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Small Evolutionarily Conserved RNA, Resembling C/D Box Small
Nucleolar RNA, Is Transcribed from PWCR1, a Novel Imprinted Gene in
the Prader-Willi Deletion Region, Which Is Highly Expressed in Brain

Tala de los Santos,' Johannes Schweizer,”> Christian A. Rees,' and Uta Francke'?

'Department of Genetics and *Howard Hughes Medical Institute, Stanford University School of Medicine, Stanford

Prader-Willi syndrome is a complex neurodevelopmental disorder caused by the inactivation or deletion of imprinted,
paternally expressed genes in chromosome band 15q11.2. We report the identification and characterization of
PWCRI1, a novel imprinted gene within that region, and its mouse orthologue, Pwcr1, which was mapped to the
conserved syntenic region on mouse chromosome 7. Expressed only from the paternal allele, both genes require
the imprinting-center regulatory element for expression and are transcribed from the same strand. They are intronless
and do not appear to encode a protein product. High human/mouse sequence similarity (87% identity) is limited
to a 99-bp region called “HMCR” (for “human-mouse conserved region”). The HMCR sequence has features of
a C/D box small nucleolar RNA (snoRNA) and is represented in an abundant small transcript in both species.
Located in nucleoli, snoRNAs serve as methylation guidance RNAs in the modification of ribosomal RNA and
other small nuclear RNAs. In addition to the nonpolyadenylated small RNAs, larger polyadenylated PWCR1
transcripts are found in most human tissues, whereas expression of any Pwcr1 RNAs is limited to mouse brain.
Genomic sequence analysis reveals the presence of multiple copies of PWCR1 and Pwcr1 that are organized within
local tandem-repeat clusters. On a multispecies Southern blot, hybridization to an HMCR probe encoding the

putative snoRNA is limited to mammals.

Introduction

In somatic cells, some mammalian genes are expressed
only from one parental allele. By a process called “ga-
metic imprinting” or “genomic imprinting,” these genes
are epigenetically marked during gametogenesis, ac-
cording to their parental origin (Bartolomei and Tilgh-
man 1997). The nature of the epigenetic mark is not
fully understood. Although DNA methylation is re-
quired for the maintenance of the imprinted state
(Tucker et al. 1996; Jaenisch 1997), the mechanisms reg-
ulating genomic imprinting are likely to be more com-
plex and to involve gene-specific as well as chromosom-
al domain-specific modifications (Barlow 1995; Barto-
lomei and Tilghman 1997; Nicholls et al. 1998). Re-
cently, a mechanism for control of imprinting by insu-
lator elements that bind the enhancer-blocking protein
CTCF, when unmethylated, was discovered (Bell and
Felsenfeld 2000; Hark et al. 2000). Regional control of
imprinting may explain the clustering of imprinted
genes. Human chromosome region 15q11-q13 and the
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7C-D1 region in the mouse contain such a conserved
imprinted gene cluster. Several genes in this region are
expressed only from the paternally derived allele, in-
cluding SNRPN (Ozgelik et al. 1992; Reed and Leff
1994)/Snrpn (Leff et al. 1992), SNURF (Gray et al.
1999), IPW (Wevrick et al. 1994)/Ipw (Wevrick and
Francke 1997), NDN/Ndn (Jay et al. 1997; MacDonald
and Wevrick 1997; Watrin et al. 1997), ZNF127 (Jong
et al. 1999b)/Zfp127 (Jong et al. 1999a), MAGEL2/
Magel2 (Boccaccio et al. 1999), the testis-specific tran-
script C150rf2 (Farber et al. 2000), and two poorly char-
acterized transcripts, PAR-1 and PAR-5 (Sutcliffe et al.
1994). Thus far, in this region, UBE3A is the only gene
known to be expressed exclusively from the maternal
allele, and that imprinted expression is found only in
brain (Albrecht et al. 1997; Kishino et al. 1997; Mat-
suura et al. 1997).

