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ABSTRACT

Ro ribonucleoproteins are composed of Y RNAs and
the Ro 60 kDa protein. While the Ro 60 kDa protein is
implicated in an RNA discard pathway that recognizes
3'-extended 5S rRNAs, the function of Y RNAs remains
unknown [O’Brien,C.A. and Wolin,S.L. (1995) Genes
Dev. 8,2891-2903]. Y5 RNA occupies a large fraction of
Ro 60 kDa protein in human Ro RNPs, contains an
atypical 3 '-extension not found on other Y RNAs, and
constitutes an RNA antigen in certain autoimmune
patients [Boulanger etal. (1995) Clin. Exp. Immunol. 99,
29-36]. An overabundance of Y RNA retroposed
pseudogenes has previously complicated the isolation

of mammalian Y RNA genes. The source gene for Y5
RNA was isolated from human DNA as well as from
Galago senegalis DNA. Authenticity of the hY5 RNA
gene was demonstrated in vivo and its activity was
compared with the hY4 RNA gene that also uses a type

3 promoter for RNA polymerase Ill. The hY5 RNA gene
was subsequently found to reside within a few
hundred thousand base pairs of other Y RNA genes
and the linear order of the four human Y RNA genes on
chromosome 736 was determined. Phylogenetic
comparative analyses of promoter and RNA structure
indicate that the Y5 RNA gene has been subjected to
positive selection during primate evolution. Consistent
with the proposal of O’Brien and Harley [O’Brian,C.A.
and Wolin,S.L. (1992) Gene 116, 285-289], analysis of
flanking sequences suggest that the hY5 RNA gene
may have originated as a retroposon.

INTRODUCTION

GenBank accession no. U64824

ribonucleoproteins (RNPsk{9). The 5 and 3 termini of
mammalian Y RNAs as well as theiramanatin sensitivity
indicate that they are transcribed by RNA polymerase (pol) 111
(8,10-13). Although TATA-like sequences upstream of some of
the candidate Y RNA genes isolated from several organisms are
consistent with transcription by pol Ill, only a few have been
shown to contain a consensus proximal sequence element (PSE)
motif that comprises the core of the type 3 promoter for pol Il
(5,6,8,9,11,12). While mammalian and iguana Y RNAs end'in 3
uridylates, a characteristic terminus indicative of transcription by
pol Il and a binding site for the transcription termination factor
La, XenopusaindC.elegansy RNAs do not %,6,8,9,12,13).

The Ro 60 kDa component of Ro RNPs has recently been
shown to associate specifically with non-functional 5S rRNAs as
well as Y RNAs {4). These errant 5S transcripts carry internal
mutations as well as-8xtensions, the latter of which is the result
of ineffective termination by pol Il at its usual 5S rDNA
transcription termination site. Impaired accumulation of these
errant 5S rRNAs led to the idea that Ro 60 kDa functions in an
RNA discard pathway that assures quality control of 5S rRNA
(14). At present it is unknown if a role in 5S rRNA metabolism
represents a primary function for Ro 60 kDa or if Ro-Y RNPs
exhibit distinct activities related to the metabolism of other as yet
unidentified RNAs. It was suggested that Y RNAs may have
evolved from faulty 5S transcripts, perhaps to adopt a regulatory
role in 5S rRNA metabolism1{). Therefore, it might be
informative to examine Y RNA phylogeny. The invertebrate
C.elegangxpresses only one Y RNA, a homologue of hY3 which
appears to be the most conserved of the Y RMAS,%). Ro
RNPs are heterogeneous in higher vertebrates which express two
to four Y RNAs ¢,5,9). The situation in mammals is noteworthy
since rodents express only Y1 and Y3 RNAs, while other
mammals express these plus either or both of the smaller Y
RNAs, Y4 and Y54,9,13). Although each of the human Y RNAs

Use of autoimmune sera from patients with Sjogren’s syndronage synthesized from a single copy gehed), a great excess of
and systemic lupus erythematosus led to the discovery of Ropseudogenes are found juxtaposed with huAdamepetitive

