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A mouse cDNA clone corresponding to an abundantly transcribed poly(A)+ mRNA was found to be
represented by 200 copies in mammalian genomes. To understand the origin and nature of this sequence
family, we studied two genomic members and two cDNA clones from mouse liver. The DNA sequence of the
coding strand of a full-length cDNA clone was shown to have an open reading frame capable of encoding a
25-kilodalton polypeptide that has not been previously described. In vitro transcription-translation experi-
ments verified the presence of an open reading frame encoding a protein of the predicted size. Restriction
analysis of genomic DNA and DNA sequence analysis of genomic clones indicated that many of the 200
members of this family represent processed pseudogenes, with one or a small number of active structural genes.
The vast majority of the genomic copies are heterogeneous in length, truncated at their 5' ends with respect to
the mRNA, and do not appear to have intervening sequences. Two distinct genomic members of this family
were sequenced and found to represent incomplete copies of the mRNA. Both are 5' truncated at slightly
different points with respect to the mRNA. Both pseudogenes have multiple base changes, insertions, and
deletions relative to the mRNA, and one of them encodes the poly(A) tail of the mRNA. The expression of this
gene family is highest in rapidly dividing cells such as early mouse embryos and testis, but was seen in all tissues
tested. This gene shows extremely high sequence conservation, extending to chicken, amphibian, and nematode
genomes. Surprisingly, the gene appears to exist in only one copy in these organisms.

The genomes of higher organisms are complex, consisting
of many classes of sequences ranging from single-copy genes
encoding proteins to the millionfold-reiterated simple satel-
lite sequences of no known function. Other classes of
sequence have reiteration frequencies that fall between these
two extremes. Many eucaryotic genes exist as multigene
families whose members show tissue-specific and develop-
mentally regulated expression. Examples include myosin,
actin, and tubulin genes (2-4, 17). Included in the members
of many repeated genes are processed pseudogenes that
appear to have arisen and been dispersed by transposition
via an RNA intermediate (12, 26). Processed pseudogenes
have no intervening sequences and have accumulated muta-
tions, and the genomic sequences encode the poly(A) tail.
Lack of promoter elements prevents the pseudogene from
being expressed. Retroposition has also been proposed as
the origin for the thousands of interspersed repeated DNA
sequences that exist in mammalian genomes and are not
known to encode any proteins (25). These include repetitive
DNA sequence families such as Alu and Li (11). These
sequences have structural features consistent with RNA-
mediated transposition (14, 22, 24). The presence of long
open reading frames (ORFs) in several members of the Li
interspersed repeated DNA sequence family suggests that
copies of this repeated sequence family were derived from a
structural gene or a small number of genes whose transcripts
were copied and inserted into the genome. In other words,
interspersed repeated sequence families may be an example
of a highly efficient generation of processed pseudogenes.
We previously described a highly conserved mouse repet-

itive DNA sequence family, LLRep3, which is present in 200
copies per haploid mouse and human genomes (9). In con-
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trast to other moderately repeated DNA sequence families,
which hybridize to a broad range of cellular RNAs, repre-
sentative members of the LLRep3 sequence family hybridize
to a single 1.7-kilobase (kb) polysomal poly(A)+ RNA that is
found at high abundance in rapidly growing mammalian cells
(9). We present here the characterization of the transcript
and the gene family. The transcript from this family contains
an ORF capable of encoding a 25-kilodalton protein. Restric-
tion endonuclease digestion and hybridization analysis of
mouse genomic DNA revealed that most copies have the
appearance of processed pseudogenes and are truncated at
their 5' ends with respect to the mRNA. The two genomic
members of this family which were isolated and subjected to
DNA sequence analysis have no introns, multiple stop
codons, and are truncated at different points relative to the 5'
end of the cDNA. While the sequence family is represented
by 200 members in mammals, it is a single-copy sequence in
the chicken genome, in which it is highly transcribed. It is
also a unique sequence in the genomes of Xenopus laevis,
fish, and nematodes.

MATERIALS AND METHODS
Genomic and cDNA clones. LLRep3 cDNAs were isolated

by screening two mouse liver cDNA libraries with a Chinese
hamster ovary cDNA clone corresponding to the CHOB
cDNA clone described by Harpold et al. (7, 8). One clone
derived from a C57BL/6 pBR322 liver cDNA library, while
the second clone derived from a C57BL/6 XgtlO liver cDNA
library. The genomic clones X8B1-2 and X8B2-1 were iso-
lated from a partially digested EcoRI Charon 4A BALB/c
mouse genomic library (provided by L. Hood, California
Institute of Technology).