Genomic alterations in the 15q11-q13 region that
result in the loss of gene products of imprinted genes
are associated with two clinically distinct neurodevel-
opmental disorders. Prader-Willi syndrome (PWS [MIM
176270]) is characterized by severe neonatal hypotonia,
failure to thrive during infancy, subsequent hyperphagia
leading to obesity, hypogonadism, growth delay, mild
dysmorphic features, and mental retardation (Holm et
al. 1993). In contrast, individuals with Angelman syn-
drome (AS) have more severe mental retardation, with
extreme speech impairment, ataxia, seizures, and motor
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hyperactivity; they possess a happy disposition with fre-
quent outbursts of inappropriate laughter (Williams et
al. 1995). Approximately 70% of individuals with ei-
ther PWS or AS have an ~4-Mb de novo deletion in the
15q11-q13 region. Deletion on the paternal chromo-
some results in PWS, whereas maternal deletion of the
same region results in AS. Approximately 28% of cases
of PWS are caused by maternal uniparental disomy for
chromosome 15, whereas considerably fewer (~2%) of
all cases of AS are due to paternal uniparental disomy
(Knoll et al. 1991; Mascari et al. 1992). Some of the
remaining cases of AS are due to inactivating mutations
in UBE3A (Kishino et al. 1997; Matsuura et al. 1997).
PWS and AS can also be caused by rare “imprinting
mutations,” small submicroscopic deletions of variable
size (10-1,000 kb) within the §' region of SNRPN. Ma-
ternally derived microdeletions result in AS. Microde-
letions of the paternal copy result in PWS and, in ad-
dition, lead to loss of expression of several paternally
expressed genes. The observation and delineation of
spontaneously occurring microdeletions have been used
to define a bipartite cis-acting regulatory element, re-
ferred to as the “imprinting center” (IC) (Buiting et al.
1995).

Two different deletion mutations were created in
mice, in the attempt to generate a mouse model for PWS
(Yang et al. 1998). Mice carrying a partial Snrpn de-
letion, which removes exon 6 and portions of exons 5
and 7, are phenotypically normal. In contrast, mice har-
boring a 42-kb deletion including exons 1-6 of Snrpn
and the putative IC region manifest hypotonia, failure
to thrive, and early death, features similar to those seen
in human infants with PWS. Moreover, this mouse
model also recapitulates loss of expression of paternally
expressed nondeleted genes Zfp127, Ndn, Ipw (Yang
et al. 1998), and Magel2 (Lee et al. 2000). Mutant mice
individually targeted for Snurf (Tsai et al. 1999b), Ipw
(Jong et al. 1999a), Zfp127 (Jong et al. 1999a), and
Ndn (Gerard et al. 1999; Tsai et al. 19994) are normal,
except for the Ndn-deficient mice generated by Gerard
et al. (1999), which displayed hypotonia and neonatal
respiratory distress; in contrast, the Ndn-deficient mice
generated by Tsai et al. (19994) had no abnormal phe-
notype. The contradictory results may be partly due to
differences in strain backgrounds.

Mice engineered to carry a larger paternal deletion,
extending from Surpn to Ube3A, are hypotonic and
severely growth retarded, and ~80% of them die before
weaning (Tsai et al. 1999b). In contrast, mice carrying
a paternally derived deletion (P**") of the p locus,
which extends proximally to include the Ipw gene, do
not display neonatal lethality (Johnson et al. 1995).
Taken together, these results suggest the existence of a
gene that is located between Surpn and Ipw and that
may be important for the phenotype of the mouse mod-
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els of PWS. Here we report the identification and char-
acterization of a novel human gene, PWCR1, located
between SNRPN and IPW. For comparative studies in
search of functional domains, we also cloned the mouse
orthologue, Pwcrl. Both genes show similar hallmarks.
They contain multiple stop codons in all potential read-
ing frames and are intronless. Both PWCR1 and Pwerl
generate alternative transcripts, the most abundant of
which is a short (140-nt) RNA, of highly similar se-
quence, that may represent a novel small nucleolar RNA
(snoRNA). PWCRI1 is expressed in a variety of tissues,
including brain, whereas Pwcrl expression is brain spe-
cific. Onset of PWCR1/Pwecr1 expression occurs during
embryonic development and is maintained throughout
adulthood. Both genes are imprinted with exclusive ex-
pression from the paternally derived allele. PWCR1 is
not expressed in PWS samples with either the classic
deletion or an IC microdeletion. Likewise, in the mouse,
Pwecrl expression from the paternal allele depends on
the presence of the cis-acting IC.