RNPs and their subsequent characterization in manm{ealspus

elements 15,16). The propensity of Y sequences to generate

Iguana and Caenorhabditis elegansalthough their function pseudogenes by an RNA-mediated process known as retroposi-
remains unknownl1(6). Y RNAs range in size from 70-115 tion prompted O’Brien and Harley to suggest that the smaller Y
nucleotides (nt), exhibit a highly conserved secondary structuRNA genes originated as retroposons from the larger Y RNAs, a
motif that is recognized by the Ro 60 kDa autoantigenic proteiproposal that reconciles the evolutionary heterogeneity of Y RNAs
and accumulatén vivo to moderate levels in the form of Ro (4,12,15-18). In any case, although the functionality of Y RNAs
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remains undetermined, their retroposition as well as involvemenhe expected product represents the first 78 bp of the 84 bp hY5
in autoimmunity nonetheless indicate that Y RNAs have haskquence. DNA from the positive clone yWSS1476 was used as
significant impact on human biology. template to isolate the hY5 RNA gene in two phases similar to that
All four of the human Y RNAs, hY1, hY3, hY4 and hY5 aredescribed previously for hY4L®). Phase one consisted of two
precipitated by autoimmune sera by virtue of their associatiandependent ‘hemispecific PCR’ methods developed in this lab and
with the autoantigens Ro 60 kDa and La. However, hY5 RNAescribed in detail previously %), to obtain 5and 3 flanking
appears to be unique in that hY5-specific autoantibodies asequence information which was used to design primers to isolate
directed to the RNA component of Y5 Ro RNPg(Human Y5 the hY5 gene by conventional PCR. A 8ense primer:
RNA can be further distinguished by an atypicak&quence 5-CTGAGCCCTCGGCGTCCGCA* 3designated HY55PR20,
motif which is not found on other Y RNAs, as well as biochemicadnd a 3antisense primer' £GTGTAAATTTTCTTCTCAGGC-
properties that are distinct from the other Ro RNIPE3(20).  ATTTTGGAGGTTAATACTT-3 designated HY53P40 readily
Unlike most pol Ill transcripts, hY RNAs and perhaps especiallgmplified the expected 0.8 kb fragment from yWSS1476 DNA. This
hY5, maintain stable rather than transient association with the laas cloned into pCRII (Invitrogen) and the recombinant designated
antigen transcription factorl$21-27). Also, hY5 RNA is phY5. The plasmid pBhY5 was derived from phY5 by PCR-
significantly over-represented on Ro RNPs relative to hY1 anuediated deletion and subcloned into pCRII. TheeBse primer:
hY3 although the mechanism responsible for this pattern 6-AGAGACTCACAGGATAACACAGTTGGTCCGA-3 was
expression is unknowd,(3,21,28). Yet, although the sequence used with the HY53P40 antisense primer to delete’ tfienking
of Y5 RNA has been known for sometin®&2Q) and many sequence up to position minus 21 generating¥®. phY5 and
pseudogenes of Y5 are apparent in the human ger®nteg  pSAhY5 were verified by sequencing.
gene encoding hY5 RNA had remained elusive. In order to Transient expression of hY5 RNA in NIH 3T3 cells was
explore the above mentioned aspects of hY5 RNA metabolisathieved by transfection with Transfectamine (BRL) as described
and to obtain clues to its biology and evolution, we chose {d.2). Equal amounts of experimental and control plasmids were
isolate the gene that encodes hY5 RNA. co-transfected. Forty-eight hours after transfection, total RNA
The hY1 and hY3 genes are adjacent on a 4 kb fragment whs isolated and analyzed by Northern hl@).(RNA quantity
human DNA although the significance of this close linkage iand integrity were verified by polyacrylamide gel electrophoresis
unknown B). Attempits to isolate additional mammalian Y RNAand staining (not shown).
genes have been impeded by the abundance of Y RNA
pseudogenest(16,17). Localization of the hY4 RNA gene to Northern blotting
chromosome 7 allowed a targeted approach to its cloh#igi
was demonstrated that the hY1, hY3 and hY4 genes reside ohadal cellular RNA was electrophoresed on 8 M urea/6%
200 kb yeast artificial chromosome (YAC) that maps tgPolyacrylamide gels, and transferred to nylon membrane as
chromosome 7. The hY5 RNA gene was also localized t@escribed2). Probes were labeled either by incorporationof |
chromosome 7 by a functional approach but it was not fountfP]dCTP, into a 78 bp hY5 DNA, or a 78 bp gY5 DNA, or by
associated with the other hY genes and remained to be isolatéd-end labeling of oligoDNA that is complementary to positions
(12). We therefore employed an exhaustive screening of huma@—45 of hY3 RNA. Hybridizations were done in 8SC and
chromosome 7-enriched DNA to isolate the hY5 RNA gendllots were washed withx2SSC, 0.1% SDS for 10-15 min at the

Once isolated, physical linkage between the hY5 gene and thgbridization temperature (hY5 and gY5 af60Y3 at 57C)

other hY RNA genes was established. (12). Southern blotting of DNA purified from somatic cell
hybrids and other3 2ceII lines was previously describeyl The
probe was theof->-P]dCTP-containing 800 bp hY5 fragment

MATERIALS AND METHODS shown in FigurdA. The final wash was with & SPE at 60C.