Hybridizations. Hybridizations to genomic Southern blots
or Northern (RNA) blots were done at 650C in 5 x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-lx
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FIG. 1. Restriction map of LLRep3 full-length cD
two genomic clones. The open box in the cDNA don

The cross-hatched areas in the genomic clones corr

regions of overlap with the cDNA. Restriction sites
(E), Artificial EcoRI sites derived from linkers in the c
process. Abbreviations: E, EcoRI; H, HindIll; P, Pst'
BamHI; BgI, BgII, BgII, BglII.

Denhardt solution-10 mM NaPO4 (pH 7.4)-]
sulfate-50 pLg of denatured salmon sperm DNA ]

to 16 h. Filters were prehybridized in the a
without dextran sulfate or radioactive probe f
After hybridization, filters were washed in 2>
sodium dodecyl sulfate at 650C for 2 to 4 h. I
were radioactively labeled by the method of Rig
and included at a concentration of 2 x 105 to 5 x
RNA isolation. Total RNA was isolated froir

bryos and tissues by the guanidine hydrochlo
(1). Nuclear and cytoplasmic RNA was extracted
culture cells by lysis in Nonidet P-40 and pheno
extractions (16). Poly(A)+ RNA was isolated E
cellulose chromatography (Collaborative Res
Waltham, Mass.). RNA from chicken embryo
and tissues was a gift from L.-H. Wang (Rockef
sity, New York., N.Y.).

In vitro transcription-translation. T7-generate
were generated from the full-length cDNA c
insert had been cloned into pGEM1. The tran
capped (18) and used to direct protein synthesis
wheat germ cell-free translation system (see I
[35S]methionine was used as a radioactive track
tion products were separated on a sodium dod
7% polyacrylamide gel, fluorographed (13), an(
X-ray film.
DNA sequence analysis. DNA fragments wei

into M13 bacteriophage (mpl8 or mpl9 or both
was sequenced by the chain termination method
al. (21) or by the chemical base-specific reactic
Maxam and Gilbert (15). The rapid deletion
Technologies, Inc.) was used to generate Ml
DNA sequencing.

RESULTS

Characterization of mouse liver cDNA clones cl
to the LLRep3 repetitive DNA sequence family.
LLRep3 family was originally described as

interspersed repeated DNA sequence family it
human genomes (9). We showed that there was

1.7-kb discrete poly(A)+ transcript homologous
ily in hepatoma cell RNA (9). To determine the
transcript and its relationship to the 200 genomi
isolated mouse liver cDNA clones homologous
ily. Two cDNA clones isolated had inserts of 5S
(bp) and 1.7 kbp. The 1.7-kb cloned insert
full-length cDNA copy. The restriction map of tl
cDNA clone is shown in Fig. 1.
One (or more) members of the 200-copy sequen

encode a protein. The presence of transcripts he

this family in polysomal poly(A)+ RNA (8) in rodent cells
cDNA suggests that the transcription product of this family encodes

genomic(8Bl) a protein. The coding strand was determined by hybridiza-
tion of bacteriophage promoter-generated transcripts of the
cDNA clone to mRNA (data not shown). To determine

genomic(882) whether the sequence of this transcript contains an ORF, we
subjected both cDNA clones to DNA sequence analysis.

NA clone and These clones were isolated from two different mouse liver
ie is the ORF. cDNA libraries. Sequence analysis of both cDNAs revealed
srpoind to thde an ORF of 221 amino acids on the coding strand (Fig. 2).are indicated. Thr
DNA-cloning There is a poly(A) addition signal that is located 15 nucleo-
I; S. SNaI; B. tides from the poly(A) tail, and there is a short 18-nucleotide

untranslated region at the 3' end and a long 5' untranslated
sequence of 1.0 kb. To determine whether these sequences
correspond to known genes or proteins, we searched Gen-

.0% dextran bank and the Dayhoff library. The Genbank search revealed
per ml for 12 homology with the DNA sequence of rat and human ox-
Lbove buffer tubulin. There is 46% homology between the mouse cDNA
7or 2 to 6 h. clone and human a-tubulin cDNA over a 1,674-nucleotide
K SSC-0.2% region (data not shown). There is, however, no homology at
DNA probes the amino acid level between the protein encoded by
,by et al. (20) LLRep3 cDNA and human a-tubulin or any other known
105 cpm/ml. protein.
mouse em- Sequence analysis of the two cDNA clones also addresses