Material and Methods

cDNA Isolation and Analysis

A fetal brain NZAP II ¢cDNA library (Stratagene) was
screened with probe hB, by standard plaque-lift hybrid-
ization. Filters were hybridized in Church buffer at 65°C.
After three rounds of selection, plasmids were excised
from the plaque-purified phage in vivo, according to the
manufacturer’s instructions. DNA sequencing was per-
formed by cycle sequencing with an ABI Prism 377 se-
quencer (Applied Biosystems).

Isolation and Labeling of Probes

DNA fragments used as probes were generated by
PCR amplification of genomic DNA, PAC, or cosmid
templates. Sequences of primers used for probes are as
follows (nucleotide numbers refer to human [acces-
sion number AF241255] or mouse [accession number
AF241256] sequences as submitted to GenBank): probe
hA, HITD (5-AACATGTGCCTGCCCTCCAT-3' [po-
sitions 959-976]) and H2TD (5-GCAAGGACTAGGT-
GAATGTCC-3 [positions 312-292]); probe hB, STS-F
(5-ACCTCAGTTCGACGAGGATG-3' [positions 1115-
1134]) and STS-R (5-CCTCATTTGCAGGGACAAA-
T-3' [positions 1233-1214]); probe mC, M27TD (5'-
GGAGCTTCGGCCCATTGTTC-3 [positions 1184-
1203]) and M33TD (§-CTCCTTCTCTATTTCCTA-
GC-3' [positions 1952-1933]); probe mD, MS8TD (5"
AACGAGCTTGGATCTATGATG-3' [positions 1297-
1317]) and MS5S9TD (5-CCGAAGAAGTCAAGAAC-
AATG-3 [positions 1476-1456]); and probe mE,
M26TD (5-AAGTGCTATGGGCGTCAAGA-3' [posi-
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tions 1417-1436]) and M32TD (5-GACTGAGTCA-
CTGCCCGATA-3 [positions 1745-1725]).

Prior to being labeled, DNA fragments were purified
by agarose gel electrophoresis. For [a-**P]-dCTP labeling
of double-stranded DNA probes, the Multiprime DNA
labeling system RPN 1601Z (Amersham) was used. Sin-
gle-stranded DNA probes were made by PCR amplifi-
cation according to the protocol of Konat et al. (1994),
with minor modifications. The forward or reverse prim-
ers used in the PCR were from the same primer pair
used to generate the DNA fragment template. Both for-
ward and reverse single-stranded probes were generated
from the same PCR cocktail, consisting of 1 x PCR buf-
fer, 25-30 ng of DNA template, 0.5 ul each of 1 mM
each of dATP, dTTP, and dGTP mixture, 0.3 ul of 100
uM dCTP, 50 uCi [a-**P]-dCTP, 2.5 pl of 10 uM forward
or reverse primer, and 1 U of AmpliTag DNA polymer-
ase (Applied Biosystems), in a final volume of 25 ul.
Conditions used for PCR were 94°C for 2 min; then 30
cycles of 94°C for 45 s, 58°C for 1 min, and 72°C for
4 min; and then 72°C for 10 min. To generate RNA
probes, DNA fragments amplified from mouse genomic
DNA by primers M5S8TD and M59TD were cloned by
use of a TOPO TA cloning kit (Invitrogen). RNA probes
were synthesized from appropriate clones, by use of an
RNA transcription kit (Stratagene).

