0 1999 Oxford University Press

Nucleic Acids Research, 1999, Vol. 27, No. 2015-2021

Transcription analysis of the telomeric repeat-specific
retrotransposons TRAS1 and SART1 of the silkworm

Bombyx mori

Hidekazu T akahashi and Haruhiko Fu jiwara*

Department of Biological Sciences, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,

Tokyo 113-0033, Japan

Received January 7, 1999; Revised and Accepted March 4, 1999

ABSTRACT

The telomeres of the silkworm ~ Bombyx mori consist of
(TTAGG), repeats and harbor a large number of
sequence-specific non-LTR retrotransposons such as
TRAS1 and SARTL. In order to ascertain if TRAS1 and
SART1 are transcribed in vivo and if there is a novel
transcription mechanism peculiar to the sequence-
specific retrotransposons, we studied their transcription.

We detected transcripts of TRAS1 and SART1 by
northern hybridization in many tissues and the BmN4
cell line of the silkworm. 5 '-Rapid amplification of
cDNA ends analysis showed that transcription of both
elements was initiated precisely fromtheirown5  '-ends
and that most of their genomic copies contained these
initiation sites. TRAS1 contained an internal promoter
and positively regulating elements in the +1/+581
nucleotides inits 2432bp 5 '-untranslated region (UTR).
We could not, however, detect any promoter activity in
the SART1 5'-UTR. This difference may be related to
the fact that only TRAS1 contained an initiator-like
elementatits 5 '-end. Placing 1-52 units ofthe  telomeric
repeat (TTAGG), upstream of TRAS1 reduced trans-
cription 5-fold. The evidence suggests that most of the
TRAS1 genomic copies within the telomeric repeats
are weakly transcribed in vivo .

INTRODUCTION

The telomere of the silkworrBombyx morihas a structure
intermediate between canonical repeat-typeandophilatype
telomeres (FiglA). In theBombyxtelomeres, hundreds of copies
of several families of non-LTR retrotransposons (LINE-like
elements) are accumulated within the telomeric repeats,
(TTAGG);, although these retrotransposons are unlikely to exist
within 6-8 kb from the extreme end$1(12). We have been
characterizing these telomeric repeat-specific retrotransposons in
order to study the evolution of retrotransposon-type telomeres.
TheseBombyxretrotransposons are sequence-specific, non-LTR
elements that have been classified, by differences in sequence
specificity and in amino acid sequences, into two distinct, large
families called telomeric repeat-associated sequence (TRAS) and
SART (13, Fig. 1B). Two members of these large families,
TRAS1 and SARTL1, are similar in their amino acid sequences to
the insect 28S rDNA-specific retrotransposons R énd RT1
(15), respectively. However, TRAS1 and SART1 are not closely
related to th®rosophilaHeT-A or TART elementsi@). TRAS1
and SART1 comprise two open reading frames (ORFs). Their
ORFs 1 are reminiscent of the retroviral Gag ORF, in that they
contain three cysteine—histidine motifs near the C-terminus. Their
ORFs 2 contain an endonuclease domain that probably determines
the sequence specificity upon insertion, as inT®)L The ORFs
2 also contain a reverse transcriptase-like domain that probably
conducts the target-primed reverse transcriptibr) @nd a
cysteine—histidine motif. TRAS1 and SART1 together make up
[11.5% of the totaBombyxgenomic DNA. In addition to TRAS1
and SART1, at least five more families have been identified so far

Most eukaryotic telomeres consist of direct repeats of oligonucle§unpublished data), suggesting that altogether the families of
tides (telomeric repeats) which are elongated by a reverse tratglomeric repeat-specific retrotransposons make up nearly 10%
criptase named telomerash.(Some insects, however, lack the of the genomic DNA.

telomeric repeats and offer interesting models for the study of theTranscription is an important regulatory step for non-LTR
function of telomeres. These insects have alternative mechanisragrotransposons because their RNA serves not only as the

to maintain their telomeres. The telomeres Qubsophila

messenger for translation but also as the template for reverse

melanogasterare elongated by addition, approximately oncdranscription. Although TRAS1 and SART1 encode fully con-
every 100 generations per one chromosomal terminus, of the retserved ORFsS, it is unknown if they are actually transciibeigo
transposable elements HeT-A and TARBY. The telomeres of the and if a few master copies or most of the genomic copies are

dipteranChironomus papallidivitatusnd Anopheles gambiaare
likely to be maintained by recombinational evert$) These

transcribed. It is also unknown whether the sequence-specific,
non-LTR elements have a unigue transcription mechanism. Many

telomerase-independent telomere maintenance mechanisms man-sequence-specific, hon-LTR elements sucbrasophila
represent general back-up for telomerase in other eukaryotdsckey (8), | (19), F (20) and Doc 21) and human LINE-1

including yeast, mouse and hum&r1(0).

