et al., 2002; (32) Nikaido

et al., 2003; (33) Churakov et al., 2005; (34) Endoh and Okada, 1986; (35) Sasaki et al., 2004; (36) Fantaccione et al., 2004; (37) Hamada et al., 1997; (38) Kido et al.,

1991; (39) Kido et al., 1994; (40) Takahashi et al., 1998; (41) Izsvak et al., 1996; (42) Kapitonov and Jurka, 2003; (43) Ogiwara et al., 2002; (44) Kajikawa and Okada,

2002; (45) Ogiwara et al., 1999; (46) Simmen and Bird, 2000; (47) Ohshima et al., 1993; (48) Ohshima and Okada, 1994; (49) Spotila et al., 1989; (50) Ferbeyre et al.,

1998; (51) Laha et al., 2000; (52) Nisson et al., 1988; (53) Adams et al., 1986; (54) Bradfield et al., 1985; (55) Tu, 1999; (56) Holt et al., 2002; (57) Feschotte et al., 2001;

(58) Y. Yasuo, N. Shuhei, and Y. Matsuoka, unpublished data; (59) Mochizuki et al., 1992; (60) Motohashi et al., 1997; (61) Yoshioka et al., 1993; (62) Deragon et al.,

1994; (63) Lenoir et al., 2001; (64) Myouga et al., 2001; (65) Kapitonov and Jurka, 1999.
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Although excellent reviews of various aspects of SINEs regularly appear

(Deininger and Batzer, 2002; Smit, 1999; Weiner, 2002), no fundamental

reviews have been published more recently (Maraia, 1995; Rogers, 1985;

Weiner et al., 1986). This article is an attempt to fill this gap.

II. Structure of SINEs

As can be deduced from their name, SINEs are short relative to other

transposons: 80–500 bp (typically 150–200 bp). In the majority of cases,

SINEs are flanked by short (5–15 nucleotides) direct repeats of host DNA.

A typical short retroposon is composed of three parts: the 50 head, also called

the tRNA‐related region; the central body (tRNA‐unrelated region); and the

30 tail, usually AT‐rich or composed of a simple repeat. Certain SINEs,

however, deviate from this pattern: their head can be derived from another

cellular RNA; the body or tail may be short or absent; they can form dimers

or even trimers with other SINEs; and so on. Some examples of SINE

structure are given in Fig. 1 and are discussed later.

SINE copies in the genome are stably inherited over time. They accumu-

late point mutations and can be quite variable, usually 5–35%, depending on

the time of their appearance in the genome. Such copies together form a

SINE family. However, some regions of SINE sequences are more conserved

than others (commonly, their tail is most variable), which may be associated

with the retroposition machinery.

SINEs are often enriched in CpG (e.g., Alu, CAN, and S1). These dinu-

cleotides are primary targets for methylation. Indeed, most (but not all)

SINEs are partially or completely methylated in somatic cells (Hellmann‐
Blumberg et al., 1993). Moreover, deamination of 5‐methylcytosine and

subsequent DNA replication introduce TG or CA instead of CG, providing

high rates of such transition (Bird, 1980). Indeed, an ~10‐fold higher muta-

tion rate is observed at CpG sites, compared with non‐CpG sites, within

human Alu (Batzer et al., 1990; Labuda and Striker, 1989).

A. Head

The heads of all SINEs share at least one common character: a promoter for

Pol III (Jagadeeswaran et al., 1981). This eukaryotic enzyme is responsible

for synthesis of small nuclear and cytoplasmic RNAs (tRNA, 5S rRNA, 7SL

RNA, U6 RNA, etc.). It can utilize three types of promoters: the type

2 promoter specific for tRNA (and SINEs) is internal (i.e., it lies downstream
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of the transcription initiation site) and includes two short (~11 bp) sequences
typically spaced by 30–35 bp; these sequences are called A and B boxes (see
Section III.A.1).

SINEs share a typical consensus of the Pol III promoter:
TGGCNNAGTGGN30–35 GGTTCGANNCC. It usually starts 10 –15
nucleotides from the 5 end. The distance between the A and B boxes can
be longer (e.g., ~45 bp in CAN and ERE 1). Accordingly, this (as well as
various duplications within this region) can extend the head length beyond
the length of tRNA.

As already mentioned, heads of most SINEs are derived from cellular
tRNAs as deduced from considerable sequence similarity (Daniels and
Deininger, 1985; Lawrence et al., 1985; Sakamoto and Okada, 1985). In
many cases, a particular tRNA that gave rise to a SINE can be easily
found, which substantiated attempts to classify SINEs as tRNALys related,
tRNAArg related, and so on (Okada and Ohshima, 1995). At the same time,
some SINEs have deviated considerably from the original sequences and
their reliable attribution to a particular tRNA species is hardly possible. The

FIG. 1 Examples of SINE structure. A typical SINE includes a tRNA‐

‐

‐
‐

derived head, a body
with the 3 end derived from a partner LINE, and a tail (simple repeat sequence). Other
examples include 7SL RNA derived SINE (B1), bodyless SINE (ID), and dimeric SINE
(MEN). (See also color insert.)

EUKARYOTIC SINE 175

’

’

S

Typical SINE

RNA polymerase III 
promoter

tRNA-related region simple repeatstRNA-unrelated region

A box B box
LINE-related

region

HEAD BODY TAIL

RNA polymerase III 
promoter

tRNA-related region simple repeatstRNA-unrelated region

A box B box
LINE-related

region

HEAD BODY TAIL

tRNA HEAD A-rich TAIL
Rodent ID

tRNA HEAD A-rich TAILtRNA HEAD A-rich TAIL
Rodent ID

7SL RNA-derived HEAD A-rich TAIL
Rodent B1

7SL RNA-derived HEAD A-rich TAIL
Rodent B1

tRNA-derived unit A-rich TAIL
Squirrel MEN

A-rich
linker 7SL RNA-derived unittRNA-derived unit A-rich TAIL

Squirrel MEN
A-rich
linker 7SL RNA-derived unit

100 nt100 nt

nvas
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cloverleaf structure of tRNA is not necessarily preserved in the derived

SINEs (e.g., in ID SINE; Rozhdestvensky et al., 2001), although it was

proposed to mediate their transport to the cytoplasm by the tRNA nuclear

export system (Weiner, 2002). In any case, the highest similarity with tRNA

covers the A and B boxes and the region between them.

The main function of the head is initiation and regulation of SINE

transcription; in addition, this region can mediate SINE transport to the

cytoplasm (at least in 7SL‐derived SINEs) and provide for RNA stability.

B. Body

Nucleotide sequences of a typical SINE body are 50–200 bp long and are

usually unique for each SINE family. The 30 part of a typical SINE body is

similar to the 30 end of a partner LINE (Ohshima et al., 1996; Okada et al.,

1997). This region is essential for reverse transcription of a SINE RNA;

apparently, the reverse transcriptase complex uses it instead of the similar

30 end of the LINE RNA (see Section III.A.4). Accordingly, its length

(typically 50–100 nucleotides) depends on recognition requirements of

reverse transcriptase of the partner LINE.

However, there usually is another region between the tRNA‐ and LINE‐
derived regions. We know neither the origin nor the function of it. This

region can be conserved in a broad range of SINEs even with unrelated

tRNA‐ and LINE‐derived parts. Two such ‘‘core’’ regions are presently

known (Gilbert and Labuda, 1999; Ogiwara et al., 2002). Although their

function is unclear, such conservation in quite different SINEs suggests

functional significance of these cores.

One more structure that can be present in the body of certain SINEs is

a (CT)n or simply CT‐rich stretch of variable length just before the tail

(Borodulina and Kramerov, 2001). Such variability can be maintained by

reverse transcriptase slippage (see Section III.A.5) or by DNA‐mediated

mechanisms specific for microsatellite sequences. Its significance remains

unclear.

However, no similarity between SINE body and the 30 end of a partner

LINE is observed for many SINEs, for example, most mammalian SINEs.

In this case, the function of the LINE‐like region can be adopted by the tail

(see later discussion).

C. Tail

The 30 end of SINEs is usually an A‐ or AT‐rich tail. It can vary greatly in

both length and sequence; for instance, it can be (A)n or (CA)n in individual

SINEs of the same family. In many SINEs these tails end with a run of
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T residues, which is a termination signal for Pol III (Borodulina and Kra-

merov, 2001; Haynes and Jelinek, 1981). Other SINEs lack such a terminator

and Pol III continues transcription until a terminator is encountered in the

genomic sequence outside the transcribed SINE copy. Alternatively, SINE

tails can be composed of short tandem repeats of 3–5 bp (nonmammalian

vertebrate SINEs) or T‐rich sequence (e.g., p‐SINE1 from rice).

In addition to transcription termination in some SINEs, the tail can be

responsible for SINE RNA delivery to the LINE reverse transcriptase com-

plex. Sometimes, their sequence is important (human Alu; Dewannieux et al.,

2003); in other cases the tail length rather than the sequence is important (eel

UnaSINE1; Kajikawa and Okada, 2002). In addition to these functions, the

SINE tail can be significant for RNA stability and transport between the

nucleus and cytoplasm.

D. SINEs with Atypical Structure

Many SINEs deviate from the previously described typical structure. Some

SINEs are derived from 7SL RNA or 5S rRNA; others lack or have a very

short body or are composed of two or three SINE units, and so on (Fig.1).