ride method the tissue of the homogeneity of LLRep3 transcripts. If
d from tissue multiple members of this 200-copy family are transcribed, it
I-chloroform might be expected that the transcripts would exhibit se-
)y oligo(dT)- quence microheterogeneity, especially in third base posi-
earch, Inc., tions. The two cDNA clones are identical over their entire
o fibroblasts length of overlap (data not shown).
eller Univer- To verify the presence of the ORF predicted by the DNA

sequence, a bacteriophage T7-generated transcript was syn-
d transcripts thesized and the RNA was capped and translated in vitro in
:lone whose a wheat germ cell-free translation system. The results are
scripts were shown in Fig. 3. When compared with the extract to which
i in vitro in a no RNA had been added, the transcript of the LLRep3
reference 5). family directed the synthesis of a protein migrating at about
cer. Transla- 25,000 daltons. This is consistent with the size predicted by
lecyl sulfate- the DNA sequence. There is also a prominent 10-kilodalton
d exposed to product seen in Fig. 3, lane 3. This is most likely due to

premature termination or internal initiation. There are no
re subcloned other possible long ORFs in the sequence on the coding
i), and DNA strand (data not shown), so the 25-kilodalton protein must
of Sanger et derive from the sequence indicated in Fig. 1.
n method of Genomic members of LLRep3 have features of pseudogenes.
system (IBI The presence of 200 genomic copies of this family and the
3 clones for single discrete RNA species homologous to this family led us

to investigate the relationship of these 200 genomic mem-
bers. It seemed unlikely that all 200 copies were functional
genes, expressing a single mRNA species. The other possi-
bility is that there could be a repeated sequence in the 5' or

orresponding 3' untranslated region of this mRNA, while the protein-
The mouse coding region is single copy. There are precedents for the
a 200-copy latter possibility in several mRNAs which contain repetitive

n mouse and DNA sequences in their untranslated regions (e.g., the
,a prominent low-density lipoprotein receptor and mouse histocompatibil-
s to this fam- ity sequences) (23, 27). To distinguish between these two
origin of this possibilities, the cDNA clone was digested into fragments
ic copies, we that were radioactively labeled, and the various fragments
to this fam- were used as probes against genomic blots. We found that

60 base pairs several different restriction fragments spanning the entire
represents a 1.1-kb PstI-EcoRI fragment of the cDNA clone (Fig. 1)
he full-length hybridized to approximately 200 genomic fragments (see

Fig. 5 and 6, for example). These include the PstI-SmaI and
ce family can SmaI-BgIII fragments. However, a 0.65-kb PstI-EcoRI frag-
mologous to ment derived from the 5' end of the full-length cDNA clone
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PSEUDOGENE RETROPOSITION AND GROWTH REGULATION

TTTTTTT T1TITITITI TlTlI ilil liilTalTwvalI.CAI.AII1T TITAl
GTAACAGGGGAGCATCCTCTTCCCATCAMGGTCTCGGCCTCACAGGCGTCCCTGTTGGC
ATAMGGTGTCATCTGCCTGCGTACGAGGACAACATGGCAGGGAGTGGCGCTCCTAMCAG
TTCTATATCTCCACTGTCCAGCAGGAAATCTCTGCTCCTGGGAACCCTTCTTGGTAACT
CAACTTGAGCTCTCTGGTAGCCAGGTAGTCAACTCCTTGAACTTTGACTGTCCGTTTTG
TATTATCGTGGCTCGACGGGTGGCTCCCAGACGATGTCCCGGTAAAACTGACCAMGCTC
CCCTTTAACTGTTGGAGAATGCTGGTGTCATTCAAAAGCAGCATTAGTCCTCTCTGAGG
GTCATCCAGGGACAGGAGGCCGATGGTGACTTTGTCTGGGCCACTGAGCTGTAGGAGTC
CCATCATATTCATGGTCATCTTCAMGCCAGGTAACACAGAGAACAGCGTCTTCTTCCAC
TTGTATTCAGTGTTTTTTCTGCCTCGTGTCACCACCAGTCGTTCAGGGGTTGCATGGAC
CTGCAGGTGAGGCTTCTGGATGGTCACTTCGAGCCACGAGMACCCAGTATTCTCATACT
TACCAGTCACCTCCAGACCTAAGAMGGCCAGACCAGAGATTTCAAAGTCAATTCAGAGC
AATGGCCCAMACAAGGAATCTCCCCTATGTCCTTTCTGGAACGGGGTCCCCAGAMGAMT
CTTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTC
GGGAGAACACCAAATGGCGGATGACGCCGGTGCAGCGGGAGGGCCCGGAGGACCCGGGG