(22,23) have been shown to contain promoter activities in the
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A Northern hybridization
~Tkbp

Poly(A)* RNAs were isolated from testes, ovaries, fat bodies,
malpighian tubules and posterior silk glands of fifth instar larvae
and from BmN4 cultured cells BEmoriwith Micro-Fast Trackl

(Invitrogen). Aliguots of 5ug of poly(A)* RNA per lane were

i L

B ABEALTE "-"!Fm b 1E]

SARTI ol “‘["M electrophoresed at 5 VV/cm on 18% formaldehyde, 20 mM MOPS
s 3 n (3-morpholinopropanesulfonic acid, pH 7.0), 5 mM sodium
Fronimal o+— 3 ~TTAGG-3___ . acetate, 1 mM EDTA, 0.9% agarose gels and blotted onto nylon
Y -paaTcc-5 membranes (Hybond-N; Amersham) inx18SC (1.5 M NacCl,
e Tesa | M3 n w2 5204 0.15 M sodium citrate). After prehybridization, the membranes

were hybridized with[ll(f c.p.m. of each probe at 42
overnight in 40% formamide, ¥@Menhart’s solution (0.2% each
of BSA, Ficoll and polyvinylpyrrolidone), 6 SSC, 25Qug/ml

Fiaure 1. The telometi ‘ fic retrot iwori (A) Schemati salmon sperm DNA, 50 mM NaRQpH 7.0), 10% dextran
igure 1.The telomeric repeat-specific retrotranspososiori chematic ~ P
structure of th&8ombyxchromosome. Black triangles represent the telomeric sulfate. The double-strand DNA probes shown in Figurere

repeats, (TTAGG) Hatched boxes indicate the telomeric repeat-specific amp“ﬂed by PCR with LATaq po_Iyr_neras_e (Takara) and labeled
retrotransposons. The extreme erids-8 kb) consist only of the telomeric ~ With [a-32P]dCTP by random priming using the BcaBEST DNA
repeats, while a large number of sequence-specific retrotransposons are mix¢gdbeling kit (Takara). The primer sets used for PCR were as
with the subtelomeric repeats. 50-100 copies of the retrotransposons may exifsé”OWS (Tablel)' TRAS1. S2427 and A7867: SART1. S869 and
at one terminus.B) Sequence specificity of the TRAS/SART families. The : ’ ’ ’

A6799. ABombyxEF-1a probe (310 bp) was generated by PCR

position at which the members of the TRAS or SART family insert into the ™~ - ) : :
telomeric repeats are shown with vertical arrows, based on'4RACGE using testis cDNA with a pair of primers, BmE&-$840 and

analysis in Figure 3. The ORFs and UTRs are depicted as open boxes ad1150. The probes were purified with Microspin S-200 HR
horizontal lines, respectively, above which nucleotide positions are indicatedcolumns (Pharmacia Biotech) and heat denatured prior to
Both large families comprise an endonuclease domain (EN), a reverse . hridization

transcriptase domain (RT), zinc finger-like motifs (vertical lines near the y '
C-termini of both ORFs) and a poly(A) tail. The TRAS families exist with their
poly(A) tails facing toward the termini and the SART families are in the
opposite orientation.

TRASI (A),— RTEN—=—

AATRF A 145 AED

Table 1.List of primers

Name Sequence (5’ to 3°)

TRAS1 S2427 GCTCTAGATTAACGATGTACGCAARATATTAGAACCCCA

TRAS1 A7867 GCTCTAGATTTTTTTTTTTTTTTTTTTTAAGTCACTCT

SART1 S869 GCTCTAGAAAAAATGTCCAGTTATAAAGAAGAATTACCCCAGGA-

5'-untranslated regions (UTRs). It seems rational for those
non-LTR elements that transpose to many different genomicsarti a6799

locations to have promoters downstream of the transcriptionfy ¢ %49

initiation sites in order to retain their own promoter sequencesrrasi A307p
after transcription and reverse transcription. TRAS1 and SART1 SART1 A287p