Actually, the first discovered SINEs, human Alu (Deininger et al., 1981) and

mouse B1 (Krayev et al., 1980), are related not to tRNA but rather to the

beginning and end of cellular 7SL RNA (Ullu and Tschudi, 1984), a compo-

nent of cytoplasmic ribonucleoprotein (RNP) called the signal recognition

particle involved in translation of secreted proteins in all eukaryotes. The

7SL‐derived region is ~100–160 bp long, depending on the size of internal

deletion. Although 7SL‐derived SINEs have no LINE‐related region, their

A‐rich tail, essential for retroposition (Dewannieux et al., 2003), seems to be

its functional substitute.

Primate Alu is composed of two similar but not identical units. Such

dimerization can also be found in other SINEs. In some cases SINEs with

quite different structure can be fused, for example, 7SL RNA‐ and tRNA‐
derived SINEs; trimeric SINEs are also known. Although several SINEs with

both units derived from tRNA are known (e.g., CYN and DAS‐II); most

composite SINEs have at least one 7SL RNA‐derived unit. We do not know

the significance of dimerization; however, dimeric SINEs usually outnumber

their monomeric ancestors. Although rodent B1 SINEs are monomeric, they

have an ~30‐nucleotide internal duplication in their body (called ‘‘quasi‐
dimer’’ by analogy with Alu). Such internal duplications can be found in

other SINEs as well.

To date, we know one SINE derived from the third class of cellular RNA,

5S ribosomal RNA, in the zebrafish genome (Kapitonov and Jurka, 2003).

Discovery of this SINE was not too surprising (Weiner, 2002), because,
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similar to 7SL RNA and tRNAs, 5S rRNA is an abundant Pol III transcript

with internal initiation (see Section III.A.1).

In addition to SINEs with complicated structures, there are SINEs with

reduced structure, such as rodent ID, which has a very short tRNA‐derived
body (75 bp) and an A‐rich tail (Sutcliffe et al., 1982). Vic‐1 from camels (Lin

et al., 2001) and DAS‐I from armadillo (Borodulina and Kramerov, 2005;

Churakov et al., 2005) are other examples of this kind. It is of interest that all

these SINEs derive from tRNAAla.

Because SINE structure depends on both the cellular machinery (which is

relatively uniform in eukaryotes) and the machinery of partner LINEs,

unusual SINE forms can be expected in species with unusual LINEs (e.g.,

in lower eukaryotes).

III. Replication of SINEs

A. Amplification Mechanism

Unlike autonomous transposons that transcribe their genes to produce

mRNA and proteins mediating their replication, nonautonomous SINEs

completely rely on the cell machinery and autonomous retrotransposons

for their replication. First, active genomic SINE is transcribed by the cellular

Pol III, this RNA is then delivered to the reverse transcriptase complex in the

cytoplasm, and finally it is reverse transcribed and the resulting DNA is

integrated in the genome (Fig. 2).

1. Transcription

Autonomous transposons express proteins and, hence, use the RNA poly-

merase II machinery (which is also the case for the derived nonautonomous

transposons). SINE RNA is present in two RNA pools in the cell: high

molecular weight RNA in the nucleus, and low molecular weight RNA in

both nucleus and cytoplasm (Elder et al., 1981; Kramerov et al., 1982). High

molecular weight SINE RNA is transcribed by RNA polymerase II within

introns, with most of the transcripts being eliminated by splicing; low molec-

ular weight SINE RNA is synthesized by Pol III, as indicated for several

mammalian and nonmammalian SINEs in a‐amanitin inhibition experi-

ments (Elder et al., 1981; Haynes and Jelinek, 1981; Kramerov et al.,

1985a; Matsumoto et al., 1984), and is involved in further replication.

Generally, three types of eukaryotic Pol III promoters are recognized

(Fig. 3A) (Schramm and Hernandez, 2002). The type 1 promoter (specific

for 5S RNA) is internal (i.e., it resides within the transcribed region) and
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FIG. 2 Scheme of SINE replication (see text for explanation). (See also color insert.)

FIG. 3 RNA polymerase III promoters and initiation of transcription. (A) Various types of
promoters. (B) Schematic initiation of transcription. (See also color insert.)
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includes a conserved A box, an intermediate element (IE), and a C box. The

type 2 promoter (specific for tRNAs) is also internal and includes conserved

A and B boxes. In contrast, the type 3 promoter (U6 small nuclear RNA

[snRNA] and 7SK RNA) is external and includes a TATA box, a proximal

sequence element (PSE) (both are better known as elements of RNA poly-

merase II promoters), and a distal sequence element (DSE). In addition,

there are hybrid promoters combining these internal and external elements

(e.g., the promoter of 7SL RNA has an upstream element in addition to

internal A and B boxes).

The general pattern of transcription initiation includes binding of the

transcription factor TFIIIB to the DNA sequence, which allows recruitment

of the Pol III complex (Fig. 3B). In the case of type 2 promoters, the A and B

boxes are recognized by TFIIIC, which is followed by recruitment of TFIIIB

and Pol III. Type 1 promoters are recognized by TFIIIA, which allows

sequential binding of TFIIIC, TFIIIB, and Pol III. Finally, in type 3 pro-

moters, the PSE is recognized by the SNAPC complex, and the TATA box is

recognized by TATA‐binding protein (a component of the TFIIIB‐like
complex), which allows recruitment of Pol III.

Unlike other RNA polymerases, Pol III efficiently terminates at a simple

stretch of four or more Us without any additional factors (Paule and White,

2000). All transcription factors remain bound to DNA during transcription,

which allows efficient recycling of the process on the same template. Howev-

er, both termination and recycling can be facilitated by phosphoprotein La

(Maraia, 2001). This protein can bind the oligo(U) (termination signal) at the

30 end of nascent RNA and protects it from degradation; in addition, it

facilitates further RNA processing and/or their assembly into specific RNP

complexes.

All known SINEs have internal promoters, most use the type 2 promoter,

and zebrafish SINE3 uses the type 1 promoter (Kapitonov and Jurka, 2003).

The promoter sequences are essential for SINE transcription by Pol III in vitro

(Fuhrman et al., 1981; Perez‐Stable et al., 1984; Wilson et al., 1988); likewise,

the promoter sequences are intact in most transcripts (Shaikh et al., 1997).

In addition to these factors, transcription of SINEs can depend consider-

ably on the upstream flanking sequences (Chesnokov and Schmid, 1996;

Martignetti and Brosius, 1995; Roy et al., 2000). The upstream cis factors

can include a TATA box, a PSE, a CAA motif, and an E box (Arnaud et al.,

2001; Kobayashi and Anzai, 1998; Martignetti and Brosius, 1995; Roy et al.,

2000). Conversely, nonoptimal context can decrease or block SINE tran-

scription, which may be responsible for the transcriptional inactivity of the

majority of SINE copies (Shaikh et al., 1997).

As with other class III genes, transcription of SINEs is terminated at a T4

stretch, except that there may be no such signal within a SINE; in such cases a

signal randomly located in the unique downstream sequence is used. Such a
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situation is typical for many but not all SINEs; for instance, rodent B2 and

equine ERE‐1 have their own terminators (Borodulina and Kramerov,

2001). Finally, noncanonical termination was shown for fish Sm2 in vitro

(Matsumoto et al., 1989).

The context of a terminator such as a preceding short palindrome can

significantly improve the efficiency of SINE transcription (at least in vitro),

apparently, through accelerated recycling (Chu et al., 1997). The involvement

of La protein in termination, recycling, and nascent RNA protection from

degradation was also shown for SINEs (Goodier and Maraia, 1998; and

references therein).

2. Posttranscriptional Modification

RNA of at least some SINEs is processed after transcription by Pol III. Such

processing includes polyadenylation specific for rodent B2, and possibly

some other SINEs with polyadenylation signals (AATAAA) and a Pol III

terminator at their 30 end (Borodulina and Kramerov, 2001; Kramerov et al.,

1990). Likewise, B2 RNA seems to be posttranscriptionally polyadenylated:

the mean length of the A‐rich tail in mouse B2 RNA is nearly twice that of

genomic copies (Bachvarova, 1988; Kramerov et al., 1985b, 1990). However,

such processing is missing in SINEs with an A‐rich tail and no Pol III

terminator (e.g., Alu); in this case, SINE tail is maintained by read‐through
transcription and, possibly, slippage mechanism of reverse transcriptase (see

Section III.A.5).

Although there is no direct evidence of involvement of poly(A) polymerase

in polyadenylation of B2 RNA, it is so far the only candidate. Normally, this

enzyme complex recognizes the AAUAAA signal, cleaves the downstream

mRNA, and adds poly(A) to the emerged 30 end; however, cleavage‐indepen-
dent polyadenylation is possible for RNAs with an AAUAAA sequence near

its 30 end (Wahle and Ruegsegger, 1999). Indeed, the sequences of B2 (and

other SINEs that are polyadenylated) carry several AAUAAA signals up-

stream of the Pol III terminator, so that nascent RNAs have such signals at

their 30 ends and thus can be polyadenylated (Borodulina and Kramerov,

2001; and references therein).

Unlike mRNAs carrying a 7‐methylguanosine cap at their 50 end, typical
Pol III transcripts have a free triphosphate group (pppN–). However, cap-

ping was shown in at least one SINE. Murine B2 (but not B1) RNA proved

to have an unusual caplike structure at the 50 end (Shumyatsky et al., 1990).

This cap is a methyl group blocking g‐phosphate (CH3pppN–); it is also

specific for U6 snRNA, 7SK RNA, and plant U3 RNA (Shimba et al., 1992;

Shumyatsky et al., 1990; Singh and Reddy, 1989). Such a cap proved to

increase RNA stability (Shumyatsky et al., 1993) and to reduce the ability of

these RNAs to bind La protein (Bhattacharya et al., 2002). This protein (at
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least in humans) can bind the 50 end of nascent RNA with oligo(U) at the 30
end and protect the RNA from processing until La is phosphorylated,

suggesting its involvement in RNA quality control (Maraia, 2001). Hence,

thus modified SINE RNA can bypass this cellular check.