RNA Methods

Total RNA was purified with RNA STAT (TelTest ‘B
Inc.), according to manufacturer’s directions. For north-
ern blots, 10 ug of total RNA were loaded in each lane.
Probes were hybridized either to Hybond N+ mem-
branes with total RNA (figs. 3d and 4a and b) or to
commercial filters with poly A+ RNA (figs. 3a—c and
8a and b) (CLONTECH), by use of ExpressHyb
(CLONTECH) hybridization solution at 65°C. Blots
were washed at high stringency, in a final solution of
0.2 x SSC/0.1% SDS, at 65°C for 20 min.

For reverse transcriptase—PCR (RT-PCR) assays, RNA
was treated with DNasel (RNAse-free; Boehringer
Mannheim) prior to incubation with reverse transcrip-
tase SuperScript II (Gibco-BRL). One-fifth of the reverse-
transcriptase reaction was used for PCR. Conditions
used for PCR were 94°C for 3 min; then 28 cycles of
94°C for 45 s, 58°C for 45 s, and 72°C for 30 s; and
then 72°C for 5 min. Primer sequences used for monoal-
lelic expression analysis were STS-F (5-ACCTCA-
GTTCGACGAGGATG-3'), STS-R (5-CCTCATTTGC-
AGGGACAAAT-3), HITD (5-AACATGTGCCTGCC-
CTCCAT-3'), H2TD (5-GCAAGGACTAGGTGAAT-
GTCC-3'), H58]S (5-ATGTGGTCTCTTATGGGTGA-
T-3' [positions 182-202]), H59]S (5-ATCCCTCTCAA-
CATCACTGC-3 [positions 728-709]), M49TD (5-G-
CCCATAATCCATGTGGTT-3' [positions 573-591]),
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and MS50TD (5-CAGGTGACCTAGGGCAAGT-3' [po-
sitions 780-762]).

Genetic Mapping of Pwcrl

For chromosomal localization of the mouse Pwcrl
gene, we genotyped 94 N2 animals from the interspecif-
ic backcross (C57BL/6JEi x SPRET/Ei) F1 x SPRET/Ei
(BSS) panel (The Jackson Laboratory Mapping Panels,
Bar Harbor, ME), for a size polymorphism detected with
primers MS1TD (5-GGCACGAGGTTCCTTTCAG-3)
and M52TD (§5-CAAGTGCTTCCTGGGTCC-3'). The
typing results were sent to The Jackson Laboratory, for
comparison with previous typing data on markers on
mouse chromosome 7.

Genomic Southern Blot

Eight micrograms of genomic DNA from various spe-
cies were digested with either EcoRI or BamHI and then
were electrophoresed and Southern blotted onto Hy-
bond N membranes. Probe mD was hybridized to filters
by use of ExpressHyb (CLONTECH) hybridization so-
lution at 65°C. Blots containing chicken, rabbit, cow,
dog, pig, baboon, and human DNA were washed in a
final solution of 0.2 x SSC/0.1% SDS at 65°C. The filter
containing DNA from Xenopus, opossum, wallaby,
mouse, and rat was washed in a final solution of 2 x
SSC/0.1% SDS at 58°C.

Cell Lines and Cell Culture

Epstein-Barr virus—transformed lymphoblasts from
control individuals (LCL 1497 and LCL 1385), individ-
uals with PWS (LCL 863 [del (15)(q11.2q13.1), cell line
GMO09133, obtained from the Camden Cell Repository,
Camden, NJ] and LCL 1309 [O family microdeletion,
obtained from A. Beaudet, Baylor College of Medicine,
Houston]), and individuals with AS (LCL 1101 [del
(15)(q11q13) mat transformed in our laboratory, with
informed consent] and LCL 1201 [del (15)(q11q13) mat,
cell line GM11404, obtained from the Camden Cell Re-
pository]) were cultured in RPMI 1640 medium con-
taining 10% fetal bovine serum (GIBCO), glutamine,
and antibiotics.