. i . - . RAS1 A142
however, insert only at specific positions within the telomeric tgas) 5203

repeats and thus it is unclear if they have downstream promotergrasi A7
as do other elements. There is also a possibility that theil,ar; s
promoters are dependent on the existence of the telomeric repeatarri si41

. . . . g H SART1 A80
It is interesting in this regard that transcription ofEesophila ART1 8199

—-GGGTACCCC
GCTCTAGATTTTTTTTTTTTTTTTTTTTGGTATCGATG
GGCAGAGTTGAAACTGGTGTG
ATGTGGGCAGTGTGGCAATC
CACCTGATTGTAGCT"
AATGGGAACGAGGAG®
ACACACGGATAGTATTCGCGAACG
CCTGCAAATTAGATATTCCAGACGC
ATAACCCGTTCGTTCGATTT
AGCGACAACTTACGTTTCTT
TGTGACTGCTCCCAGAAGCCCGTTAT
TATCGCTCCTTCTTTCTCGTCGTGTCA
TGGAAGTCCAGCAAAACTCC
AGATTGAGCGACGCGGA

HeT-A elements that exist as tandem repeats at telomeres s
promoted by the neighboring copiéxl. aThe 8-end is phosphorylated for later ligation.

In this report, we focus on the transcription of TRAS1 and
SARTL, showing that TRAS1 and SART1 are transcribed ig-RACE analysis
many tissues and in the BmN4 cell line. We demonstrate that the L _
two elements are transcribed from their owrefids of the 9-RACE was conducted through self-ligation of synthesized
retrotransposon units without the telomeric repeats at#meds.  CDNA (25) using the 5Full Race Core Set (Takara). An aliquot
Using transient reporter assays, we identified promoter activity @f 20 ng of BmN4 poly(A) RNA was reverse transcribed with
the upstream region of th& BTR of TRASL in the BmN4 cell 5 U of AMV reverse transcriptase at*42for 60 min and then at
line. We discuss whether the elements are transaribecdfrom ~ 50°C for 30 min using 200 pmol of TRAS1 A307P primer or

most of the copies within the telomeric repeats or from a fe@ART1 A287P primer, whose-Bnds were phosphorylated for
master copies. later ligations. The cDNA was treated with 30 U of RNase H at

32°C and ethanol precipitated. The phosphorylateen8 and

the 3-end of the single-strand cDNA were self-ligated with 40 U
of T4 RNA ligase. The ligated circular cDNA was amplified in
two steps by nested PCR with I&qpolymerase (Takara). The
primer pairs for the nested PCR were as follows (Fgyand
Nucleotide positions indicated in the text are referred to based dable 1): TRAS1 first PCR, A142 and S203; TRAS1 second
D38414 (TRAS1) and D85594 (SART1). In this paper, howeveRCR, A79 and S245; SART1 first PCR, A130 and S141; SART1
we redefine the transcription initiation sites as the +1 positiorsecond PCR, A80 and S177. The PCR products were cloned into
which were determined by-Bapid amplification of cDNA ends the pGEM T Easy Vector (Promega) and sequenced with an
(5'-RACE). automatic DNA sequencer SQ5500 (Hitachi).

MATERIALS AND METHODS

Nucleotide sequence accession number
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Inverse PCR A TRASI B SARTI

Inverse PCR was carried out as described by Teglal (26). TOFMS B TOFMSH
Genomic DNA was extracted from the silk glands of fifth instar - |
larvae as described previousli3]. Aliquots of 15 ng of the i L] =
genomic DNA were digested with a four-base cutispl or 755 B e RR=E
Alul, which cut restriction sites at the +323 or +544 positions in e 2ot

24— — 1.4

TRAS1 and SART1, respectively. The digested DNA was 1.4 , ‘ —

circularized through self-ligation using the DNA Ligation Kit V.2 Dz
(Takara). The DNA was amplified in two steps by PCR with Ex

— 7

Taq polymerase (Takara). The primer sets for the inverse PCR :
were the same as those used for tHRACE PCR: TRASL first C EFl1- o sl = I
PCR, A142 and S203; TRAS1 second PCR, A79 and S245;

SART1 first PCR, A130 and S141; SART1 second PCR, A80 and D Probe: ds DNA
S177. The PCR products were cloned into the pGEM T Easy =]
vectors (Promega) and sequenced as described above. ORE2

Promoter assal
y Figure 2.Northern hybridization. Aliquots ofiig of poly(A)* RNA from testis

The in vivo promoter assay was conducted by transient transth). ovary (O), fat body (F), malpighian tubule (M) and posterior silk gland (S)