In addition, 7SL RNA is known to be processed by a special 30‐adenylating
enzyme that removes three U residues and adds a single A residue at the 30
end (Chen et al., 1998). Alu RNA can also be processed by this enzyme

in vitro. We do not know whether RNA of Alu (and other SINEs) is modified

in this way in vivo; if so, removing the Pol III terminator could affect SINE

replication (see Section III.A.1). A posttranscriptional addition of C or CA

to the 30 end was also observed for plant S1 (Pelissier et al., 2004), which

resembles enzymatic addition of CCA to tRNA.

Small forms of Alu and B1 RNA are found in the cytoplasm (Adeniyi‐
Jones and Zasloff, 1985; Maraia et al., 1993). They lack a poly(A) tail and, in

the case of Alu, are shorter than the full‐length sequence. These small

cytoplasmic RNAs (scRNAs) seem to arise by processing of the full‐length
RNAs (Adeniyi‐Jones and Zasloff, 1985) but can also represent transcripts of

mutant SINEs with a terminator signal in the middle (Shaikh et al., 1997).

Similar scRNAs are observed for insect Bm1 (Kimura et al., 1999), plant S1

(Pelissier et al., 2004), and rodent B2 (Bladon et al., 1990; Kramerov et al.,

1990) and ID (McKinnon et al., 1987).

Finally, in vitro transcripts of Sma I SINE from salmon were modified to

contain pseudouridylic acid residues at the same positions as the ancestor

tRNALys; we do not know whether this modification is functionally signifi-

cant or just reflects structural similarity between Sma I and tRNALys

(Matsumoto et al., 1984).

3. Transport to Cytoplasm

Although SINE RNAs are synthesized and later integrate into the genome in

the nucleus, they also enter the cytoplasm. For instance, Pol III‐transcribed
RNAs of various SINEs are basically located in the cytoplasm (Kramerov

et al., 1982; Liu et al., 1994; Pelissier et al., 2004). Hence, they must be

transported to the cytoplasm. Still, little is known about this process and

the mechanisms of SINE nucleocytoplasmic transport discussed later are

speculative.

There are several pathways of RNA nuclear export (Cullen, 2003). The

most straightforward hypothesis is that tRNA‐derived SINE RNAs are

transported by the exportin‐t/RanGTP pathway of tRNA export. However,

only mature tRNA molecules with correct ends that can be aminoacylated

are transported (Lund and Dahlberg, 1998), which is definitely not the case

for SINEs; if they still use this pathway there should be a way to overcome

the tRNA proofreading.
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A possible pathway of RNA export can be proposed, considering the

caplike structure found in mouse B2 SINE (Shumyatsky et al., 1990). The

nuclear export of uridine‐rich small nuclear RNAs (snRNAs) is mediated by

specific binding of their cap (Izaurralde et al., 1995). At the same time, a

caplike structure has so far been found only in B2 SINEs, which restricts any

possible cap‐specific Crm1/RanGTP pathway to cap‐bearing SINEs.

There is another pathway of 5S rRNA nuclear export in Xenopus oocytes.

This RNA is transcribed by Pol III and is exported by another Crm1/

RanGTP pathway (Nakielny et al., 1997). Because this pathway is active

in oocytes but not in somatic cells, it could be adopted by SINEs with

the same time pattern of transcription derived both from 5S rRNA and

other RNAs.

Polyadenylated Pol III SINE transcripts could be exported from the

nucleus via a RanGTP‐independent mRNA pathway. This assumption is

supported by the following lines of evidence: (1) mRNA polyadenylation is

required for its nuclear export and many SINEs have an A‐rich tail; (2) SINE

RNA has no introns, which is a requirement for mRNA export; while (3) the

presence of a cap (missing from at least some SINEs) is not critical for

mRNA export (Cullen, 2003).

Finally, slightly more is known about 7SL‐derived SINEs nuclear export.

7SL RNA is neither polyadenylated nor capped and is transported to the

cytoplasm in a complex with signal recognition particle (SRP) proteins via

the Xpo1‐dependent Crm1/RanGTP pathway specific for large rRNAs

(Gadal et al., 2001). According to the Xenopus injection assay, Alu nuclear

export is similarly mediated by specific binding to SRP9 and SRP14 (He

et al., 1994).

Still, particular RNA domains, an A‐rich tail, or a cap are not specific for

all SINEs, suggesting that there may be no universal pathway of SINE

nuclear export and that individual SINE families find their own ways to

the cytoplasm. Moreover, export of SINE RNAs can be unrelated to their

replication; and certain SINE RNAs can remain in the nucleus to meet the

reverse transcriptase complex and enter it there.

4. Delivery to Reverse Transcriptase

SINEs depend on LINEs in the retroposition process, as indicated by the (1)

considerable similarity of the 30 ends of some SINEs and LINEs (Okada

et al., 1997) and (2) similar preferred integration sites of SINEs and LINEs

(at least in some mammals) (Jurka, 1997). Efficient retroposition of a SINE

by a LINE reverse transcriptase was demonstrated (Dewannieux et al., 2003;

Kajikawa and Okada, 2002).

Reverse transcriptases of certain LINEs (human L1) function best in cis,

that is, they process the RNA molecule that encoded them (Esnault et al.,

EUKARYOTIC SINES 183



2000; Wei et al., 2001). This can be true for I factor in Drosophila as well (see

Boeke, 1997).

In the case of 7SL‐derived SINEs (Alu and B1), RNA can be specifically

bound by two SRP proteins, SRP9 and SRP14 (Weichenrieder et al., 2000).

Normally, SRP recognizes and binds a signal sequence of secretory and

membrane proteins emerging from the ribosome, which inhibits further

translation until the complex diffuses to the endoplasmic reticulum (ER)

membrane (Walter and Johnson, 1994).

Thus, the Alu–SRP9/14 complex can also bind the ribosome translating

the L1 RNA and present the A‐rich tail of Alu to the reverse transcriptase,

instead of the A‐rich tail of L1 RNA (Boeke, 1997). Although proposed for a

particular SINE–LINE pair (7SL‐derived Alu and L1), this model can be

extended to SINEs related to tRNA or rRNA, which are also components of

the translation machinery.

One more factor, poly(A)‐binding protein (PABP) associated with RNA of

some SINEs in the cytoplasm (West et al., 2002), can also mediate delivery of

the RNA to a nascent reverse transcriptase, considering the ability of PABP

to interact with the translation machinery proteins (Roy‐Engel et al., 2002a).
However, it remains unclear whether the cis preference is specific for

reverse transcriptases of other LINEs as well, in particular those recognizing

the 30‐terminal sequence of their RNA. It looks probable that LINEs elabo-

rated two mechanisms to resist replication of foreign RNA: recognition of

the 30‐terminal structure and cis preference. Accordingly, the partner SINEs

had to acquire such a 30 structure or find another way to present their RNA

to the reverse transcriptase instead of the LINE RNA. Thus, most mamma-

lian SINEs belong to the ‘‘relaxed’’ group, whereas fish SINEs represent the

‘‘stringent’’ group (Okada and Hamada, 1997).

5. Nuclear Import, Reverse Transcription, and Integration

LINE reverse transcriptase complex seems to capture RNA template for retro-

position (either LINE or SINE RNA) in the cytoplasm (Wei et al., 2001). The

extremely rare occurrence of retropseudogenes with unexcised introns, as

compared with intronless ones, further supports cytoplasmic localization of

the functioning LINE reverse transcriptase complex (Weiner, 2002).Hence, the

reverse transcriptase–RNA complex formed in the cytoplasm needs to be

transported to the nucleus. Such transport is commonly mediated by special

proteins, importins (karyopherins), that bind amino acid motifs called nuclear

localization signals. Alternatively, the reverse transcriptase can be delivered to

the nucleus during nuclear breakdown in dividing cells.

Progress in LINE research shed light on the retroposition process and

proposed a model of target‐primed reverse transcription (Luan et al., 1993;

Ostertag and Kazazian, 2001b). LINEs encode a protein with three enzyme
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activities: endonuclease, reverse transcriptase, and RNase H. Initially, the
endonuclease cleaves one strand of the target site, generating a 3 OH DNA,
so that the reverse transcriptase can use it as a primer for reverse transcrip-
tion of the retroposon RNA (Fig. 4). Although there are no direct data on the
mechanisms of second strand synthesis and nick repair, it is likely done by
the cellular DNA repair machinery and the RNase H.

There are two types of LINE endonucleases: rare, strictly sequence specific
endonucleases (e.g., in R2) similar to bacterial restriction endonucleases

FIG. 4 Target primed reverse transcription of SINEs by the reverse transcriptase complex of a
partner LINE. (Model proposed for LINEs by Luan et al. , 1993.) (See also color insert.)
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(Yang et al., 1999) and apurinic/apyrimidinic endonucleases (e.g., in L1),

usually with low or no sequence specificity (Feng et al., 1996; Jurka, 1997). If

the second nick is formed ‘‘downstream’’ of the first nick, this leads to

duplication of the target site (Fig. 4). For instance, the preferred site of the

50 nick is TT↓AAAA for human Alu, whereas the nick in the other strand

typically occurs 15–16 nucleotides downstream at the preferred site, TYTN↓

(Jurka, 1997). Other SINEs can have a similar site preference for the first

nick; no specificity of the second nick has been revealed for rodent ID or

plant S1 (Jurka, 1997; Tatout et al., 1998). Although endonuclease activity is

required for retroposition in vivo (Feng et al., 1996), in vitro it can proceed on

prenicked DNA in the absence of endonuclease (Cost et al., 2002).