Yeast artificial chromosomes (YACs) Celllines and DNAs thereof used here were previously described

by Changet al (33).
The yWSS2977 clone was isolated from the CEPH mega-YACy etal (39

library (position 803G01) and therefore was not colony purifiengSUL_l_S
upon screening; the yWSS2977 clone used here was a colony-

purified iSOIate Of yWSSZg77 (designated yWSSZg773) Clor@loning the hY5 gene from yeast artiﬁcia'

yWSS4352 was also isolated from the CEPH library (positiophromosomes (YAC)

742G08). Clones yWSS1020, ywWSS1476 and yWSS756 were

isolated from a library made from somatic cell hybrid GM1079We used primers based on the hY5 RNA sequef)de écreen
DNA that retains chromosome 7 as its only human chromosonfe; human chromosome 7-enriched YAC library by PCR
these clones represented colony pure isolates, their sizes @&30,31). Three positive clones (YWSS756, ywSS1476 and
relatively small (<300 kb), and the frequency of chimerism ofWSS2977) were identified. Two different ‘hemispecific’ PCR-

YACs isolated from this library is15% @0). based methods developed in this lab were then used to identify
sequences flanking the hY5 RNA gerd&)( Primers comple-
Isolation of the hY5 RNA gene mentary to both flanking regions amplified a single 800 bp

fragment containing the hY5 RNA gene and its flanking
A collection of yeast artificial chromosomes (YACs) highlysequences (FiglA). The coding region is identical to the
enriched for human chromosome 7 DN&{32), previously used sequence of hY5 RNAS8J and ends in four dT residues, a
to isolate the hY4 RNA geni&Z), were screened by PCR using thetermination signal for pol Ill. In addition, thé fianking region
primers 5SAGTTGGTCCGAGTGTT-3and 5-GCAAGCTAG-  contains motifs with homology to a TATA box at positions —36 to
TCAAGCG-3, designated hY5-16S and hY5-16AS, respectively-26, a proximal sequence element (PSE) at —64 to —47, and two
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LD TR T T T TACGA T A TR A TR TCTARARG IO TOCT T AU TG, Figure 2. Expression of the hY5 RNA gene after transfection into NIH 3T3

o ) ~ N cells. Transfections were performed in duplicate. Test plasmids were cotrans-

-5 RARGRCCCTAROTAGGC AT ATRAA TANC AAC AR TCACROCRTARC RS fected together or with a control plasmid VAL, as indicated above the lanes.

Lanes 1 and 2, phY5 and VA1, lanes 3 and ‘QipB5, a —21 upstream deletion

1 Ll L T T T A TR A T T A A TS T “ATTHTCTS
L G T PR T YO EAAGT SRR T IAMCA T IR mutant and VA1; lanes 5 and 6, phY5 and phY4; lanes 7 and 8, phY4 and VA1.

51 OO A AR O T A AT T T I oA TRATAACAGRAG Forty-eight hours after transfection, total RNA was isolated and analyzed by
Northern blot that was sequentially probed for hY5 RNA (upper panel), VAL
10 TR AN O T T T A A TARA TR TAAR AR L A TATRRRAGTR AT TTTA RNA (middle panel), and hY4 RNA (lower panel). HY RNAs expressed from

transfected DNA co-migrated precisely with the corresponding HeLa hY RNAs
151 STTEACOITTTOANCCARAGKSTACCTTTTACTTOATTTGARRRACTTT (not shown).
201 AR TR T T O T T AT AT T TTATAC TARGATTALCTTTOCAGT
231 AGCETTOANITAT T AR T O AR AN IO TR RCARAATTTAORCRRA 3 .

with the flanking sequences of the other hY RNA genes reveals
301 AGCCGAATTC that homology is limited to the TATA and PSE motfsl(,12)

(not shown).

Bl
Frowimal olement T4 Box The upstream promoter controls expression of the hY5

WYl -66 TCACTGTAAGGGGARAAT (13} -35 GGCTTTARATAC RNA genein vivo
WYl -67 TCACCGTAACTATGGTAG (15) -4 GGCTTATATAAG

Because many Y pseudogenes exist in human DNA it was
hY4 -566 TCATCOCTARCTTATTTAG (133 -31 GAGATTTATAAA

important to demonstrate that the isolated hY5 sequence was

hvS  -64 TCICCTTACCTAGMARRG (13} -33 ACTATAAATAAL functional for RNA synthesis. The hY5 gene was cotransfected
gvs  -64 TCOCCTTACCTAGAAAAG (13} -3 AGTATARATAAC into mouse NIH 3T3 cells with a pol lll-dependent VA1 RNA