: : : _ f fifth larva and from the BmN4 cultured cells (B) were hybridized with a
fection of each experimental DNA cloned in the pGL3 EnhancePrRASl probeA), a SART1 probeR) and an EFx probe C). (D) The regions

vector containing a firefly luciferase gene as reporter (thgor the double-strand DNA probes used for TRAS1 and SART1 are shown by
Dual-Luciferasél Reporter system; Promega) into the BmN4 arrows (both ORFs and the3TR). The band around 2 kb in (A) is probably
cell line. To normalize expression of the firefly luciferase, therRNA and was never seen reproducibly. Note that hybridization of RNAs from
pRL vector Containing th@rosophilaHSP?O promoter, which the BmN4 cells with the TRAS1 probe was conducted in a separate experiment
provides constitutive expression Rénilla luciferase in BmN4 and thus the expression level cannot be compared to those in other tissues.
cells, was co-transfected with each experimental DNA in the

firefly luciferase vector. ThBrosophilaHSP70 promoter was a | ) ) .

gift from Dr H. Maekawa and was subcloned intotiredlll site tissues we examined. It is noteworthy that (_)nly single bands were
of the pRL-null vector (HSP70-pRL vector). In order to constructeen for TRAS1 and SART1 (FigA and B), in contrast to most
experimental firefly luciferase vectors, each DNA was amplifiedon-LTR retrotransposons, which comprise various sizes of
by PCR with LATagpolymerase (Takara), with a pair of primerstranscrlpts. AP kb bgmd detecte_d _Wlth the TRAS1 p_robe was
designed to make sequences fbinal and aHindlll site at each  Probably a non-specifically hybridized rRNA resulting from
end of the PCR product. The PCR products digestedNtieh incomplete purification of the synthesized probe. That band was
andHindlll were cloned into the pGL3-Enhancer vector. EacH'0t seen reproducibly (data not shown). When differences in the
construct was sequenced and turned out to be free from P@i@nal intensity of EF-d (Fig. 2C) among tissues were taken into
errors. The experimental DNAs were transfected into the BmNaccount, we found that similar levels of TRAS1 or SART1 were
cell line by a liposome-mediated method using the[Tfx transcribed among tissues apart from m_the BmN4 cells. The
20 reagent (Promega). T x 10° BmN4 cells adherent to awell [€ngths of the TRAS1 and SART1 transcripts wéend 7 kb,

in a 96-well plate was added gDof serum-free TC100 medium respectively, which correspond to yhe full-length units of the
(Gibco-BRL) which contains 0.7fig of each pGL3 construct, retrotransposons themselves. Detection of the full-length RNAs
0.01pg of the HSP70-pRL vector and 2uBof Tfx(l 20. Four supports the idea that TRAS1 and SART1 can retrotrangpose
hours later, 20Ql of TC100 medium with 10% fetal bovine Vivo, bec_ause full-length RNAS. can serve as the template for
serum was added. The luciferase assay was conducted 72 h [i&get-primed reverse transcription. Here, we have demonstrated
according to the manufacturer’s instructions using a Luminescenti first example of sequence-specific retrotransposons that are
Reader BLR-201 (ALOKA). actively transcribeth vivo.

RESULTS Most genomic copies of TRAS1 and SART1 contained the
transcription initiation sequences

TRAS1 and SART1 were transcribed as full-length units in - .
various tissues and in the BmN4 cell line Many non-sequence-specific, non-LTR elements are transcribed