The reverse transcriptases of LINEs can also be divided into two groups by

their sequence specificity (Okada and Hamada, 1997). The stringent group

can initiate reverse transcription only for specific 30‐terminal sequences

(Kajikawa and Okada, 2002; Luan and Eickbush, 1995) with specific second-

ary structure (Baba et al., 2004; Mathews et al., 1997). In addition, the

presence of a short stretch of simple tri‐ or pentanucleotide repeats (appar-

ently, generated by template slippage in a manner resembling another reverse

transcriptase, telomerase) rather than their sequence may be crucial for

retroposition mediated by the stringent reverse transcriptases. The relaxed

group has considerably less stringent requirements for the 30‐terminal

structure of their templates (Esnault et al., 2000) but utilize the mechanism

of cis preference to avoid processing ‘‘wrong’’ templates such as mRNA (Wei

et al., 2001).

Applicability of these schemes to SINEs has been confirmed by two

breakthrough publications (Dewannieux et al., 2003; Kajikawa and Okada,

2002). They demonstrated the involvement of LINE machinery in reverse

transcription and integration of SINERNAs: retroposition of eel UnaSINE1

was mediated by UnaL2 (stringent LINE) and retroposition of human Alu

was mediated by L1 (relaxed LINE).

The length of the A‐rich tail of SINEs can be an important factor of L1‐
mediated retroposition (Roy‐Engel et al., 2002a); moreover, such elongation

of the tail (apparently, by the slippage mechanism) was demonstrated

for both UnaSINE1 (Kajikawa and Okada, 2002) and Alu (Dewannieux

et al., 2003).

B. Regulation of SINE Activity

Eukaryotic genomes can carry huge numbers of SINE copies; however, just a

few active copies are involved in replication while the great majority of SINE

copies are excluded from replication. What underlies such exclusion?
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SINE replication includes two processes, transcription and retroposition,

and an active SINE copy should be able to be transcribed by Pol III and

delivered and processed by a LINE retroposition complex. In other words,

an active SINE should at least reside in a favorable genomic environment

and preserve an efficient Pol III promoter as well as other structures required

for transcription and reverse transcription.

1. Control Factors

a. SINE Sequence Because SINEs are transcribed by Pol III, the promoter

sequence is essential for their transcription (Fuhrman et al., 1981; Perez‐
Stable et al., 1984; Wilson et al., 1988) and only sequences with an intact

promoter are transcribed in vivo (Shaikh et al., 1997). Most mutations in Alu

sequence beyond the promoter had little effect on its transcription levels

(Aleman et al., 2000). At the same time, addition of a Pol III terminator at

the end of an Alu sequence enhanced its transcription considerably (Aleman

et al., 2000; Goodier and Maraia, 1998).

The Alu subfamilies representing ~80% of de novo inserted elements

constitute less than 1% of the Alu transcripts (Shaikh et al., 1997), which

clearly indicates that SINE sequences are selected not only on the basis of

efficient transcription. The importance of the 30‐terminal structure of the

corresponding LINE as well as a simple repeat region at its very 30 end has

been confirmed for an eel SINE retroposition (Baba et al., 2004; Kajikawa

and Okada, 2002). The 30 end of SINEs associated with the relaxed group of

LINEs is also important; for instance, the length of the A‐rich tail seems

critical for Alu retroposition (Roy‐Engel et al., 2002a).
Conservation in some SINEs of other structures, such as tRNA‐like

folding (Okada and Ohshima, 1995) or a ‘‘core’’ region maintained in quite

distant SINEs (Gilbert and Labuda, 1999), suggests their importance for yet

unknown functions in SINE activity. Conserved Alu domain folding in 7SL‐
derived SINEs suggests the significance of these SINEs bound by the SRP9/

14 complex; indeed, the long‐term evolutionary decrease in Alu activity

correlates with a decrease in their ability to be bound by SRP9/14 (Sarrowa

et al., 1997).

b. Flanking Sequences Although the presence of A and B boxes of the Pol

III promoter suffices to provide for their transcription in vitro, upstream

sequences can contribute to transcription control in vivo (see Section III.A.1).

Indeed, the upstream sequences of certain SINEs proved to modulate their

transcription, making it tissue specific (Kobayashi and Anzai, 1998;

Martignetti and Brosius, 1995; Roy et al., 2000) or subject to p53 regulation

(Chesnokov et al., 1996). Moreover, such ‘‘fine‐tuning’’ with the upstream
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sequences can be mediated by a conserved mutation in the B box (Martignetti

and Brosius, 1995).

There are no data confirming the effect of the downstream flanking

sequences on SINE activity; however, because these sequences can be tran-

scribed in the case of terminatorless SINEs, they can be important as well.

For instance, preterminator sequences may contribute to recognition by La

protein (Wolin and Cedervall, 2002) and thus affect transcription and stabil-

ity of SINE RNA, or the distance between the poly(A) and terminator can be

important for recognition by the reverse transcriptase complex.

c. Chromatin Context Although nucleosomal repression of Pol III tran-

scription is template dependent (Paule and White, 2000), many SINEs are

susceptible to it. For instance, positioning of histone octamers on the

promoter and transcriptional repression in Alu (Englander et al., 1993) and

considerable activation of B2 transcription in H1 histone‐free cells

(Russanova et al., 1995) were shown. Hence, the chromatin context of a

SINE can be an important factor in its developmental and tissue‐specific
regulation. Indeed, transcription of a transfected SINE correlated with that

of a neighboring reporter gene (Slagel and Deininger, 1989). Moreover,

because endonuclease activity of some LINEs depends on the chromatin

structure (Cost et al., 2001; Ye et al., 2002), retroposition can be targeted

to the chromatin contexts optimal for transcription at the time of integration.

d. DNA Methylation Methylation of DNA template can repress Pol III

transcription in vitro, which particularly applies to SINEs that are often CG‐
rich (CpG dinucleotide is the methylation target; Bird, 1980). For instance,

most Alus are highly methylated and repressed in differentiated cells (but not

in male germ line cells) (Kochanek et al., 1993; Rubin et al., 1994), their

hypomethylation increases the level of Alu transcription, and vice versa, their

methylation represses it (Kochanek et al., 1993; Li et al., 2000; Liu et al.,

1994). This pattern seems to be true even for plant SINEs (Arnaud et al.,

2001).

e. RNA Stability RNA stability is another common issue of activity con-

trol. Most commonly, RNAs are protected from degradation by specifically

bound proteins. In the nucleus, nascent SINE RNA is bound and protected

by La protein (see Section III.A.1).

In the cytoplasm, RNAs of some SINEs proved to be associated with poly

(A)‐binding protein (PABP) (Muddashetty et al., 2002; West et al., 2002).

Indeed, shortening of the 30 poly(A) tail in mRNA is a signal for its degrada-

tion (Tourriere et al., 2002). Similarly, this can be true for SINE RNA;

likewise, the most recently inserted SINEs have longer A tails (Roy‐Engel
et al., 2002a; Odom et al., 2004).
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The 50‐terminal protection can be mediated by the tRNA‐like structure

that seems to be maintained in some tRNA‐derived SINEs (Okada and

Ohshima, 1995). The 50 end of 7SL‐related SINEs seems to be protected by

two SRP proteins (SRP9/14) (Bovia et al., 1997; Chang et al., 1996; Hsu

et al., 1995), whereas the 50 RNA of BC1 (ID) can be bound by other yet

unidentified protein(s) (West et al., 2002). By analogy with mRNA, the 50 end
of rodent B2 can be protected by a caplike structure (Shumyatsky et al.,

1990, 1993).

At the same time, the retroposition‐competent (full‐length) cytoplasmic

RNA of many SINEs seems to be short‐lived (Bladon et al., 1990; Chu et al.,

1995), particularly in comparison with their ancestors such as tRNA or 7SL

RNA (Li and Schmid, 2004).

2. Regulation of SINE Activity in Organisms

SINEs were shown to be expressed by Pol III during early embryogenesis,

but their expression rapidly decreases with development (Bachvarova, 1988;

Taylor and Piko, 1987; Vasseur et al., 1985). Similarly, transcription of

SINEs is highly active in tumor cells but is low or absent in normal differ-

entiated tissues (Grigoryan et al., 1985; Kramerov et al., 1982; Murphy et al.,

1983; Singh et al., 1985). Note that transcriptional activity of these SINEs

coincides with the germ line pattern of L1 expression (Branciforte and

Martin, 1994; Ostertag et al., 2002). This is consistent with a parsimonious

retroposition strategy of SINEs: LINE‐dependent replication in the genome

requires integration into genomes of the germ line rather than somatic cells.

DNA methylation is a possible mechanism responsible for the develop-

mental pattern of mammalian SINE activity (Bird, 1997), because DNA is

demethylated at the early stages of zygote development (Jaenisch, 1997),

which can activate SINE transcription (see Section III.B.1.d).

Rodent ID elements are specifically expressed in the testes at early stages of

spermatogenesis (Kim et al., 1995; Muslimov et al., 2002) and in neural cells

(this also applies to BC1 RNA, a functional RNA in rodents but also a

master copy of ID) (Martignetti and Brosius, 1995; Sutcliffe et al., 1984).