Ue -85 TTACCETAACTTGARAGT (13) -34 GGCTTTATATAT gene as a control. The VA1 RNA gene does not contain a PSE (or
PRE 65 TLACC-TAAGTGTARAGT (131 -35 AGATTTATATAT TATA), and therefore does not compete for the factors that
HL 67 TCACCATAAACGGTAAAT (13) -35 GEAATCTTATAT recognize this element34,35). Transfections were done in
MAF 67 TCACCOTRATCATARAAT (130 -36 GEOTATARAATA duplicate and RNA was purified 48 h later and examined by

Northern blot (Fig2). HY5 RNA was expressed after transfec-
tion of the intact gene (Fi®, lanes 1 and 2) but not after
Figure 1.(A) Sequence of the hY5 RNA gene. Numbering begins with the first transfection of a '5deletion mutant (lanes 3 and 4). In this 5
e e i et n e, Pt e oredeledon mutant te entre fegion upsiream of posion 2L vias
$216, 2 TATA or TIA box at .33, 2 PSE at 64, and a terminator at +82, €Placed with vector DNA. Reprobing the blot for VAL RNA
(B) Alignment of the PSE and TATA elements of the hY and other humanf€vealed uniform transfection efficiency (lanes 1-4). We con-
snRNA genes according to Hernandez (10). Residues divergent in hY5 (an@lude that the hY5 RNA gene we isolated represents the authentic
gY5, see text) that are invariant in the other PSEs are underlined. The line g¥gene, and that the upstream promoter is required for hY5 RNA
refers toGalago senegali®NA (see below). The GenBank accession number expressiofin vivo.
for the hvS RNA gene reported here is UG4824. Mismatches in the putative PSE of hY5 that correspond to
invariant residues in the PSEs of other human genes transcribed
by pol 1ll prompted examination of the relative expression of the
potential octamer enhancer motifs at positions —242 to —234 ahd5 and hY4 RNA genes using the VAL gene as an internal
—216 to —209. The sequence and arrangement of these elemeantdrol. This revealed that hY5 RNA was expressed at lower
are homologous to ones in the other hY RNA genes as well as theels when cotransfected with hY4 as compared with VA1
upstream promoters of a variety of human pol Il shnRNA gengsompare hY5 RNA levels in lanes 1 and 2 with lanes 5 and 6),
(Fig.1B) (8,10,12). The hY5 PSE (and the gY5 PSE, see belowjvhile hY4 expression was not affected by cotransfection with
contains two non-consensus residues (underlined inlBljg. hY5 (compare hY4 RNA in lanes 5 and 6 with lanes 7 and 8).
where invariant A residues reside in the PSEs of the other gefidwese results suggest that the hY5 gene does not compete
(10). This suggests that the hY5 PSE might be a suboptimeffectively with hY4 for a limited amount of transacting factors
promoter. The PSE and TATA of hY5 bear no more overalvhen expressed in a rodent cell background. It should be noted
nucleotide identity with other hY PSEs or TATAs than they ddhat although these results are consistent with the idea that the
with the other human class 3 promoters (hot shown). Comparisbd5 RNA gene promoter is not as efficient as that of the hY4, this
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Al g Physical relationship of hY5 to the other hY RNA
& genes on chromosome 7
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In an attempt to identify additional hY-containing YACs we
AYS - " screened the library for other hY RNA genes, as well as additional
L chromosome 7-enriched clones. Our initial screening for Y4-
homologous sequences detected several YACs that contained
hY4 pseudogened ?). Therefore, the entire collection of YAC
clones was rescreened with a PCR assay that was specific for the
Y4 h 5' flanking region of the authentic hY4 RNA gene (not shown).
Four positive clones were obtained, yWSS1020 as expééed (
yWSS4352, yWSS3230 and yWSS2977, the latter of which was
independently positive for hY5 (above). Clones yWSS756 and
YyWSS2977 were previously found to contain the genetic marker
— i rr——{ Wt i — D7S688 82). Clones yWSS756 and yWSS1476 were previously_
Sk found to overlap and were mapped to chromosome 7q36; this
o ————— independently co-localizes the hY5 gene to this regiah (
iy A — — E.D.G., unpublished data). Matera and colleagues mapped a
Pt S — — cosmid clone that contained the hY1/nY3 locus to 768 (
hinkd L Fluorescenci situhybridization localized yWSS1020 to human
T30 v = chromosome 7g36 with no evidence of chimerism extending
these earlier results (R.J.M. and A.L.S., data not shown). Since
Figure 3. The hY5 RNA gene resides on chromosome 7¢36, is single copy inyWSS1020 contains hY4 as well as hY1/hY3, this YAC together
the human genome, and is relatively distant from other hY RNA geneswith yWSS2977 and/or yWSS4352 establish a contiguous region
(A) DNA from various mammalian cell lines was subjected to Southern astimated to be 300—600 kb that contains all four hY RNA genes.