CCGTGGTCGTGGCCGAGGCCGTGGCCGTGGTCGAGGCCGCGGGGCTCGTGGAGGTAAA_
1

Met
CTGAAGACAAGGAGTGGATCCCCGTCACCAAGCTGGGCCGTCTGGTTAAGGAC ATG

10
Lys Ile Lys Ser Lou Glu Glu Ile Tyr Lou Phe Ser Lou Pro Ile
AAG ATC AAG TCC TTG GAG GAG ATC TAC CTG TTC TCC CTG CCC ATT

20 30
Lys Glu Ser Glu lle Ila Asp Phe Phe Lou Gly Ala Ser Lou Lys
AAG GAG TCT GAG ATC ATT GAT TTC TTC CTG GGT GCG TCC CTA AMG

40
Asp Glu Val Lou Lys lie Met Pro Val Gin Lys Gin Thr Arg Ala
GAT GAG GTT CTG AAA ATC ATG CCA GTG CAG AMG CAG ACT CGG GCT

50

Gly Gin Arg Thr Arg Phe
GGC CAG CGG ACC AGG TTC

Asn Gly His Val Gly Lou
AMT GGT CAC GTT GGT CTT

80

Thr Ala lie Arg Gly Ala
ACT GCC ATC CGA GGG GCC

Pro Val Arg Arg Gly Tyr
CCT GTG CGG AGA GGC TAC

110
Thr Val Pro Cys Lys Val
ACT GTT CCA TGC AMG GTG

Arg Lou lle Pro Ala Pro
CGT CTC ATC CCT GCC CCC

140
Val Pro LyS Lys Lcu
GTG CCC AMG AAG CTC

Thr Ser Ala
ACT TCA GCC

Ala Thr Phe
GCC ACC TTT

Arg G y
AGA G(C
170
Asp Ala
GAT GCC

Asp Lou Trp Lys Glu
GAC CTC TGG AAA GAG

200
Phe Ser Asp His Leu
TTC TCG GAT CAT CTT

Lys Ala Phe Val Ala lie
AAG GCT TTC GTC GCT ATT

70
Gly Val Lys Cys Ser Lys
GGT GTT AAG TGC TCC AMG

8o
Gly Asp Tyr
GGG GAC TAC

Glu Val Ala
GAG GTT GCC

90
lie lie Lou Ala LyS LOu Ser lie Val
ATC ATC TTG GCC AMG CTT TCC ATC GTC

100
Trp Gly Asn Lys lie Gly Lys Pro His
TGG GGG AAC

Thr Gly Arg
ACA GGC CGC

130
Arg Gly Thr
AGA GGC ACT

AMG ATT GGC AMG CCC CAC
120

Cys Gly Sor Val Lou Val
TGT GGC TCT GTG CTG GTG

Gly lle Val Ser Ala Pro
GGC ATT GTC TCT GCT CCT

150
Lou Met Met Ala Gly lie Asp Asp Cys Tyr
CTG ATG ATG GCC GGT ATA GAT GAC TGC TAC

160
Cys Thr Ala Thr Lou Gly Asn Phe Ala Lys
TGC ACT GCC ACC CTG GGC AAC TTT GCT AAG

180
lie Ser Lys Thr Tyr Ser Tyr Lou Thr Pro
ATC TCC AMG ACT TAC AGC TAC CTG ACC CCC

190
Thr Val Phe Thr Lys Ser Pro Tyr Gin Glu
ACT GTC TTC ACC AAG TCT CCT TAT CAG GMA

210
Val Lys Thr His Thr Arg Val Ser Val GIn
GTG AMA ACC CAC ACC AGA GTC TCT GTT CAG

220 221
^ro Thr Gln Ala Pro Ala Val Ala Thr Thr OC
AGG ACC CAG GCT CCA GCT GTG GCT ACC ACA TAA GGGTTTTTATATGAGAAA

AATAAAAGMTTMGTCTGCTGAAAAAAA

FIG. 2. DNA sequence and predicted protein sequence of
LLRep3 full-length cDNA clone. The termination codon is marked
OC for ochre. Amino acids encoded are presented above the DNA
sequence.