Finally, expression of certain SINEs was shown to increase under condi-

tions of cell stress such as heat shock (Fornace and Mitchell, 1986; Kimura

et al., 1999; Liu et al., 1995) and infection with adenovirus (Panning and

Smiley, 1993), herpesvirus (Jang and Latchman, 1989), human immunodefi-

ciency virus (HIV) (Jang and Latchman, 1992), simian virus 40 (SV40)

(Singh et al., 1985), and parvovirus (Williams et al., 2004), as well as treat-

ment with ethanol (Li et al., 1999), cycloheximide (Liu et al., 1995), and

DNA‐damaging agents (Rudin and Thompson, 2001). These findings, shared

for many SINEs (human Alu, rodent B1 and B2, rabbit C, and silkworm

Bm1), suggest that they can mediate the stress response (see Section V.B.2.b).
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C. Distribution of SINEs

1. Distribution in the Genome

Distribution of SINEs in the genome depends primarily on specificity of the

endonuclease in the partner LINE reverse transcriptase complex (see Section

III.A.5). Endonucleases of some LINEs are sequence specific, and these

LINEs are predominantly inserted into specific genomic locations such as

repeated ribosome genes (e.g., insect R2; Eickbush et al., 2000). The endo-

nucleases of most other LINEs are less specific and their integration occurs at

a large scale, randomly. Moreover, in vitro retroposition can proceed at

preformed nicks even in the absence of endonuclease activity (Cost et al.,

2002), suggesting that such integration can occasionally occur in vivo even for

retroposons with sequence‐specific endonucleases. Because SINEs utilize the

retroposition machinery of LINEs, their insertion site preferences should

follow that of their partners. This seems to be true for most if not all

SINEs (e.g., Jurka, 1997); although no SINEs integrating into specific loci

have been found so far.

The process of integration can also be responsible for a certain specificity

of SINE distribution at the gene level. For instance, LINE endonuclease

activity can depend on the chromatin structure (Cost et al., 2001; Ye et al.,

2002) and integration of Brassica S1 SINE demonstrates preferential target-

ing to matrix attachment regions (Tikhonov et al., 2001). In terms of the

replication strategy, it could be advantageous to avoid integration into

inactive genomic regions (with repressed transcription). Indeed, more than

half of Arabidopsis SINEs are located within 0.5 kb of genes or in their

introns (Lenoir et al., 2001).

Local density of SINEs on chromosomes is also uneven. For instance, the

local concentration of SINEs in the centromeric regions is quite high in

Arabidopsis thaliana (Kapitonov and Jurka, 1999; Lenoir et al., 2001). De-

spite a more even distribution of SINEs over human, mouse, and rat

chromosomes, there are regions with high or low local densities of SINEs

(Mouse Genome Sequencing Consortium, 2002; Rat Genome Sequencing

Project Consortium, 2004). Moreover, a striking similarity of densities of

lineage‐specific SINEs is observed along orthologous human, mouse, and rat

chromosomes; in other words, at the megabase scale, different SINEs tend to

accumulate in the same genomic loci of different organisms (Mouse

Genome Sequencing Consortium, 2002; Rat Genome Sequencing Project

Consortium, 2004).

Another pattern of SINE distribution concerns local GC content in the

genome. Thus, most human and rodent SINEs appear in a GC‐rich context,

whereas their partner LINEs are in GC‐poor regions (Smit, 1999). In

addition, a negative correlation was observed between SINE density and
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nucleotide substitution rate; that is, SINEs tend to accumulate in

slowly changing DNA (Yang et al., 2004). This is not surprising considering

that GC‐rich regions represent active chromatin enriched in expressed

(and thus conserved) genes. At the same time, the youngest Alu repeats

(but not the rest) deviate from this pattern and, similar to L1, are commonly

found in an AT‐rich context (International Human Genome Sequencing

Consortium, 2001).

SINEs, which can be targets for de novo methylation (Arnaud et al., 2000;

Hasse and Schulz, 1994; Yates et al., 1999), seem to be excluded from

imprinted regions of human genome (Greally, 2002) whose control is linked

to methylation. Active young subfamilies of Alu are more abundant on the

human Y chromosome (Jurka et al., 2002), which can also be related to

developmental methylation of the genome (see Section III.B.2).

Such preferred accumulation of SINEs can be explained by positive or

negative selection. In the case of positive selection, SINE insertion into active

chromatin can be beneficial, for example, through promotion of segmental

duplications of gene‐rich regions (Bailey et al., 2003) or stress‐induced con-

trol of gene expression (see Section V.B.2.b). In the case of negative selection,

SINEs can be lost from AT‐rich regions as a result of different fixation in a

population or by a yet unknown mechanism of SINE excision (International

Human Genome Sequencing Consortium, 2001; Pavlicek et al., 2001). Alter-

natively, such preferred accumulation can reflect insertional preferences

of SINEs, which requires additional factors that invert the insertional

preferences of LINE retroposition machinery (Yang et al., 2004).

2. Distribution Among Organisms

At present SINEs are known in many higher eukaryotes including plants,

vertebrates, and invertebrates (Table I). No SINEs have yet been identified in

fungi or protists (some repeated elements reported as SINEs in these organ-

isms are not transcribed by Pol III and, rather, represent fragments of

autonomous elements). No SINEs have been described in organelles.

Because SINEs rely on the machinery of LINEs, the species lacking LINEs

should also lack SINEs (e.g., Saccharomyces cerevisiae). In addition, we

know that SINEs are missing from several genomes with LINEs: the fruit

fly Drosophila (while SINEs are known in at least some insects), and the

diatom Thalassiosira pseudonana (our unpublished data) and are likely to be

missing from the genomes of many other lower eukaryotes. It appears that

SINEs are not found in small‐genome eukaryotes (the genome sizes of the

fruit fly and diatom are ~3.6 and 1% that of mammals, respectively), suggest-

ing mechanisms opposing repeat expansion in their genomes (indeed, such

mechanisms are known in Saccharomyces and Neurospora) (Bestor, 1990).

Alternatively, there may be more specific limitations such as the inability of
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Pol III to direct transcription using an internal promoter alone in

Schizosaccharomyces pombe. Initiation of Pol III in this yeast species requires

a TATA box outside the transcript (Hamada et al., 2001), which is hardly

compatible with the scheme of SINE transcription.

In general, the greater the size of the genome, the larger the fraction of

transposons (and SINEs, in particular); for instance, the fraction of SINEs is

0.02% in the Arabidopsis genome (1.25 � 108 bp) or 13.6% in the human

genome (3.3 � 109 bp). It is difficult to determine what is cause and what is

effect in this relationship, but it is tempting to speculate that active SINEs

together with other retroposons can considerably increase the size of the

genome.

In mammals, usually more than one SINE family (typically two to four)

can be found in a species (Table I). This can be true for other organisms as

well (e.g., fish or mollusks; Table I). Moreover, in some cases more than one

SINE family can be active at the same time (e.g., B1 and B2 in mouse or B2

and ID in rat; Rat Genome Sequencing Project Consortium, 2004).

IV. Evolution of SINEs

A. Origin of SINEs

The first insight into the origin of SINEs was provided by the similarity

between Alu/B1 and 7SL RNA sequences (Ullu and Tschudi, 1984). Soon

after, an analogous similarity was shown between many other SINEs and

tRNA (Daniels and Deininger, 1985; Lawrence et al., 1985; Sakamoto and

Okada, 1985). Indeed, tRNA pseudogenes and other small nuclear RNAs

can be found in eukaryotic genomes (Weiner et al., 1986). The internal Pol III

promoter can provide for their transcription (although it had to be modified

for 7SL RNA to be transcribed without the external promoter element

specific for this RNA gene); however, tRNA pseudogenes are quite rare,

indicating low efficiency of their retroposition.

The tail of SINEs had to be modified to be efficiently processed by the

LINE machinery. Indeed, Okada et al. demonstrated that the 30 ends in some

SINEs and LINEs are similar (Ohshima et al., 1996; Okada et al., 1997) and

later confirmed the relevance of this region for reverse transcription

(Kajikawa and Okada, 2002). Thus, the tail of such SINEs seems to be

derived from partner LINEs. The origin of the A‐rich tail, which can play a

similar role in SINEs whose partner is L1 LINE (Roy‐Engel et al., 2002a), is
not so clear.

Gilbert and Labuda (1999, 2000) revealed a short ‘‘core’’ region conserved

in many SINEs from a broad range of organisms (e.g., molluscan OR1 and
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mammalian Ther‐2), whereas the 50 tRNA‐ and 30 LINE‐related sequences

could be unrelated. Another, even more conserved core region was found in a

different set of SINEs from fish and amphibians (V‐SINEs; Ogiwara et al.,

2002). Although we presently do not know the function of these core regions,

such conservation seems significant. Little is known about the origin of

these cores; the core of V‐SINEs is similar to a fragment of human DNA

transposon MER6 (Ogiwara et al., 2002).

The precise mechanism of SINE generation is not known; however, we can

speculate that SINEs appeared by combination of these modules (in the

general case, tRNA gene, core, and 30 LINE‐derived region). Such an event

can be illustrated by the ‘‘family’’ of U6 snRNA–30 L1 terminus chimeras

identified in the human genome. These chimeras seem to have originated

independently (Buzdin et al., 2002) and were not as successful as SINEs,

apparently, because U6 snRNA transcription is initiated at an external

promoter. Another example of this kind (5S rRNA–30 LINE terminus) was

found in the Dictyostelium genome (Szafranski et al., 2004).

The appearance of LINEs made possible the emergence of pseudogenes

from mRNA, which are delivered to a LINE reverse transcriptase complex

instead of the LINE RNA (as was demonstrated experimentally; Esnault

et al., 2000; Wei et al., 2001). Such Pol II pseudogenes are not likely to be

transcribed unless integrated near an active promoter (apparently disturbing

transcription of a cellular gene so that such integrations will be negatively

selected). Such an event can be the first stage in SINE origin if a Pol III

transcript (rather than mRNA) is integrated into a favorable genomic envi-

ronment, because such a pseudogene already contains an internal Pol III

promoter and can be transcribed.