Dendrogram

For PWCR1-and PWCR1-like genes (PWCRI1L1-
PWCR1L2S5), as well as for Pwcr1- and Pwcr-like genes
(PwerlL-1-L-9), sequences were compared by the mul-
tiple-sequence alignment program PileUp from the GCG
SeqWeb sequence-analysis software. The gap-creation
penalty was set at 5, and the gap-extension penalty was
set at 1; maximum-input sequence range and maximum
number of gap characters added were set at 5,000 and
2,000, respectively.
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Results

Identification of the Human PWCR1 Gene

To identify novel imprinted genes within the PWS de-
letion region, we searched the databases for expressed-
sequence tags (ESTs) that map within the 15q11-q13
PWS deletion region and then tested these ESTs for
parent-of-origin—specific expression. Radiation-hybrid
scoring data of sequence-tagged sites (STSs), mapped to
chromosome 15 by use of the Genebridge 4 radiation-
hybrid panel, were retrieved from RHdb (radiation-hy-
brid database at the European Bioinformatics Institute).
The retrieved data were then submitted to the Whitehead
Institute for Biomedical Research/MIT Center for Ge-
nome Research mapping server, to identify ESTs that
map close to 15q11-q13. To identify imprinted tran-
scripts, RT-PCR was performed with STS primers from
candidate ESTs on RNA extracted from lymphoblastoid
cell lines of individuals with PWS or AS and of normal
controls. When we tested 60 ESTs by this approach,
several monoallelically expressed transcripts were iden-
tified. One of them was a 3’ partial transcript of
I.M.A.G.E clone 204357 (GenBank accession number
H59928), derived from a human fetal liver-and-spleen
c¢DNA library. STS primers specific for this EST ampli-
fied a 119-bp product from control and AS cell lines but
not from PWS cell lines. The HUGO/GDB Human Gene
Nomenclature Committee named the locus “PWCR1”
(for “Prader-Willi chromosome region 1). The corre-
sponding 1.2-kb cDNA clone was sequenced by primer
walking. In figure 14, monoallelic expression from the
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paternally derived chromosome 15 was subsequently
confirmed by RT-PCR with primers HITD and H2TD.

To determine the exact genomic location of PWCR1,
probes representing the 3’ end (probe hB) and the middle
region (probe hA) of PWCR1 were hybridized to South-
ern blots of DNA from PACs and cosmids that had pre-
viously been mapped to 15q11-q13 (Sutcliffe et al.
1997). Probes hA and hB hybridized to overlapping cos-
mids 88 and 72 under stringent conditions, whereas an
IPW-specific probe hybridized only to cosmid 72-spe-
cific fragments. PWCR1 probes also detected bands
from PAC pDJ134114 and PAC pDJ121DS5 (data not
shown). These results indicate that PWCR1 is located
at the distal end of the PWS critical region and is ex-
cluded from the AS critical region, as shown in figure
1b.

Sequence analysis of PWCR1 cDNA revealed that it
contains 50% AT sequences, as shown in figure 2a. The
PWCR1 cDNA clone is polyadenylated, but it does not
contain the consensus polyadenylation signal (AA-
TAAA). The sequence that most closely resembles AA-
TAAA is located at positions 1186-1191 (AACAAA),
which are shown in boldface in figure 2a4. In all three
reading frames, the cDNA sequence contains multiple
stop codons and no significant open reading frame
(ORF). The longest ORF is 114 bp, but it lacks an ac-
ceptable Kozak consensus sequence flanking the poten-
tial start ATG. Analysis of the cDNA sequence reveals
a near-identical repeat at the 5’ and 3’ ends, with nucle-
otides 1-93 being 98% identical to nucleotides 1143—
1235 (fig. 2a). We called these repeats “HMCR” (for

PWS critical region AS critical region

I |

NDN
ZNF127 |MAGEL2 SNRPN UBE3A
| | |
Ni N2 A1 A2 P1 P2
mmm——— -— cen ; I-s tel —»
’ - - = - . . .. .
— . .
i - i @ = = pactin . ~~~
' -’ PWCR1 ..
' 3
' SNRPN PAR-5 ! ’P.W '
Lo L PARCT
PAC 5E12 —_— . 5 1 PAC 134114
— R PAC 121D5
cosmid 88 _ﬁ—cosmid 72