hybridized to one prominent fragment in genomic digests
(this will be discussed below; see Fig. SB). This excludes the
possibility that a repetitive element lies in the 3' or 5'
untranslated region of the mRNA, since DNA fragments
corresponding to the coding sequence hybridize to 200
copies.
To test the hypothesis that most of the 200 LLRep3

genomic members are pseudogenes created by retrotranspo-
sition and that only one or a small number are actual
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FIG. 3. In vitro translation of the LLRep3 transcript. The
LLRep3 full-length cDNA clone was inserted into pGEM1, and T7
promoter-generated transcripts were produced. The capped tran-
script (0.5 ,ug) was translated in vitro in a wheat germ extract in the
presence of [35S]methionine. Products were electrophoresed on a
sodium dodecyl sulfate-7% polyacrylamide gel and visualized by
fluorography and exposure to X-ray film. Lane 1, Molecular size
markers; lane 2, wheat germ extract with no exogenous RNA; lane
3, wheat germ extract with 0.5 pLg of LLRep3 mRNA. The arrow
indicates the protein product that is specific to lane 3.

structural genes, we studied the sequence organization of the
genomic members. If most of the genomic members are
processed pseudogenes, the genomic and cDNA sequences
should be colinear and lack intervening sequences and the
genomic sequences would have poly(A) tracts at the 3' ends.
It was shown earlier that the primary transcript of this gene
was larger than the mRNA (3.6 kb compared with 1.7 kb) (7).
Therefore, the gene(s) must have intervening sequences.
Two different genomic copies of LLRep3 were isolated and
subjected to DNA sequence analysis. The portion of one
genomic clone which is homologous to the cDNA resides on
a 0.94-kb EcoRI fragment, while that of the second genomic
clone resides on two EcoRI fragments of 2.0 and 1.8 kb. The
restriction maps of the genomic clones and their alignment
with the cDNA sequence are shown in Fig. 1. The compar-
isons of the genomic and cDNA sequences are shown in Fig.
4. The cDNA and genomic sequences are colinear over 815
bp for X8B1-2 and 990 bp for X8B2-1. One genomic clone
(A8B1-2) does not contain the sequences of the 3' end of the
cDNA because of an EcoRI site in the genomic clone and
cDNA. This genomic clone (derived from a partial EcoRI
library) does not contain the adjacent EcoRI fragment. Both
genomic sequences are truncated at their 5' ends with
respect to the full-length cDNA and would, therefore, rep-
resent incomplete reverse transcription products. Addition-
ally, the two genomic sequences are truncated at slightly
different places on the cDNA, suggesting that they derive
from independent events. In addition, the DNA sequences
flanking the LLRep3 homology are different in the two
genomic clones. There are multiple base changes, insertions,
and deletions in the genomic sequences relative to the
cDNA. These data show that the genomic clones studied
cannot encode the transcript represented by the cDNA
clone. Also, there are no intervening sequences in these
genomic segments. One of the clones, X8B2-1, contains the
very 3' end of the mRNA and also contains a long A-rich
region and poly(A) tail that coincides with the poly(A) tail of
the mRNA. These features and the 5' truncation of the
sequences at different points are consistent with features of
a retroposon.

Since it was impractical to sequence the remaining mem-
bers of this family, an additional method was used to analyze
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1060 1070 1080 1090 1100
TG!?CCGGTcG CAAAGG&GAGTCGAAGGS CATGC

.. . . . ..... .. . . . .. . . . .. . . .

.. . . . . . ...C . .. . .. . .. .. .

1110 1120 1130 1140 1150.....................................................G
...A..............................................

1160 1170 1180 1190 1200
GTCGCTATGGGCTACAATGCs GTGGCTCTTGGTGTTATGT

CDNA
Genomic 8b2
Gencaic 8bl

CDNA
Genomic 8b2
Genamic 8bl

CDNA
Genomic 8b2
Genomic 8bl

eDNA
Genomic 8b2
Genomic 8b1

CDNA
Genomic 8b2
Genomic 8bl

CDNA
Genomic 8b2
Genomic 8bl

eDNA
Genomic 8b2
Genomic 8bl

cDNA
Genomic 8b2
Genosic 8bl

CDNA
Genomic 8b2

CDNA
Genmic 8b2

1210 1220 1230 1240 1250
CAAGGAGGTGcCACGCATC~GAGGGG~C&TC&TCTGG~CAAGCTT

1260 1270 1280 1290 1300

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . ...........................................

1310 1320 1330 1340 1350
C~~~~GGCA~CCTGTCGGTGc

1360 1370 1380 1390 1400
scec a _~~~~~~~~~~~~~~
.T.
.A.

1410 1420 1430 1440 1450

.C.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..........................................

1460 1470 1480 1490 1500
__CAcA~CGGCLTTGCTACA~TTAGCAT

..................................................

1510 1520 1530 1540 1550
CTCCAAGACTTAAZGCTACCTG CcC TCTGGAA&GAGACTGTCT

1560 1570 1580 1590 1600

.*.A......A..
.............