The generation of an RNA–LINE 30 end hybrid can be the second stage.

This event, increasing the efficiency of the template for reverse transcription,

could be an accidental genetic event placing the 30 end of a LINE adjacent to

an RNA pseudogene. We can further speculate that, if this event was related

to retroposition, it could be facilitated by sequence preferences of LINE

reverse transcription: for example, a tRNA pseudogene could integrate into

a target site of a previously integrated truncated LINE or into the 30 end of a

LINE.

Alternatively, this could be mediated by a template switch mechanism

(Gilbert and Labuda, 1999; Weiner, 2002). Indeed, Kazazian and co‐workers
described quite frequent inversions in the L1 sequence after integration

(Goodier et al., 2000) and proposed a model explaining this event by a

preliminary nick in the second strand so that it could be used as a second

primer for reverse transcription (twin priming) (Ostertag and Kazazian,

2001a). A similar mechanism with a ‘‘pre‐SINE’’ RNA as the second

template can generate a transcriptionally and retropositionally competent

SINE.
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It is difficult to determine when SINEs appeared. Because short retro-

posons are active for a certain time and are subject to mutation, we can easily

reveal the SINE families that are active now or were active recently. SINEs

that became inactive long ago (such as Ther‐1) are difficult to find and, if older
short retroposons existed, their remains have diverged too much to be

revealed. For instance, fossil SINEs older that 100–200 MYA cannot be

recognized in mouse and human genomes (Mouse Genome Sequencing Con-

sortium, 2002). In any case, because SINEs cannot amplify without partner

LINEs, their appearance should follow the appearance of these autonomous

retroposons (apparently, dating back to the origin of eukaryotes; Malik

et al., 1999).

In contrast to LINEs that share a common ancestor (Malik et al., 1999),

different SINEs seem to be generated many times de novo in different lineages

from the available cellular and LINE material, although SINE families can

share similar modules, such as the core (see also Section IV.D).

B. SINE Activity Over Time

SINE amplification activity has changed during evolution. For instance, the

human Ther‐1 element is no longer active whereas Alu is still replicating

(International Human Genome Sequencing Consortium, 2001). We do not

know exactly how long SINEs can remain active; however, this period can

considerably vary. For instance, human Alu remained active for at least 65

million years (Batzer and Deininger, 2002), whereas CHR‐2 of cetaceans,

hippopotamuses, and ruminants was active for twice as long (Nomura et al.,

1998). Another example is the different fate of certain SINEs in mouse and

rat: B1 is active and ID is inactive in mouse, and vice versa in rat (Rat

Genome Sequencing Project Consortium, 2004). Moreover, this pattern is

also true for SINE subfamilies that can replace each other over time. For

instance, the oldest Alu subfamilies are not replicating now; they were active

for different time periods and yielded different numbers of copies in the

genome (Batzer and Deininger, 2002; Ohshima et al., 2003); a similar pattern

is observed for rat ID (Kim and Deininger, 1996).

Although we do not know the processes that lead to SINE inactivation,

there is one clear relationship. Because SINEs depend on LINEs as a source

of reverse transcriptase, inactivation of a partner LINE inevitably leads to

their inactivation. Such coordinated dynamics are clearly seen for LINE2–

Ther‐1 activity in human and mouse genomes (International Human

Genome Sequencing Consortium, 2001; Mouse Genome Sequencing Con-

sortium, 2002).

One can also expect such coordinated changes between families of partner

SINEs and LINEs. Thus, amplification of Alu SINEs is attributed to the
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activity of just a few L1 subfamilies (Odom et al., 2004). Alternatively, SINE

family dynamics can reflect the evolution of cellular functions associated

with SINE replication. For instance, such coordinated changes between

Alu replication activity and structural changes in SRP9/14 protein have

been demonstrated (Sarrowa et al., 1997).

C. Patterns and Mechanisms of SINE Evolution

Once a SINE capable of amplification appears in the genome, it starts to

evolve. In some cases we can find a fossil SINE with limited activity replaced

by a highly active successor; for instance, ancestor B1 (pB1) has ~100 times

fewer copies than descendant B1 in mouse genome (Mouse Genome Se-

quencing Consortium, 2002; Vassetzky et al., 2003). Some patterns can be

noted in such ‘‘tuning’’ of SINE activity, including fusion of SINE mono-

mers, large‐scale (tens of nucleotides) insertions, deletions, and duplications,

as well as point mutations.

Although most SINEs are monomeric, dimeric, and even trimeric, short

retroposons are not uncommon; for instance, dimeric Alu in humans is

probably the best known SINE (Deininger et al., 1981). Usually such dimers

are more successful than their monomers, although opposite examples are

known. Thus, dimeric B1 and dID are much more abundant in squirrels and

dormice than monomeric B1–dIDs, whereas the opposite is observed in

guinea pig (Kramerov and Vassetzky, 2001). Significantly, dimeric B4 with

an inverse arrangement of units (‘‘ID–B1’’) is found in the mouse genome,

where it is almost as numerous as monomeric B1 and considerably out-

numbers ID (Mouse Genome Sequencing Consortium, 2002). The benefit

of dimerization is clearly seen for 7SL RNA‐derived SINEs: most of their

successful variants are dimeric.

Although we do not know the mechanisms of such dimerization, it could

be mediated by SINE integration at the site of previous integration. Because

of context preferences of LINE reverse transcriptase complexes, such nested

integrations are probably not uncommon. We can further speculate that the

absence of a transcription terminator observed in many SINEs (see Section

III.A.1) can facilitate dimerization in this case.

Another typical modification of SINEs is internal duplication resulting in

tandem repeats up to 30 nucleotides long. Some of these duplications are

fixed in the descendants whereas others are present in single sequences;

sometimes, more than two repeat units are present (Borodulina and

Kramerov, 2001; Vassetzky and Kramerov, 2002). Akin to the above‐
mentioned dimerization of 7SL RNA‐derived SINEs, independent internal

duplications (also called quasi‐dimerizations) occurred in roughly the same

region of B1 sequences in two rodent lineages, a 29‐bp duplication and a
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19‐bp duplication in myomorph and sciuromorph rodents, respectively

(Kramerov and Vassetzky, 2001). As with true dimerization, SINEs with

quasi‐dimerizations can be much more successful, which suggests its (yet

unknown) functional significance.

Such duplications and deletions are quite common in SINEs, which may

point to a specific mechanism for their generation. Experiments on eel SINE/

LINE retroposition demonstrated that reverse transcriptase replicating short

3‐ to 5‐nucleotide tandem repeats can reuse one of them as a template; such

template slippage becomes evident if the repeats are not perfect (Kajikawa

and Okada, 2002). Likewise, many internal duplications in SINEs arise from

a sequence flanked by short direct repeats (Vassetzky et al., 2003), suggesting

that such duplications were generated through reverse transcriptase slippage

at the short repeats (Fig. 5). Although they are not tandem in this case, it is

not unusual for reverse transcriptases to jump between templates. For in-

stance, replication of retroviruses requires two template switches of their

reverse transcriptase (a homolog of LINE reverse transcriptase) at direct

repeats (Coffin et al., 1997).

A similar mechanism can be true for short deletions. Retroviral reverse

transcriptase activity results in deletion of regions between short direct

repeats at a high frequency (Pathak and Temin, 1990). Accordingly, short

direct repeats frame deletions in many cases in SINEs (Vassetzky et al., 2003).

Likewise, a high rate of short deletions and tandem duplications associated

with 2‐ to 13‐nucleotide direct repeats was observed in different families of

LTR‐retrotransposons in Arabidopsis (Devos et al., 2002), which was attrib-

uted to illegitimate recombination. Of course, RNA‐unrelated mechanisms

can underlie these events; for instance, the association between deletions/

insertions and short direct repeats is known for nonhomologous DNA end

joining after a double‐strand break (Puchta, 2005).

Finally, a fraction of point mutations in SINE sequences can also be

mediated by RNA‐related mechanisms. Indeed, both Pol III and reverse

transcriptase have no editing function and are error‐prone (Katz and Skalka,

1990). Even in ‘‘conventional’’ DNA‐mediated mutagenesis there is one

mechanism with particular significance for SINEs. Many SINE sequences

are rich in (CG) dinucleotide, which is a target for methylation. Deamination

of 5‐methylcytosine and subsequent DNA replication introduce TG or CA

instead of CG, providing high rates of such transition (Bird, 1980) to create

hypervariable sites in SINEs (Batzer et al., 1990; Labuda and Striker, 1989).

Another unusual feature of SINEs is their ‘‘mosaic evolution.’’ Because

only a few SINE copies can replicate, there are subfamilies that share similar

structural traits (diagnostic mutations). At the same time, these traits may be

shuffled in rare copies (Lenoir et al., 1997; Terai et al., 2003; Zietkiewicz and

Labuda, 1996). A study on segmental duplications demonstrated such

mosaic elements at the junction sites of nonallelic Alu–Alu recombination
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(Bailey et al. , 2003). Similarly, several cases of ‘‘gene conversion’’ were
reported for Alu sequences (Maeda et al. , 1988; Roy Engel et al. , 2002b).
In this case, a fragment within a SINE is replaced with that from another
SINE, which involves two recombination events. Although such events seem
to be repressed for short (SINE sized) sequences (Cooper et al. , 1998), they
occasionally occur, probably because of SINE abundance. It is also possible
that a template switch mechanism during reverse transcription can contrib-
ute to the formation of mosaic SINEs in a manner similar to recombination
in retroviruses (Negroni and Buc, 2001).