blotting after digestion wittPst and hybridization with the 800 bp hY5 -
gene-containing DNA. Lanes 1-3, hamster, mouse and human DNA’These data represent the first report that the hY5 RNA gene maps

respectively; lanes 4-6, DNA from rodent X human somatic cell hybrids. LanelO 7036. ) )
4, GM10629 (chromosome 6 is its only human chromosome); 5, GM10791 We confirmed the presence of hY sequences in these YACs by

(chromosome 7 is its only human chromosome); 6, GM09932 (contains severgguthern blot analysis including ywSS1020 as a positive control
human chromosomes but not chromosome 7) (12). Additional hybrids wereg_z) (Fig.3B). Yeast DNAs were digested WIThq transferred

analyzed: only those that contained human chromosome 7 reacted with t
probe (not shown)B) Linear arrangement of the hY RNA genes deduced fromq0 nylon membranes and probed for hY5 and hY4 @Hgupper

Southern blot analyses of YACs. The blot in the upper panel was probed for hy&Nnd lower panels respectively). Of these DNAs, only yWSS1020
coding sequence and reprobed for the hY4 gefitsmking regioninthe lower  reacted with a hY1/hY3 probe by Southern analysis (not shown).
icated above the anes. A prabe comprised of an 800 bp tagment comaning Mo, YWSS1020 contains hv4 and hy1/h¥3, but does not
the hY3 RNA gene reacted V\Kl)ith yWSSlpOZO as expected Fl))ut r?ot with the otheérJontaln h.Y5 whereas yWSS2977 and yWSS4352 Coma'” hy4
YACs on this blot (not shown)Cj Schematic structure of hY RNA gene family  @nd hY5, it can be concluded that hY5 resides to one side of hY4
on human chromosome 7q36 based on Southern blot results shown in (A). Tiwhile hY1/hY 3 lie to the other side of hY4. YACs yWSS2977 and
relative order of the hY RNA genes on the chromosome is shown. Identities of\NSS4352 were each positive for both hY4 and hY5 genes. No
overlapping YACs are shown by their yWSS numbers and their lengths arg,y. homologous sequence was detected in yWSS3230 by Southern
indicated on the left (in kb) in parentheses. Direction of transcription of the hY, . . .
RNA genes is unknown except for hY1 and hY3 which are transcribed towar(plomng and this YA_C was presumed to have been fglsely negative
each other; however, the hY1 and hY3 genes are too closely linked to know ydly the PCR screening assay (not shown). A tentative structure of
the order of these relative to hY4 (8). the hY RNA gene family based on these results is summarized in
Figure3C. It is noteworthy that although YACs yWSS1476 and
yWSS756 are distinguishable by their sizes and genetic marker

remains to be established since posttranscriptional effects miglantent, e.g. yWSS756 contains marker DS7688 while

contribute to this pattern of expression. yWSS1476 does not3®), they each contained a single Y
sequence, hY3g; E.D.G. and R.J.M., unpublished data). These
The hY5 RNA gene is single copy in human DNA data suggest that the distance between the hY5 gene and the othe

o ) ~ . hY RNA genes is large. The hY4-to-hY1/hY3 distance may also
Each of the _hY5-C0nta|n|ng YACs we identified exhibited thQJe |arge since we detected two distinct YACs (yWSS4352 and
same restriction fragment length pattern by Southern blot analy§ig/SS2977) that contain hY4 but not hY1/hY3. We conclude that
using multiple restriction endonucleases suggesting that thgjlike the hY1 and hY3 genes which are adjacent, the hY4 and
represented a single hY5 locus on chromosome 7 (not showR¥5 genes appear not to be tightly linked with each other or with
Since chromosome 7 was found to be the only human chrom@e hY1/hY3 locus.
some that expressed hY5 RN2?), this further suggested that
these clones represented the authentic hY5 RNA gene and th@ -'hservation of Y5 RNA gene promoter and RNA
is single copy in the human genome. Southern blot analysis &Eucture
total human DNA as well as somatic cell hybrids including the
cell line GM10791 which contains chromosome 7 as its onlBecause the suggestion that hY5 RNA may have arisen as a
human chromosomé %), confirmed this (Fig3A and data not retroposon implies non-functionality, we wanted to examine the
shown). Although it is possible that another hY5 RNA gene migltonservation of the Y5 RNA gene in primates)( The
existin human DNA, the cumulative evidence argues against thgosimian galago (bush baby) branched off from the primate
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lineage, before the emergence of the lineage that led to monke# B Tt
apes and humans 65-80 million years ago. Moreover, gala___Hu GM DM _Ga My B
DNA has mutated at a rate that is comparable with rodents, nea i LA
five times the substitution rate in the monkey/ape/human lineag*= u &