100 kb

Figure 1

a, Monoallelic expression of PWCR1, demonstrated by RT-PCR analyses of control (lanes N1 and N2), AS (lanes A1 and A2),

and PWS (lanes P1 and P2) lymphoblastoid cell lines. Primers HITD and H2TD amplified a 690-bp product (arrowbhead) from control and
AS cell lines but not from PWS cell lines. 3-Actin-specific primers were included as positive controls. A plus sign (+) denotes presence of reverse
transcriptase; a minus sign (—) denotes its absence. Lane N1, LCL 1497. Lane N2, LCL 1385. Lane A1, LCL 1201. Lane A2, LCL 1101. Lane
P1, LCL 863. Lane P2, LCL 1309. b, Schematic map of known imprinted genes in the human 15q11.2 region. PWCR1 is located centromeric
to IPW. PWCRT1 probes hybridize to PAC pDJ134114, PAC pDJ121D35, cosmid 88, and cosmid 72.
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a

1 GGATCGATGATGACTTCCATATATACATTCCTTGGAAAGCTGARCARRATGAGTGAARAC
62  [TCTATACTGTCATCCTCGTCGAACTGAGGTCCAGCACATTACTCCAACAGGGGCTAGACAG
123 AGAAGGCCAACATCCGTTTGTTGACATGGGTTATATCAAGGCGTCTGTTCAGGCTTAGAAT
184  GTGGTCTCTTATGGGTGATGGGGCTCACAGGAGAGTGGTGECTCCCACGTATAGGAAATTT
245  CTTGTTTGAACGACTGTCAGTGAGGGTGGGTAACACATGCATTGTCTGCAGGACTAGGTGA
306  ATGTCCATGTGGCCTAGCAAGAGTTAGCTGGTAGCCCGCCTCTGGTTGCCAATTTGTTCTT
367 GAGTCCTTGTTCTGGGTTCTCAGGTCCCACGGAGEAAAACAGATCTGTGTGGTTGAGAGGT
428  GGGTACAAGGCCGCATCTTTGTCATTTGTTGGCTAACTTTGTCCTTGGTTGAGGACATTAG
489  AGTTTTGGTCACCAGGCATAGCCTATGTGCCTTTGTACCCETGTTGTATCCCACGTGTTTT
550 GAGGACATGTATTTTGCACGTAAAGGTGAGCTCCTGCTCCAAGCTGGTTCTGATACCAAAG
611 GAGTCCCTGGCTTATCCTAAACTCATGGTAGGTTAAAGCCTTCCTCCTTAGGGGTTCAGGE
6§72  CCGCAAGGCTTTTGTGAGTGGCATTGCAGGCGTTGAAGCAGTGATGTTGAGAGGGATGETC
733 AATGTCAGTGCTCTTTAGCAGGATGETGTACTGCAGGGGCCCCCAGCCCCGAGACGAGCAT
794  CCCTGCATCCATGCATTTCTGCCTCCATGAACAGGGGAGGCCAGAGACAGGCAGATAGTAG
855 ATAAATTGCAGGGGACTGGATGACATGGCCCTCGTGACCTGTGCACCTGTCTGTCTTTICTG
916  AAGCACGCCTGTGTTAACTCTGCACCTCCCAGGTAGCACTGGCATGEAGGECAGGCACATG
977  TTGETGAGEGACAATTGTTACCTTGTGTGAGCTGCGGAGATACCAGGAAGCCCCTGGACAT
1038 AAATGGCAAAGGCTCCTTCGGAAGTTGTTGGATCCCTTCTGAATGTAAGCACTTCTTTCCC
1099 AGAGCACTCTGAGTTTCCTCATTTECAGGEACARATACTGTGCHTGGATCGATGATGACTT]
1160

1221 |GTCGAACTGAGGTCOAAAAAAAAAAAAAAAAAAAA

HMCR PWCR1 cDNA sequence HMCR
Probe hA R HESEE Probe hB
——> Probe hB-F
<«—— Probe hB-R
Figure 2 a, Sequence of PWCR1 ¢DNA clone. The § and 3

repeats (called “HMCR” [human-mouse conserved region]) are boxed.
The imperfect putative poly-A signal is in boldface. b, Probes used for
analysis of PWCR1 expression, by northern blot. Probes hA and hB
are double-stranded DNA probes. Probes hB-F and hB-R are PCR-
labeled single-stranded DNA probes.