from their 3-ends by downstream promoters8{23). It is
To determine if TRAS1 and SART1 are transcribedivo, we  unclear, however, if this is the case in sequence-specific non-LTR
extracted 519 of poly(A)* RNAs from several tissues of fifth elements. In the R1 element, in fact, a low level of read-through
instar larvae and from BmN4 cells and carried out northertranscript from 28S rDNA was foun@7). To investigate the
hybridization. We hybridized a single filter with a TRAS1 probetranscription initiation mechanism of the sequence-specific
(Fig.2A), reprobed it with a SART1 probe (F&B) and then with  elements, we amplified the'-8nds of TRAS1 and SART1
aBombyxEF1-a probe as a positive control (F&). The probes transcripts (85 nt) from BmN4 cells by*BACE. Although we
were randomly labeled, double-strand DNAs derived from bothsed RNAs from BmN4 cells as a template, the same result may
ORFs and the 'aJTR of TRAS1 and SART1 (Fi@D). be expected from other tissues because there seemed to be nc
Figure2A and B and longer exposure of the same autogranapparent RNA size differences among tissues and BmN4 cells
showed that both TRAS1 and SART1 were transcribed in all tH&ig. 2). Sequencing of 8 and 15 clones for TRAS1 and SART1,
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A TRAS1 A
AB1 (CCTAR) nCC CGAGTTCCCCCTCAGCTCT -2 +1 546 1663 2432
Inverse | (CCTAA)nCC -GAGTTCCCCCTCAGCTCT| 2/10 —J CCGAGTT iH H {Luc__
PCR (CCTAR)nCC --AGT'TCCCCCTCAGCTCT| 7/10 430 689 1553 1860
(CCTAR)nCC --CGTTCCCCCTCAGCTCT| 1/10 B .
S ' ~RACE GAGTTCCCCCTCAGCTCT | 7/8 -2 2432 Activity (%)
AGTTCCCCCTCAGCTCT| 1/8 W‘I 1.4+ 0.1
B sant1 —— 88 131 0.0
BS103 (TTAGG)nTT CCCGG-CCC--GGGACCTG — 666 (Luc 24.3% 0.7
Inverse | (TTAGG)nT- —----CCCC--GGGACCTG| 1/18 :'WE 61.7+ 1.4
PCR (TTAGG)nTT - -CCCGAGGGACCTG| 4/18 e Luc 85.8+ 0.2
(TTAGG)NTT —————- CCC--GGGACCTG[13/18 :_L’QE 54.4+ 5.3
5'-RACE CCC--GGGACCTG|15/15 e 100 0: 9.9
4887, 54.5+ 3.0
Figure 3. Sequence comparison of tHeehds of the transcripts of TRAS1 and :1% 11.8+ 0.7
SART1 with the counterparts in their genomic copies usiRPEE (25) and = 17.5+ 0.3
inverse PCR (26). The position of thephosphorylated primers used for :ﬂ: DS
reverse transcription in th&RACE and the primers for the nested PCRs in the 142 Luc 5.9+ 0.6
5'-RACE and the inverse PCR are shown in Figure 1B. All'fRAE€E clones :?E 3.8+ 0.2
started at the same position (with one base uncertainty in the case of TRAS1) :‘_E 0.5+ 0.0
and contained almost the same sequences through 85 nt. Most of their genomic =3 Luc 0.2+ 0.0
copies (9/10 and 13/18 for TRAS1 and SART1, respectively) which were e HSPT0 ==Ly 152.5+22.1
amplified by inverse PCR contained the transcription initiation sites. Toe 0 1; 0 : 0

respectively, showed that thednds of their RNAs started at their Figure 4. Transient luciferase activity of-8eletion derivatives of the TRAS1
first nucleotide posmons and did not contain any other sequenc 1UTR in BmN4 cells. A) Structure of the —2/2432 construct which contains
such as telomeric repeats (R3Y.The sequences of theénd 85 4l the 8-UTR of TRASL. The linker sequence and the firefly luciferase gene
nt of the TRAS1/SART1 RNAs were identical to the counterpartgLuc) are depicted as a gray box and a white box, respectively. This construct
of the genomic clones that we previously characterized, Suggeg{ontains cytosine dinucleotides (CC) upstream of the transcription initiation

; ; ; ; i sequence, GAGTT. The positions of ATG triplets that reduce translation of
'!"9 that the co_ples we preVIOUS|y isolated from the genoml(fsuciferase are indicated by vertical lineB) [uciferase activity of 3deletion
library are functional.

. derivatives of the TRAS1'8JTR. The activity for each experimental
Because the'&nds of non-LTR retrotransposons are usuallypGL3-Enhancer vector was normalized to those of the HSP70-containing pRL

variable, probably due to incomplete reverse transcription angector. The activity for —2/521 (maximal) is designated as 100% and values of
aberrant integration process&s)( only a few copies of TRAS1 the meart standard deviation for three independent experiments per construct