1610 1620 1630 1640 1650
_cAATkcGTA&GfcAGTCACGGCAcCC

1660 1670 1680 1690 1700
AGGGTTTTTATATGGAAAAATAAAAGAATTAAGTCTGCTGAAAAAAAA

.C....

1710 1720 1730
_ _ _ _ __---------------s

1740 1750

...C.. ....C.. ......... ....GGcTTCCTTTTCTTAGCTCC

1760 1769
Genoinc 8b2 CGCAGACThCATTcGCTTT

FIG. 4. Sequence comparison of cDNA and two genomic clones of the LLRep3 family in the region of their overlap. The numbering
corresponds to residues of the full-length cDNA which is presented in Fig. 2. Dots ( ) indicate sequence identity, and asterisks (*)

indicate spaces inserted to allow alignment.

the remaining genomic copies. One method of determining
how homologous different members of a repetitive family are
is to determine whether they conserve restriction sites. If all
or most LLRep3 genomic members are processed pseudo-
genes, then one would expect them to have the same
structure as the cDNA. In other words, they would have no
intervening sequences. We asked whether restriction sites
that span the length of the cDNA are conserved among the
genomic members of LLRep3. HindIII and EcoRI sites
bound a 329-bp fragment (Fig. 1). When the LLRep3 cDNA
was used to probe genomic DNA double cut with EcoRI and
HindIII, 30% (as estimated by densitometry) of the dis-
persed hybridizing bands condensed to a 329-bp fragment
that coincided with the EcoRI-HindIII fragment found in the
two cDNA clones (Fig. SA, lane 3). Similar results were
obtained with HindIII-PvutII (Fig. SA, lane 5) and HindIII-
BamHI and Dde-PvuII (data not shown). These digests span
the entire ORF. These results show that at least 30% of the
200 genomic copies of LLRep3 are colinear with regard to
the cDNA and are likely to be processed pseudogenes since
there is no evidence of intervening sequences in these

copies. However, not all of the bands cut to this single
fragment. These sequences could represent older pseudo-
genes with increased accumulation of sequence changes.
As mentioned above, we observed that the two genomic

copies of this family which we isolated were truncated at
their 5' ends with respect to the cDNA sequence. When the
5' 650-bp EcoRI-PstI fragment of the cDNA clone was used
as a probe against EcoRI-digested genomic DNA, a simple
pattern of hybridization was observed (Fig. SB, lanes 1 and
2). This is in contrast to the pattern of hybridization when
fragments 3' to this were used as a probe (Fig. SA, lanes 1

and 2). This result indicates that most if not all of the
genomic copies are truncated at their 5' ends with respect to
the cDNA and cannot encode the transcript represented by
the cDNA clone.

Growth-regulated expression of LLRep3 gene. LLRep3
transcripts were more abundant in cytoplasmic RNA com-
pared with nuclear RNA, and no nuclear precursor was

visible in steady-state RNA even on long exposures (Fig.
6A). This is consistent with the observation of Harpold et al.
(8) regarding the short half-life of nuclear transcripts.

CDNA
Genomic 8b2
Genomic 8bl

cDM
Genomic 8b2
Genomic 8bl
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Genamic 8b2
Genomic 8bl
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Gencmic 8b2
Genamic 8bl
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Genomic 8bl

cDNa
Genomic 8b2
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1.9 .i
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1 - 389bp -
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P H E PY
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FIG. 5. Genomic analysis of LLRep3 sequences. (A) Mouse
genomic DNA was digested with EcoRI (lane 1), HindIII (lane 2).
EcoRI and HindIII (lane 3), PvuII (lane 4), and HindIII and Pvl'II
(lane 5). The filter shown in panel A was probed with radiolabeled
LLRep3 cDNA. (B) Mouse genomic DNA was digested with EcoRI
(lane 1) or BamHI (lane 2). The filter shown in panel B was probed
with the 5' 0.65-kb EcoRI-PstI fragment indicated in Fig. 1. E,
EcoRI; P, PstI; H, HindIII; Pv, PwuII.