a characteristic that makes galago attractive for comparisons w EEAu,

higher primates37,38), especially in the case of Y RNAs since 4 e
rodents do not have an active Y5 RNA gene and therefore can 1gv% - g TR
be used for this purpostd). We were able under low stringency 3 i {
conditions to amplify the Y5 RNA gene sequence from DNA
from Galago senegaligut only with one of four primer pairs that
flank the hY5 RNA gene. Recombinants containing the amplifieu
fragment were sequenced and a consensus was obtained confirming
that the locus orthologous to the human Y5 RNA gene was
isolated. Sequences corresponding to the PSE, T/A box, and
coding region of galago and human Y5 RNA genes exhibited 94,
91 and 88% identity respectively (FigB and below). By
contrast, the sequences that reside between the PSE and T/A box,
and the T/A box and the start site of transcription, exhibited only
62 and 59% identity, respectively, while the 72 bp of obtainable
sequence downstream of the Y5 coding region revealed only 45%
homology, consistent with the high rate of human/galago
divergence (not shown37). Figure 4. (A) Northern blot analysis of total RNA isolated from cell lines

In order to compare the relatedness of the galago (g)Y5 RN Apresenting various mammalian species (33) and probed sequentially for hY5

gene with the gY5 RNA that is actually expressed in galago cellﬁﬁ;_@&e%?c\;i (Gr?éiﬂ?vlgﬁﬂg;l/)- gr,‘vcl" gﬁ S(’;:]Ake()'f‘féglaﬁnseghezﬁg Hu,

we eX"_"mined Y5 R'_\IA exlpreSSion using human and galagglu, mouse.B) Galago (g)Y5 sequence superimposed on hY5 RNA structure
Y5-derived probes. Figud is a Northern blot that revealed that (39). HY5 nucleotides that are different in galago are encircled and the galago
while Y5 RNA is absent in rodents, as expeciel), (@ slightly ~ base atthat position is indicated adjacently; encircled dinucleotides with arrows
shorter and less intense RNA signal is detectable in galago (lane absentin galago. Numbering is according to hY5. Three gY5 clones derived

d with d . includi h | H rom PCR ofGalago senegali®NA (see text) were sequenced; discrepancy
as compare W't modern pnmates including human (lane Hu as found at three positions within the transcribed region; two of three clones
when probed with DNA corresponding to hY5 (upper panel). Thegreed at each of these positions providing a consensus for each position;
faster mobility of gY5 RNA relative to hY5 was expected sincemoreover, the consensus at these three positions each matched the hY5 base at
the transcribed region of the gY5 gene predicted that gY5 RNA€ corresponding position.
would be 4 nt shorter than hY5 (below). After stripping of the
blot, a probe corresponding to gY5 detected substantially more
gY5 than hY5 RNA (middle panel). Comparable amounts of Y3
RNA were detected in all species examined (lower panel). The i id .
striking difference in relative intensities of human and galago Yéﬁi‘esfggzg%iev' ence suggests a retroposon origin

RNAs using human versus galago Y5-derived probes furth

confirms that the sequence isolated from galago indeed represgits 4 se it had been proposed that hY5 RNA might be the product
the gY5 RNA gene and that the nucleotide divergence betwegh; mytated Y RNA retroposon that became transcriptionally
the two species’ Y5 RNAs is significant. active we were obliged to examine the hY5 gene locus diligently

for fossil remnants of retropositiohd). A common characteristic

of retroposons is that they are flanked by short direct repeats

(DRs) of the insertion site. The sequence flanking ‘ten@ of
Conservation of Y5 RNA structure the hY5 gene is also found in the hY5 upstream flank. However,

the sequence in théftank is split into two parts by what appears

_ to be an internal expansion. Figbleshows the sequence of the

HYS RNA secondary structure has been determir&d). ( ninterrupted 3DR (line ‘3 DR’), below which this sequence is
Prediction of gY5 RNA_ s_econdary structure yielded a StrUCtur§eparated into two parts (ling aligned with the upstream flank
that was overall very similar to hYS RNA (not showf))( For  of the hy5 gene (line’ The first part of the’®R bears strong
Figure4B, nucleotide differences between gY5 and hY5 RNA§iomology to the upstream part of the putative TATA-box at
were superimposed onto the hY5 RNA secondary struéifire (- positions —35 to —27 while the distal part of thBR bears strong
The gY5 coding sequence is 4 nt shorter than hY5 RNA due fpmology to the region immediatelyté the hY5 sequence. The
the absence of two dinucleotides (encircled, with arrow)' copy of the putative DR appears as if it underwent expansion
Remarkably, most of the substitutions were found to be clustergglits A-rich central region and presently contains ATAA, GAGA
on opposing single-stranded regions of the Y5 RNAs betweeihd CACA sequences. It is noteworthy here that in a recent
two highly conserved stems (boxed in FB) (5,6,8,9,18,39).  phylogenetic study, Arcat al showed that the sequence ATAA
This comparison of gY5 and hY5 RNAs revealed that Y5 RNAseeAluA62 in Arcotet al.(41)] was present at the preintegration
evolution has been restrained by a high degree of conservatiorsité of amAlu retroposon and was asymmetrically expanded in the
structural motifs important for recognition by Ro 60 kb2§). 3 DR uponAlu insertion. This is similar to the ATAA sequence
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L] appears as if it might have been added to then® of a
pre-existing Y RNA. Upon close examination, this hYRRA