. . P e shown. HSP70 denotes @sophilaHSP70 promoter that was used as
and S.ART]' may Conte.un their trar)scrlptlon. start gequenc_es_ -Igfpositive control. Activity for the pGL3-Enhancer vector alone is also shown
examine _whgt_prqportlons of their genomic copies retain th@elow as a negative control.
transcription initiation sequence, we amplified DNA sequences
around their 5ends by inverse PCR®). All the 5-end clones . , _
of TRAS1 and SART1 obtained by inverse PCR were adjacent &pm a series of'deleted constructs of theBTR are shown in
the telomeric repeats and retained their same sequence specificfigiire4. The —2/521 construct demonstrated the largest activity,
as shown in the genomic clones (F3Y. Seven of 10 TRAS1 Which was designated as 100%. This activity was about
clones and 13 of 18 SART1 clones contained the transcriptidfy0-thirds as strong as that of theosophilaHSP70 promoter.
start sites which were defined byMACE. These inverse PCR The —2/454 and —2/551 constructs showed lower activity than the

products may not represent all types of the TRAS1/SART1 copie€/387 and —2/521 constructs, respectively, probably because
because we could not detect some of thendl sequences that translation from the methionine codons at positions 430 and 546
were found in the previously isolated full-length elementslecreased translation of luciferase. Longer constructs, such as
(Fig. 3). These results, however, suggest that most of the genormig/997, —2/1881 and —2/2432, showed decreased activities,

copies of TRAS1 and SART1 that exist in the telomeric repeaf§obably because of translation from the methionine codons at
can be transcribed vivo. positions 689, 1553, 1663 and 1860 or because of the difficulty

of ribosomes scanning for long distances from therninus of
MRNASs. Taking these factors into account, we concluded that the
sequences responsible for transcription of TRAS1 resided in the
The discovery that TRAS1 and SART1 contain their owntl to +581 interval. Within this portion, two regions were
transcription initiation sites prompted us to examine whether thgarticularly important for the activity. The nucleotides +47/+142
promoters lie downstream of the initiation sites, as do mamgnd +454/+521 increased transcription approximately 7- and
non-sequence-specific, non-LTR elements. We subcloned th&ifold, respectively.
5-UTRs into the pGL3-Enhancer vector, which contains the We tried to detect promoter activity in the SARTAHR but
firefly luciferase gene as a reporter gene (Promega), arlde constructs, which contained all or parts of the SARTITR,
transiently transfected them into BmN4 cells. BmN4 cells ardid not show greater activity than the pGL3-Enhancer vector
biologically relevant with regard to transcription of TRAS1 andalone (data not shown). We then examined the possibility that
SART1 as we proved by northern hybridization (Fljy.and transcription of SART1 is promoted by thé-LBTR of a
5'-RACE analysis (Fig3). neighboring SART1 copy, as is the case with Emesophila

The luciferase assays showed that TRAS1 contained its owteT-A element%4), considering that at least half of all SART1
promoter activity in its BUTR. The luciferase activities obtained elements exist as tandem arrays interrupted by short (<100 bp)

TRAS1 possesses a promoter in its-BITR
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1 CAGTACCACTTCAACCTCCGAAGAGATAAGTCGTGCCTCT 551 Activity(%)
Jockey CATTCGCATGGGAGATGAGCAATCGAGTGGACGTGTTCAC +12+7272 [Lc_ 0.3+ 0.0

F GATTTCAATTCGATCGCCGACGTGTGAAGACGTTTTTATC ::44—- Luc 1.1+ 0.0
Doc CACTCGTGGATTCGCATTCGAGATTCGCGGACGTGTTTCT ke 59.3% 8.5
TRAS1  GAGTTCCCCCTCAGCTCTCGTGGCGGTCGGATCGTTTTCC e Luk  86.0%16.4
SART1  CCCGGGACCTGGGCGGGCCCCCCGGCGCGCACTCAGCGTG + o~ 88.1F% 9.2
[Luc_ 100.0+ 9.7

—ccem——{Luc_  93.1%+ 7.9

Figure 5. Sequence comparison of the first 40 bp of non-LTR retrotransposons Jc(raace)ic———[Lic_  34.9%10.7
in insects for which transcription initiation sites have been determined. The —3c(TAACC) 20————[Luc  67.7+23.8
initiator at the 5end and the downstream CGT(G/T) motif are underlined. :c(TAAcc)sc—_E 54.8+ 6.8
TRASL1 contains an initiator-like sequence while SART1 does not. —Ic(Taacc) mc—_E 36.4+ 2.9
Sc(maace) =L 21.3*+ 3.3

telomeric repeatsi (). The constructs which contain thel8TR TemRace );(’:MHSWO——'[% 122 'gf 2(1)'2
upstream of the telomeric repeats and tHdTR of SART1 did — 77 0.1+ 0.0

not, however, show significant activity (data not shown).