LLRep3 transcripts were only detectable in steady-state
nuclear and cytoplasmic poly(A)+ RNA and not in poly(A)-
RNA (Fig. 6A). The LLRep3 transcripts are also found on
polysomes in Chinese hamster ovary cells (7, 8). These
characteristics combined with the ORF found in the se-
quence suggest that this transcript is translated into a pro-
tein.
We characterized the expression of this gene (or gene

family) in steady-state RNA isolated from mouse embryo
and adult tissues (brain, kidney, liver, and thymus). Figure
6B shows the patterns of hybridization to RNA from mouse
embryos and adult mouse liver. Different amounts of the
LLRep3 transcript accumulated in the various samples ex-
amined. LLRep3 transcripts were much less abundant in

adult tissues than in embryonic tissues, and the abundance
of the transcript decreased during development. Since it
appeared that this sequence family has an unusually large
number of pseudogenes, we wished to investigate the hy-
pothesis that retrotransposition occurs much more fre-
quently in genes that are expressed in the germ line (25). If
this hypothesis is correct, one might expect that LLRep3
would be expressed at high levels in germ line tissue.
LLRep3 is indeed expressed at a much higher level in testis
than it is in other adult tissues (data not shown). This is
consistent with the hypothesis, but does not prove it. For
example, the correlation also holds that this gene is ex-
pressed in rapidly growing and dividing cell types.

Evolutionary conservation of LLRep3 in sequence but not in
copy number. The above data suggest that only one or a
small number of genes exist within the 200-copy family. We
therefore investigated the gene number in other organisms
and whether the repetitive nature of its sequence might have
been a recent evolutionary event. LLRep3 is present in
about 200 copies in human, rat, hamster, and mouse gen-
omes (Fig. 7, lanes 1 to 4 and lane 9). In human genomes,
there is also 1.7-kb poly(A)+ RNA homologous to this family
(Fig. 6C, lane 1). LLRep3 is extremely well conserved in
lower organisms but not as a repetitive element. LLRep3
hybridized to a single PstI restriction fragment in chicken
DNA and to one to three PstI fragments in the genomes of
Xenopus laei'is, goldfish, and Caenorhabditis elegans (Fig.
7, lanes 5 to 8). This pattern of hybridization is indicative of
a single-copy structural gene. The presence of a single copy
in chicken DNA prompted us to examine transcription of
this sequence in chicken cells. If our theory is correct, then
the single sequence in chicken represents a gene which gave
rise to multiple sequences following some recent event.
LLRep3 was found to be heavily transcribed in chicken
poly(A)+ RNA from a chicken embryo fibroblast cell line,
chicken brain, and chicken kidney (Fig. 6C, lanes 2 to 4).

DISCUSSION

RNA-mediated transposition appears to be restricted to
eucaryotes and could have been the origin of many inter-
spersed repeated DNA and pseudogene sequence families. It
has been shown that reiterated gene sequence families
frequently consist of both genes and processed pseudogenes,
the latter being derived from mRNA copies. Usually, there is
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FIG. 6. Abundance levels of LLRep3 transcripts. (A) Northern hybridization of LLRep3 DNA probe to RNA from various sources.
Lanes: 1, hepatoma nuclear RNA; 2, hepatoma cytoplasmic RNA; 3. hepatoma cytoplasmic poly(A)- RNA; 4, hepatoma cytoplasmic
poly(A)' RNA. (B) Lanes 1, 4, and 7, 10-day-old mouse embryo; lanes 2, 5, and 8, 12-day-old mouse embryo; lanes 3, 6, and 9, adult mouse
liver RNA. Lanes 1 to 3 were probed with radiolabeled LLRep3 cDNA. Lanes 4 to 6 were proved with albumin cDNA. Lanes 7 to 9 were
probed with a-fetoprotein cDNA. (C) Poly(A)+ RNA from HeLa cells (lane 1), chicken embryo fibroblasts (lane 2), chicken brain (lane 3),
and chicken kidney (lane 4). Filters in panel C were probed with nick-translated LLRep3 cDNA.
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FIG. 7. Evolutionary conservation of LLRep3. PstI-digested ge-

nomic DNA from human (lane 1), rat (lane 2), hamster (lane 3).
mouse (lane 4), chicken (lane 5), X. lae'is (lane 6), goldfish (lane 7),
and C. elegans (lane 8). The filter was hybridized with radiolabeled
LLRep3 cDNA. Lane 9 is a shorter exposure of lane 4. The filter
was washed in 0.2x SSC at 55°C for 1 h.