FIG. 5 Proposed mechanism of internal duplication in SINEs during reverse transcription. A
backward reverse transcriptase jump leads to a duplication (as shown), whereas a forward jump
causes a deletion. DR, short direct repeat; RT, reverse transcriptase. (See also color insert.)
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D. SINEs as Phylogenetic Markers of Their Host Evolution

Once inserted a SINE copy remains in the genomes of all descendants

indefinitely, which provokes the use of SINEs as landmarks of their

host evolution (Hillis, 1999; Miyamoto, 1999; Ryan and Dugaiczyk, 1989;

Shedlock and Okada, 2000).

Vertical transmission is the only known form of SINE distribution.

There are no confirmed cases of SINE horizontal transfer and it is severely

restricted by their nonautonomous amplification. Although elimination

of particular SINE copies occasionally occurs, it usually involves the neigh-

boring genomic sequences. Importantly, there seem to be no specific mechan-

isms for SINE elimination from the genome (in contrast to some DNA

transposons) (Shedlock and Okada, 2000).

SINE insertions are not entirely random and thus can occur independently

in the same locus (one example of this kind was reported by Hillis, 1999).

Indeed, several independent insertions of Alu into paralogous regions of

primate genomes were reported (Roy‐Engel et al., 2002b). Although these

‘‘parallel insertions’’ did not occur at identical sites, there is one example of

ID integration into precisely the same site in rats (Rothenburg et al., 2002).

Still, such events are extremely rare and SINE insertions can be considered as

practically homoplasia‐free.
All these properties make SINEs a convenient tool for phylogenetic

analysis. Thus, Okada and co‐workers used the presence of SINEs in specific

genomic loci for such analysis and developed a polymerase chain reaction

(PCR)‐based technique to resolve evolutionary relationships among salmo-

nid fishes (Murata et al., 1993) and to demonstrate amazing relations of even‐
toed ungulates to whales rather than to other ungulate orders (Nikaido et al.,

1999; Shimamura et al., 1997).

Likewise, SINE insertional polymorphism is used in population genetics

and the relations between human populations are being resolved with in-

creasing accuracy (Antunez‐de‐Mayolo et al., 2002; Batzer et al., 1994;

Watkins et al., 2003).

Another way to use SINEs in systematics is to consider the presence or

absence of a particular SINE family as a character (Fig. 6). Different SINE

families are thought to have originated independently from the available

cellular and LINE modules (see Section IV.A). Hence, independent SINE

formation from the same modules (e.g., tRNA, core, and LINE‐derived
regions) is theoretically possible in a lineage with the same LINE being

active; however, the same length and arrangement of the modules and the

same pathway of the subsequent ‘‘fine‐tuning’’ of their sequence should be an

incredibly improbable event and has never been observed so far. The
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presence of a tRNA unrelated sequence of unknown origin unique for each
SINE family makes this approach particularly reliable. Thus, it was used to
resolve evolutionary relationships between dormice (Gliridae) and myo-
morph rodents (Kramerov et al. , 1999), among carnivores (Vassetzky and
Kramerov, 2002), as well as among rodents, primates, and related mam-
malian taxa (Vassetzky et al. , 2003). The monophyly of the clade Afrotheria,
comprising elephants, hyraxes, sea cows, aardvarks, golden moles, tenrecs,
and elephant shrews, was also confirmed by this approach (Nikaido
et al. , 2003).

At the same time, there are some limitations to using SINEs in phyloge-
netic analysis. First of all, it is applicable only to organisms with SINEs.
Although this approach is perfect for tree topology, it can hardly be used for
branch length evaluation (because of the sporadic rather than regular pattern
of SINE insertions). Because SINE families have a finite lifetime, only the
periods of their activity can be resolved by SINE analysis. In the case of
unusually fast speciation events (e.g., for African cichlid fishes), SINE copies
may not be fixed and their analysis can be difficult to interpret (Terai et al. ,
2003). Overall, SINEs provide an additional and reliable source of data for
phylogenetic analysis.

FIG. 6 SINE families as a phylogenetic marker. Evolutionary tree of rodent families and the
distribution of SINEs and SINE derived 4.5SH and 4.5SI RNAs. Plus and minus signs indicate
the presence and absence of a SINE family, respectively; arrows show putative time of
emergence of particular SINEs. (See also color insert.)
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V. Functions of SINEs for the Host Genome

In the 1970s, before the first short retroposons were cloned and sequenced,

extensive studies of repeated DNA suggested that the interspersed repeats are

the main regulatory regions of genes (Davidson and Britten, 1979; Georgiev,

1969). Further studies introduced an antipodal concept of ‘‘selfish DNA’’

that propagates in the genome and makes no specific contribution to the

phenotype (Doolittle and Sapienza, 1980; Orgel and Crick, 1980). Thus,

selfish DNA resembles a not too harmful parasite. Most known short

retroposons are consistent (or do not conflict) with this hypothesis.

Later the term ‘‘junk DNA’’ became popular; it implied that the genomic

repeats are useless. At the same time, the original concept of selfish DNA

suggested that, despite the absence of a specific function, it can be significant

and beneficial for the organism. Orgel and Crick (1980) claimed that ‘‘it

would be surprising if the host organism did not occasionally find some use

for particular selfish DNA sequences’’ and, continuing the analogy to para-

sitism, ‘‘slightly harmful infestation may ultimately be transformed into a

symbiosis.’’

Now we know that the impact of SINEs on eukaryotic genome involves

many specific and general mechanisms, such as mutagenesis, regulation of

gene activity, and genome expansion, which can shed light on their

significance for the life and evolution of eukaryotes.

A. Mechanisms of SINE‐Mediated Mutagenesis

Owing to their capacity to integrate new copies in various genomic sites,

SINEs can affect the functioning of genes. Although many SINE copies

integrate into nonfunctional regions, other copies appear within or near

genes and can affect their expression. Clearly, integration of a short retro-

poson into an exon should considerably disturb the structure and activity of

the encoded protein. At present, we know of such events in humans and

animals. SINE integration upstream of a gene into the transcription control

region can affect gene expression, whereas its integration into an intron can

disturb splicing and result in the formation of mRNA with, for example,

extra nucleotide sequences. Insertional mutagenesis of Alu in humans is

responsible for ~0.1% of genetic diseases; many examples of this kind have

been provided by Deininger and Batzer (1999).

Another SINE‐mediated mechanism of genetic changes is unequal homol-

ogous recombination. In this case, pairing of nonallelic SINEs is followed by

breakage and rejoining of chromatid fragments, which gives rise to large‐
scale deletions or insertions (in the range of thousands to hundreds of
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thousands of base pairs). Particular SINE pairs sometimes become recombi-

nation hot spots, which can cause genetic diseases (e.g., familial hypercholes-

terolemia). Preferential SINE‐mediated recombination can occur in somatic

cells and such events were recorded in association with acute myelogenous

leukemia (Jeffs et al., 2001). Moreover, analysis of segmental duplications in

the human genome demonstrated Alu sequences at their boundaries in about

one‐third of cases (Bailey et al., 2003). Overall, SINEs do not seem to be the

only factor of such genetic events but make a great contribution to them;

thus, ~0.3% of human genetic diseases result from Alu‐mediated unequal

recombination (Deininger and Batzer, 1999).

B. Genome Shaping

Although integrations of short retroposons into a genome can be deleterious

(e.g., the inability of humans to synthesize vitamin C is attributed to Alu

insertion; Challem and Taylor, 1998) and even lethal, in some cases it can be

creative. Below we summarize examples of this kind.

1. Appearance of New Genes

The most straightforward variant of creative impact of SINEs is probably

genomic duplication resulting from SINE–SINE unequal crossover. Such an

event can introduce a copy of a functional genomic element such as a gene,

which can be further modified by evolution without disturbing the function

of the original protein. Thus, Alu–Alu recombination introduced two differ-

ent transmembrane proteins of erythrocytes in humans and apes, glycophor-

ins B and E (Kudo and Fukuda, 1989; Rearden et al., 1993). Duplication of

the primordial human growth hormone gene mediated by Alu gave rise to

an ancestor of human chorionic somatomammotropin (Hirt et al., 1987). A

similar event mediated by B2 elements flanking a lysozyme gene provided for

the presence of two lysozyme genes with different functions and expression in

mouse (Cross and Renkawitz, 1990).

SINEs can give rise to certain small cellular RNAs. Such RNAs have a

relatively narrow distribution (Fig. 6) and the nucleotide sequence similarity

suggests that rodent 4.5SH, 4.5SI, and BC1 RNAs originated from B1, B2,

and ID, whereas primate BC200 descended from free left Alu monomer. BC1

and BC200 RNAs are synthesized almost exclusively in nervous tissue. BC1

RNA is a specific translation factor in dendrites (Wang et al., 2002) and the

knockout of its gene has some impact on mouse behavior (Lewejohann

et al., 2004). The role of 4.5SH and 4.5SI RNAs remains unclear; however,

the conservation of their sequences points to their functional significance

(Gogolevsky and Kramerov, 2002; Gogolevsky et al., 2005). These RNAs
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can be involved in translational control and/or cellular protection specific for

myomorph rodents.