Figure 6. Luciferase activity of Svariation derivatives of the TRAS1-BTR

Influence of the first 40 bp conserved in most insect in BmN4 cells. The activity for +1/551 (maximal) is taken as 100% and values

ot of the meant standard deviation for three independent experiments per
retrotransposons on transcription of TRAS1 construct are shown. The telomeric repeats are shown as (CETAA)

Most non-LTR retrotransposons that have been well character-
ized in insects have downstream promoters in theldTR.
These elements have in common a TATA-less RNA polymera: : ; - . Lo
Il promoter, which have also been found in some LTR retrotran?riigi'ghbormg telomeric repeats inhibit transcription of
posons in insect2), manyDrosophilahomeotic genes such as
Antennapedia(30) and Engrailed (31) and the mammalian TRAS1 contained an internal promoter in it4 'R as described
terminal deoxynucleotidyltransferase (TdT) ges#,(and soon. above. There is a possibility, however, that the neighboring
These retrotransposons share two conserved sites irtdneal  telomeric repeats also have some influence on transcription of
regions R9). The initiator [the (C/G)A(C/G/T)T motif] is located TRAS1. To examine this possibility, we constructed a series of
around the transcription initiation site and the CGT(G/T) motif iplasmids that contained various short lengths of the telomeric
found at position +31 or +32 (Fig). We compared the first 40 bp repeats upstream of the first 551 bp of the TRAS1 element and
of TRAS1 and SART1 with those of some non-LTR elements iperformed luciferase assays. As shown in Figqgacing the
insects for which transcription initiation sites have been determinetlomeric repeat upstream of TRAS1 decreased the promoter
Although transcription of TRAS1 was not as strongly dependeictivity. Constructs with longer telomeric repeats appeared to
on the first 40 bp as were tHerosophila retrotransposons repress transcription more strongly. For example, insertion of 52
(Fig. 4), TRAS1 similarly contained the two conserved sites inelomeric repeats reduced transcription by 82% while insertion of
this region. These two sites were also conserved in thiwe repeats decreased it by 45%. These results suggest that
corresponding regions of another member of the TRAS familganscription of TRASL1 is down-regulatatvivo according to
(TRAS3), those regions retaining the same sequence specificitye length of the neighboring telomeric repeats.
as TRASL (data not presented), suggesting involvement of the
two sites in transcription of the TRAS family. On the other handyscussioN
SART1 did not contain an initiator-like sequence and only had the
CGT(G/T) motif at position +36, which was 4 bp downstream oPrevious structural analyses, which showed the existence of
the position of other elements. These results suggest that amdisrupted ORFs, a few truncated copies and sequence conser-
initiator is involved in transcription of TRAS1 in some way, whilevation among genomic copies, suggested that most copies of
SART1 has a somewhat different transcription initiation mechanisitRAS1 and SART1 in the genome have the ability to transpose
To examine the importance of an initiator on transcription ofia RNA (12,13). In this paper, we provide additional evidence
TRAS1, we created a series ofdeleted TRAS1 BUTR  for this idea by showing that TRAS1 and SART1 are actually
constructs and performed luciferase assays @)ig.To our expressed in many tissues and a cultured cell line as approximately
surprise, removing the first 16 bp did not significantly inhibitfull-length RNAs, which can serve not only as messengers for
transcription of TRAS1. Deletion of the first 43 bp, thetranslation but as templates for target-primed reverse transcription.
counterparts of which have been shown to be crucial ifheir expression in testis and ovary tissues and in BmN4 cells
transcription of manyDrosophila retrotransposons18-21),  suggests that they have been surviving by retrotransposition
reduced transcription by only 40%. This result indicates that thtarough vertical transmission and/or that they play some important
first 40 bp of TRAS1 are important but not indispensable for theole in telomere maintenance. Although most non-LTR retrotrans-
activity. Deletion of 126 bp decreased the activity by 100-foldposons show various lengths of transcripts dué-taubcation
Combined with the observation that nucleotides +1/+142 showethd read-through transcription from neighboring genes, only
7-fold stronger activity than +1/+47 (Fig), the results from single sizes of the TRAS1/SART1 RNAs were found. This is
these deletions indicate that nucleotides +47/126 are essential filoobably because only a few of their genomic copies are truncated
activity. and because the TRAS1 and SART1 copies are not transcribed
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from adjoining genes, being situated exclusively in the telomeriand be independent of surrounding environments. This result
repeats. TRAS1 and SART1 are the first examples of sequend®es not necessarily mean, however, that all sequence-specific
specific retrotransposons that are actively transcribedvo.  elements are transcribed by internal promoters. For example, R1
Although sequence-specific retrotransposons (R1 and R2) magd R2 may be transcribed as one unit with rRRIA33).