a relatively small number of pseudogenes relative to the
number of expressed genes (see reference 25). However,
glyceraldehyde-3-phosphate dehydrogenase represents an

example of a single functional gene and approximately 200
pseudogenes. In mouse DNA, there are 200 pseudogenes; in
human DNA, there are perhaps 20 to 30, and in chicken
DNA, there appears to be a single copy (19). Loeb et al. (14)
proposed that the LINE-1 family of repeats which numbers
approximately 5 x 104 copies is really a collection of
pseudogenes with an as yet elusive member that is or was an

active functional gene. Owing to the high copy number of the
LINE family and its fortuitous transcription from adjacent
structural genes (10), it is difficult to ascertain which mem-

bers, if any, may still be active. The ability to look at
sequence families such as LLRep3 with lower copy numbers
may elucidate such events.
LLRep3 is unique compared with other repeated se-

quences studied in that it is transcribed into a discrete RNA
species. Harpold et al. (7, 8) have characterized the metab-
olism of the Chinese hamster equivalent (CHOB) to the
mouse LLRep3 transcript. It is transcribed into a long
nuclear precursor of 3.6 kb with a rapid turnover rate. It has
been demonstrated to be present in polysomal poly(A)+
RNA in Chinese hamster ovary cells. We have shown that
mouse transcripts of this family are RNA polymerase II

products and that the transcripts derive from one strand of
the repeat (10). LLRep3 transcripts are more abundant in
steady-state cytoplasmic RNA compared with nuclear RNA
and are found exclusively in the poly(A)+ fraction of cyto-
plasmic RNA. Finally, DNA sequence analysis of two
independently derived cDNAs demonstrates an ORF with 5'
and 3' untranslated regions. These are all transcriptional
characteristics of a structural gene.
As mentioned previously, the unusual property of a 200-

copy genomic sequence family with a homologous discrete
transcript suggests several possibilities. All genomic mem-

bers could be transcribed into a single-size mRNA, and each
LLRep3 member would represent a gene. Alternatively.

only one (or a few) members could be genes and the
remaining members are Ipseudogenes. Two genomic clones
studied have numerous base changes, including insertions
and deletions, and are truncated with respect to the full-
length cDNA at two different points on the sequence. These
sequence changes result in frame shifts and premature
termination of the ORE. Other changes are silent replace-
ments within the ORE. One genomic clone which included
sequences at the 3' end of the mRNA encodes the poly(A)
tail. These observations are consistent with the accumula-
tion of mutations within pseudogenes after their retrotrans-
position. The 5' truncation of the pseudogenes could be due
to secondary structure of the RNA that prevented complete
reverse transcription.

Restriction digestion of mouse genomic DNA indicated
that about 30% of the other LLRep3 genomic members are
conserved at restriction sites found in the cDNA clones. The
genomic members that do not retain the restriction sites
found in the cDNA clones probably represent older pseudo-
genes with increased accumulation of sequence changes.
One might hypothesize that these noncolinear sequences
represent functional genes of this family which have inter-
vening sequences. However, Fig. 5 suggests that there is
most likely a single functional gene. Further analysis is
required to unambiguously identify the gene. The strongest
pieces of evidence that the genomic members of this family
represent retroposons are that the two genomic clones
studied here represent incomplete copies of the cDNA
without intervening sequences and that one of them encodes
the poly(A) tail.
Another piece of evidence that suggests that one member

of LLRep3 is a functional protein-encoding gene is the
conservation of LLRep3 in chicken DNA as what appears to
be a single structural gene. Apparently, some event occurred
during evolution that resulted in dispersal of these sequences
through mammalian genomes. The single gene appears to be
abundantly transcribed in the chicken as observed by hy-
bridization of the mouse DNA probe to RNA from a chicken
embryo fibroblast cell line, brain, and kidney. The chicken
genome, in general, has fewer pseudogenes than seen in
mouse and human genomes (25).

It will be very interesting to determine the identity of the
LLRep3 gene product. The transcript appears to be ubiqui-
tous and quite abundant. It has been estimated to be about
0.5% of the poly(A)+ RNA in CHO and hepatoma cells (D.
Heller, unpublished observation). It is strongly growth reg-
ulated and expressed abundantly in early mouse embryos.
Searches of both Genbank and Dayhoff libraries revealed
that this sequence has not yet been described. It is somewhat
surprising that a sequence of this abundance has not yet been
described. If all or most members of this family are genes,
LLRep3 would be the largest multigene family in a mammal.
Other known multigene families are only on the order of 10
to 40 genes (e.g., histone, 40 genes; actin, 16 to 20 genes;
myosin, 10 to 15 genes; tubulin, 10 to 15 genes). If most
LLRep3 members are pseudogenes with only one or a few
genes, LLRep3 would constitute one of the largest known
number of pseudogenes generated from a single gene.
We would like to know the identity, function, and expres-

sion of the putative LLRep3 protein that could be encoded
by LLRep3. Since LLRep3 is expressed in many tissues and
at very high levels in growing cells, it could be a housekeep-
ing gene such as one encoding a cytoskeletal protein.
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