s SRNLTAINEAGANG! sequence motif bears significant similarity to a short DNA
3°  GCACTAATRA ATARCAGAAGT sequence which lies immediatelyt8 the hY3 RNA gene that
5% GCACT-ATARATAACAAGAGACTCACAGGATARCAC-AGT currently resides in the human genome (depicted iBBigshY3
—TATA-bo, + 3 DNA) (8). This provides limited evidence to suggest that the
hY5 RNA gene might have been derived from an ancestral Y3
] allele. This homology ends in a run of four dT residues just
R I_Mmrum{';":u |r.:.r|1u::|"a o downstream of the hY3 gene and the hY3 and hY5 DNAs are
e Y unrelated beyond this (not show). (The fact that the homology
W3 BHA ....5G..U T ends in four dT residues which corresponds to a hY3 downstream
RS RHA b B ~CUUGILAGY - - UL terminator for pol Ill further suggests that the hY5 gene might
UEREL uugctgtpgttt have been derived from a&xtended, i.e. pol Ill readthrough,

hY3 transcript.

Figure 5. Fossil sequence evidence suggests a retroposon origin for the hY5

RNA gene. A) Imperfect direct repeats (DR) flank the hY5 RNA gehBR DISCUSSION

the sequence immediately flanking theBd of the hY5 RNA gene is shown

;” itsl.e”“rety- Be'f’r‘f’ ;\hismé BR <indicat3d asl'B‘]’c‘I’aSks.ep%ggd ;”;32"’5@2”5 The source gene for the smallest of the human Y RNA genes, hY5
or alignments with the sequence immediately flanking" 0 - . . \

gene (indicated ag)5The 3DR has a single ATAA motif which is represented was 'SOIated_’ completlng the cIomng of all four of the hY RNA
thrice in the 5DR (indicated by underline with double arrows). ThoB ~ genes. Previous results demonstrated that chromosome 7 is the
contains an additional internal expansion (relative B betweenthe ATAA  only human chromosome that expresses hY5 RN (n the

repeats that is comprised of A-rich sequence including GAGA and CACApresent study, we screened chromosome 7-enriched DNA for
motifs (see text). The last 3 bases of thBR are found as the first 3 bases of ;

hY5 (see text). Note that the upstream part of the DR comprises part of th%Y5 Seq.uences and dete.Cte.d three isolates of the same g.ene
TATA box pol Il type 3 promoter element as indicated according to ref. (10). _Umulatlvel}', the results indicate thqt the hY5 RNA gene Is
The first base of the hY5 coding region is indicated byBjlAlignment ofthe  Single copy in human DNA. The physical presence of this hY5
3-ends of hY RNAs with the'3lank of the hY3 genenfy3 3 DNA). RNA is RNA gene on chromosome 7 was conclusively demonstrated

shown in upper case whereas DNA is in lower case. Numbering is with respet{‘:ig 3A) Others have localized the hY1 and hY3 RNA genes to
to hYl RNA. Human Ro-associated Y RNAs are heterogeneous at'their 3 ) C
termini ending in two to four U residues; two are used here for hY1, hY3 andthe 036 region of chromosome 36). In the present report we

hY4 to provide aid alignment. have independently mapped each of the hY4 and hY5 RNA genes
to chromosome 7g36. After isolating the hY5 RNA gene, we
examined the hY5-containing YACs for other hY RNA genes and

present in the hY5'@DR that presumably expanded to threethen derived a physical map of the four hY RNA genes §elp.
ATAA repeats in theDR (Fig.5A). Thus, the hY5 sequence is  The hY5 RNA gene contains a type 3 promoter for pol lIl and
flanked by imperfect direct repeats whose composition @ CONSensus ppl III. terminator, features of functional hY RNA
consistent with a hY5 retroinsertion-mediated event that occurré§nes that distinguish them from pseudogeh@s kIY5 RNA
along time ago. Additional support for the retroposition model gJ€Ne expression was demonstratedvoto be dependent on the
hY5 origin is provided by the fact that the last 3 nt of the hY5 DRJpstream promoter. One question raised by this work is the role