be transcribed as read-through RNAs from neighboring rRNA TRAS1 possesses an initiator-like sequence atéadas do
genes?7,33), TRAS1 and SART1 were expressed as unit lengtthe retrotransposons |, Jockey, F and Doc.Dhosophila
RNAs. This may reflect differences in genomic localizatiorretrotransposons I, F and Doc, the first 40 bp segment contains all
between the rRNA genes and non-transcribed telomeric repedtse promoter activity in cultureBrosophilaS2 cells {9-21).

Major questions regarding transcription of TRAS1 and SART Further, the sequences downstream of the first 40 bp regulate the
are concerned with whether the copies within the telomeritissue specificity in the case ofd5) and Fex§6). On the other
repeats are transcribed and whether they possess interhahd, eliminating the first 43 bp of TRAS1 did not completely
promoters. The data presented here suggest that most TRASiIMinate the promoter activity (Figs) and the nucleotides
elements within the telomeric repeats are weakly transcirbed +47/+142 and +454/+521 were crucial for activity. This difference
vivo by internal promoters. First, the TRAS1 RNA that wador the promoter regions may reflect the fact that TRAS1 has a
weakly detected on the northern blot corresponds inSizkl)  much longer SUTR (2432 bp) than do tigrosophilaretrotrans-
to the previously cloned TRAS1 element (TRASHR®) that was posons (<300 bp). These results suggest that TRAS1 utilizes a
adjacent to the telomeric repedt&)( Second, SRACE analysis quite different mechanism for transcription. Conservation of the
showed that the ®nd of the TRAS1 RNA started precisely from initiator sequence in TRAS1 and another member of the TRAS
the 3-end of TRASIAB1 and that the nucleotide sequence of thdamily, however, suggests involvement of this sequence for the
RNA was completely identical over 85 nt to that of a genomigurpose of their transcription by RNA polymerase Il. An initiator
TRAS1 element. Third, we have never found, by inverse PCR,raay be importantin TRAS1 for accurate initiation rather than for
TRAS1 element that was inserted outside the telomeric repe@omoter activity itself.

(Fig. 3). Finally, the 5UTR of TRAS1 contained a promoter Drosophila depends for maintenance of its telomeres upon
activity for its own transcription (Fig). Most of the 600 TRAS1 retrotransposons2(3), which have an intimate evolutionary
copies may be transcribed wealklyivoif they are, like SART1, association with telomeras€7. The fact that TRAS1 and
adjacent to less than 20 units of the telomeric repeats, transcripART1 are actively transcribed retrotransposons suggests the
tion being reduced in such instances by 20-80%Fig. 6). It ~ importance of retrotransposition of the TRAS/SART families on

is uncertain, however, if the amount of transcription we detectdfje evolution of insect telomeres. One can imagine that some
in this promoter assay could account for that we discovered Hfysects lost the ability to produce telomerase at some point during
northern hybridization. On the other hand, it is still not knowrtheir evolution, but maintained telomere length by insertion of
from which copies the SART1 RNA is transcribed. The results ofRAS/SART-like elements into the telomeric repeats. Various
northern hybridization, 'SRACE and inverse PCR showed thatmechanisms such as addltlon_of retrotransposons onto the very
the SART1 transcript had approximately the same length, tt@ds of telomeres and recombinational events may have replaced
same 5end nucleotide sequence and the identieahl position ~ telomerase activity. Since so far we have not succeeded in detecting
as the most common copy within the telomeric repeats, as was tl9merase activity (Y.Sasaki and H.Fujiwara, unpublished data),
case with TRAS1. We were unable, however, to detect arf§lomerase might have been lost and an alternative mechanism
promoter activity in the'8UTR of SART1 and its'send lacked ~ Might have arisen iB.mori although some other insects may
an initiator motif’ which was found in most insect TATA_'esshaVe telomerase. Functional anaIyS|S of the TRAS/SART families
RNA polymerase Il promoters, including TRAS1. Th&/FR of ~ May provide insight into the mechanism of telomere maintenance
SART1 also did not promote transcription of the tandeni the silkworm.

neighboring SART1 copy, as mentioned above. A possible

explanation may be that there are some SART1 master copies thgdi N OWL EDGEMENTS

are transcribed by an external promoter, although we were not
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