2. Delivery of Functional Sequences

Short retroposons can carry functionally active sequences, for example,

binding sites for control factors. In such cases, SINE integration could confer

a different regulation pattern and even change the function of proteins.

a. Impact on Transcription Studies on individual genes demonstrated that

some SINE copies are involved in the gene transcription control as cis‐
positive (enhancer) and cis‐negative elements. For instance, Alus seem to

be involved in transcription of human E‐globin (Wu et al., 1990), adenosine

deaminase (Aronow et al., 1992), BRCA1 (Norris et al., 1995), BRCA2

(Sharan et al., 1999), type 1 deiodinase (Zhang et al., 1998), glycoprotein

hormone a subunit (Scofield et al., 2000), and nicotinic acetylcholine receptor

a3 and a6 subunits (Ebihara et al., 2002; Fornasari et al., 1997). Sometimes

different parts of the same SINE copy can serve as an enhancer and a

silencer, as in the Alu upstream of the gene encoding the g chain of the IgE

receptor (FcERI) (Brini et al., 1993). In other cases SINEs can be involved in

complex regulatory mechanisms; for instance, integration of a second Alu

upstream of the CD8 a gene made possible the formation of a cruciform

structure that suppressed a T‐cell‐specific enhancer in the first Alu copy

(Hambor et al., 1993; Hanke et al., 1995).

Analysis of SINE nucleotide sequences reveals binding sites for proteins

involved in the regulation of RNA polymerase II‐mediated transcription

(Tomilin, 1999). For instance, Lyf, MEP‐1, PPAR, YY1, SIF, RAR/RXR,

CREB/ATF, and Sp1 binding sites can be found in most or at least many Alu

copies, whereas the sites for transcription factors AP1, ER, REF/HAP1, the

GATA family, and the bHLHzip family are found in a small fraction (<10%)

of Alu copies. Thus, involvement of SINEs in such regulation of transcrip-

tion can require mutations in their integrated copies. This involvement of

SINEs in transcriptional regulation was documented for many cases. For

instance, the above‐mentioned T‐cell‐specific enhancer of the CD8 a gene

consists of Lyf‐1 and GATA‐3 sites in the first Alu (Hambor et al., 1993).

SINEs (human Alu and mouse B1) proved to be involved in the distribution

of the binding sites for Pax6, a transcription factor critical for the develop-

ment of the eye, pancreas, and central nervous system (Zhou et al., 2002).

The presence of binding sites for the superfamily of nuclear hormone recep-

tors (including retinoic acid receptor) was convincingly demonstrated

(Babich et al., 1999; Norris et al., 1995; Piedrafita et al., 1996; Vansant and

Reynolds, 1995). Alu likely played an important role in the distribution of
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binding sites for nuclear hormone receptors and some other transcription

factors in primates.

SINEs can serve not only as enhancers and silencers but also as promoters

for RNA polymerase II. For instance, �1‐globin, an a‐globin‐like gene,

remained silent (e.g., in prosimians and rabbit) until Alu integration intro-

duced a CCAAT box and restored its expression in higher primates (Kim

et al., 1989). Likewise, mouse B2 provided a functional promoter for Lama3

gene (Ferrigno et al., 2001).

SINEs can also mediate gene transcription by a mechanism called tran-

scriptional interference. For instance, active Alu transcription upstream of

the E‐globin gene suppresses its low‐level transcription from an alternative

promoter, which allows E‐globin transcription from the major promoter

(Wu et al., 1990). A similar effect was described for the human keratin 18

gene: violation of transcription of an upstream Alu made this gene sensitive

to transcriptional interference (Willoughby et al., 2000). Amazingly, a mouse

homolog of this gene has a B1 instead of Alu in a similar upstream position

(Ichinose et al., 1988). Such an ‘‘insulator’’ effect of SINEs can underlie a

considerable increase in the level of LacZ expression when the gene is flanked

with B1 and B2 SINEs (Kang et al., 2000). Thus, utilization of SINEs with

active Pol III promoters as insulators can be an attractive mechanism for the

genome.

It is also possible that SINEs can affect transcription of neighboring genes

through their methylation. Although DNA methylation is believed to lock

genes in a silent state (at least in vertebrates), another concept considers

methylation as a defense mechanism against genomic repeats and SINEs in

particular (Yoder et al., 1997). Indeed, most SINEs are heavily methylated in

almost all cell types, which represses their transcription and, hence, repro-

duction (see Sections III.B.1.d and III.B.2). Moreover, new SINE copies can

attract de novo methylation to the neighboring regions, as was demonstrated

for plant SINE S1 (Arnaud et al., 2000) and mouse B1 (Yates et al., 1999).

Still, it remains unclear whether methylation is used to repress SINEs or

whether they are used as factors of methylation and silencing (or both).

b. Posttranscriptional Impact Many protein‐coding sequences include

SINEs or their fragments. Most SINE copies carry many stop codons; at

the same time, antisense Alu has fewer stops than its sense sequence and,

thus, has a better chance to be included into an ORF. SINE integration into

the translated part of a gene commonly results in a shortened (because of

stop codons) and nonfunctional protein. However, there exists an elegant

mechanism of SINE introduction into an ORF.

The presence of sequences similar to donor and acceptor splice sites in

SINE sequences was noted long ago (Krayev et al., 1980, 1982). For instance,

EUKARYOTIC SINES 203



antisense Alu sequence includes 12 and 7 potential donor and acceptor sites,

respectively (Makalowski et al., 1994; Sorek et al., 2002). Thus, SINE inte-

gration into an intron can alter the splicing pattern and this process requires

only minimal base substitutions (Sorek et al., 2004). For instance, mouse

haplotype H‐2k originated as a result of B2‐mediated alternative splicing

(Pattanakitsakul et al., 1992). Alu‐mediated alternative splicing introduced

a minor soluble form of hydrophobic human decay‐accelerating factor

(Caras et al., 1987). Bovine SINE CHR‐I made possible alternative splicing

of prostaglandin E2 receptor EP3, whose isoforms are involved in the activa-

tion of various signaling pathways. In this case, the translated SINE

sequences present in the resulting protein seem to be responsible for its

different functional activity (Shimamura et al., 1998). Alternative splicing is

an attractive evolutionary mechanism because the original protein is still

synthesized and is thus less deleterious, and the contribution of SINEs to

this process cannot be overstated (Kreahling and Graveley, 2004): for in-

stance, at least 5% of all human alternatively spliced proteins are derived

from Alu (Sorek et al., 2002).

Many SINE families also contain the potential polyadenylation signal

(AATAAA) in their tail and some of them are indeed polyadenylated (see

Section III.A.2). Although such a site is not sufficient for polyadenylation in

the wrong context, SINEs can be a source of an alternative functional

polyadenylation signal. Thus, such signals originated from B2 in mouse

cytochrome P‐450 (Ryskov et al., 1983), D and L genes of the major histo-

compatibility complex class I (Kress et al., 1984), the g subunit of muscle

phosphorylase kinase (Maichele et al., 1993), leukemia inhibitory factor

receptor (Michel et al., 1997), and rat glutathione S‐transferase (Rothkopf

et al., 1986), whereas C SINE provided active polyadenylation signals to

rabbit isozyme 4 of cytochrome P‐450, the major apoprotein of pulmonary

surfactant, and a major histocompatibility complex gene (Krane and

Hardison, 1990).

C. Trans Effects of SINEs

All functions of SINEs previously considered affect DNA or RNAmolecules

where they reside (in cis), but short retroposons can have trans activities as

well. The level of Alu and other SINEs considerably increases after heat

shock, viral infection, and treatment with cellular poisons (see Section III.

B.2). The diverse range of SINEs involved suggests that this response is

evolutionarily conserved and may have biological significance.

Several mechanisms were proposed to explain it. High levels of Alu RNA

proved to inhibit kinase PKR involved in antiviral repression of translation

(Chu et al., 1998); thus, Alu transcription is a possible inducer of protein
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synthesis. Later the same group demonstrated PKR‐independent stimulation

of reporter translation (but not total protein translation) by RNA of human

Alu and mouse B1 and B2 (Rubin et al., 2002). Finally, B2 (but not B1) RNA

proved to bind RNA polymerase II and to repress its activity in vitro, which

can mediate cellular heat shock response (Allen et al., 2004).

Overall, to date the available data allow no definite conclusion concerning

whether SINE transcription during stress points to their beneficial cellular

function or just reflects stress‐induced perturbations in the cell.

Experiments with B2‐targeted ribozymes suggest a direct role for this

SINE in the cell. Rat hepatocytes with the active ribozyme demonstrated

decelerated growth rate and prolonged S phase, which was attributed to

degradation of B2 RNA (Crone et al., 1999) (although it could also result

from degradation of certain mRNAs containing B2).

Finally, indirect evidence points to the involvement of SINEs in the higher

order structure of DNA, for example, matrix/scaffold formation (Jackson

et al., 1996), heterochromatin nucleation (directly, similar to other repeats

[Hsieh and Fire, 2000], or through DNA methylation they can attract; see

Section V.B.2.a), or sister chromatid cohesion (Hakimi et al., 2002).

VI. Concluding Remarks

Only now are we starting to explore the genome as an integrated system, and

the role of SINEs should become apparent when we better understand how

this system functions. The accumulation of data on the involvement of

SINEs in the genome functioning is gradually making the concept of selfish

DNA less popular. The integral function hypothesis proposed instead con-

siders genomic repeats as flexible multitask units of the genome system as

important as regulatory RNAs or introns (Shapiro, 1999; von Sternberg,

2002). This concept assumes that SINEs are integral genomic/epigenetic

tools, which is hardly compatible with their absence in at least some higher

organisms.

It seems probable that the evolution of our views on the significance of

SINEs from selfish to functional is a brief and rapid recapitulation of their

phylogenetic history. SINEs emerged as genomic parasites and gradually

invaded the genomes of most higher eukaryotes, but later became an integral

part of the genome and were used for the benefit of the organism.
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