AGT, is found as the first 3 nt of the hY5 coding sequence (Figf differential promoter strength versus RNA stability in hY RNA
5A) (42,43). expression. Partial characterization of the hY5 RNA gene

promoter, performed here to establish the authenticity of the hY5
RNA gene, suggests that it is less active than the hY4 RNA gene
promoter. Availability of functional hY RNA gene transcription

units such as described here and elsewhere will allow examin-

As mentioned above, the presence of a sequence motif t@don of this issue in the futuré?).

extends the'3end of hY5 RNA is a feature that distinguishes hY5

from the other Y RNAs%-8,18,39). A 3 extension is limited to A yetroposon origin for the Y5 RNA gene?

hY5 and although it may be found on the Y5-homologous RNAs

of other mammals, a similar motif is not foundXenopusy5  Primary evidence of a retroposon origin for hY5 RNA was
RNA (5). The lineage of thEenopusand human Y5 genes may derived from flanking DNA sequences whose composition and
be different even though their RNAs may appear related due ¢haracteristics suggest a retroposition event: (i) enrichment of
constraints of Ro 60 kDa and internal pyrimidine richnesadenosine residues in the DNA strand corresponding to the RNA
superimposed on their small sizgd§. With this in mind, itis not sequence4{,45), (ii) di and trinucleotide microsatellite repeats
unreasonable to suspect that the unique and atypiead®f associated with the DRs4X43), (iii) a microsatellite-like

hY5 RNA may provide a clue to its lineage especially in thossub-sequence asymmetrically represented in theDRB
genomes in which the mutation rate has been relatively low, i.€l1,43,45-47) and (iv) identity of 3 nt at thé-8nd of the DR and
human 87). the B-end of hY5 {3,48).

Our alignment of hY RNA sequences mostly agrees with The above features are entirely consistent with, but in no way
previous ones except for details at thergls. Therefore, for the prove, that the hY5 RNA gene was derived by retroposition,
purpose of this analysis we limit comparisons to thend especially in light of findings that may appear to be unexpected
regions of hY RNAs as depicted in Figbi The hY5-specific, of retroposons. Specifically, juxtaposition of hY RNA genes
atypical terminal sequence GCUGUUUU (underlined in3BY.  suggests that DNA-mediated duplication played a role in hY

The atypical 3-extension on hY5 RNA is related to an
hY3-associated sequence
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RNA gene evolution. However, at 7936, hY5 resides adjacent ¥b genes were clustered in a region of human and galago Y5
the telomeric region of chromosome 7 and retroposon elemeblAs adjacent to conserved motifs that are important for Ro
are known in some cases to target telomé@sla addition, the 60 kDa binding. Presumably, mutations occurred throughout the
large, i.e. >100 kb, distance between the solitary hY5 RNA geweding sequence of the Y5 gene during human and galago
and the other hY RNA genes as well as lack of homology of thedivergence yet it appears that only those alleles that preserved the
flanking sequences argue against a simple duplication event asabéity of the RNA to fold properly co-evolved with these species.
source of the hY5 gene. Another inconsistency might appear This argues that the hY5 RNA gene alleles that retained their
be the lack of an identifiable self-primer for reverse transcriptaseanscripts’ ability to form the conserved stem structures (and
necessary for conversion of Y RNA into cDNA. However, recernpresumably associate with Ro 60 kDa) were selected for during
results indicate that nicked genomic DNA can serve directly asimate evolution, while alleles carrying mutations that disrupted
the primer for some classes of retrotransposam)s ( this folding were not. Although this phylogenetic comparison
The lack of Y5 RNA in rodents and certain other mammals [sesiggests that the ability of Y5 RNA to bind Ro 60 kDa is
refs @,9)] suggests that an active Y5 RNA gene arose in a lineagpeneficial to the species, it is possible that selection was driven
following an early branch point in the mammalian radiationsimply by the ability of Y5 RNA to occupy Ro 60 kDa. Whether
65-100 million years ago. An hY5-homologous sequence 5 RNA serves a distinct function other than this remains
detectable in rabbit and mouse cell DNA even though hY5-homanknown. Finally, we wish to note that by whatever mechanism
logous RNA is not detectable in these cells with the same protiet led to activation of the hY5 RNA gene in primates and certain
(9). This suggests that a hY5-homologous sequence residesother mammals, its product may represent an evolving autogen
these species but is transcriptionally inactive. Also, the number@fo,51).
hY5-homologous pseudogenes increased dramatically during
primate evolution ). These data are reconciled by a simple

model in which, after retroposition, the hY5 sequence Wa'écKNOWLEDGEMENTS
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