“human-mouse conserved region”), because an 87%-
identical sequence is present in the mouse orthologue (as
shown in fig. 6b).

Nucleic-acid and protein-database searches identified
one sequence with significant similarity to PWCRI1—
the genomic clone x102 (GenBank accession number
AF017338), which has two regions of similarity with
PWCRI1. Originally, x102 was isolated in a screen for
differentially expressed genes in individuals with psy-
chiatric disorders (Yee and Yolken 1997). The x102 ge-
nomic clone contains an ORF encoding a hypothetical
138-amino-acid protein with no significant similarity to
known proteins in the database. We mapped x102 to a
BAC clone (GenBank accession number AC009696) that
contains genomic DNA of the chromosome 15q11.2 re-
gion (location shown in fig. 5a).

PWCR1 Transcripts and Expression Pattern

On northern blot analysis, PWCR1 was strongly ex-
pressed in multiple tissues. For the locations of the
probes used, see figure 2b. With probe hB, we detected
a predominant 1.2-kb transcript, a smaller ~140-nt tran-
script, and a strong smear of ~4-10 kb in all human
tissues examined, as is shown in figure 3a4. Signals cor-
responding to the 1.2-kb transcript and to the ~4-10-
kb smear were most intense for heart and skeletal mus-
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cle. The ~140-nt transcript was also present at higher
levels in heart and skeletal muscle, as well as in brain,
kidney, and pancreas. Interestingly, the hybridization sig-
nal of the ~140-nt transcript was greatly increased com-
pared with those of the other transcripts on northern
blots containing total RNA derived from brain tissues,
suggesting that the vast majority of the ~140-nt tran-
scripts are not polyadenylated, as evidenced in figures
3d and 4b.

A comparison of the different transcripts detected by
probes hA and hB on northern blots indicated that the
~140-nt product is transcribed from the HMCR. Probe
hA detects the 1.2-kb transcript, as well as the smear,
but does not detect the ~140-nt transcript (fig. 3b). Probe
hB, on the other hand, detects all transcripts except for
the 6-kb transcript (figs. 3a and 4b).

Because individuals with PWS have a neurological
phenotype, we examined PWCR1 expression levels in
different regions of the brain (fig. 3b). In addition to the
predominant 1.2-kb and large heterologous transcripts,
a distinct ~6-kb transcript was detected in cerebellum,
cerebral cortex, medulla, putamen, and in the occipital,
frontal, and temporal lobes, with probe hA. PWCRT1 is
weakly expressed in the spinal cord. In fetal brain, lung,
liver, and kidney, PWCR1 transcripts were detected with
probe hB (fig. 3¢), indicating that onset of PWCR1 ex-
pression occurs during fetal development. The ~140-nt
transcript was also detected in fetal tissues by probe hB
but is not included in figure 3c.

To determine whether only one or both strands of
PWCRI1 are transcribed, single-stranded probes were hy-
bridized to total RNA from normal brain. Single-
stranded probe hB-R detected the 1.2-kb and ~140-nt
transcripts. In contrast, probe hB-F did not detect any
transcripts (fig. 3d). Similar results were obtained on
blots containing LCL RNA (not shown). These data
demonstrate that the 1.2-kb and ~140-nt RNAs are tran-
scribed from the same strand.

Imprinted Expression of PWCR1 from the Paternal
Allele

To verify the RT-PCR results that initially identified
PWCRI1 as an imprinted gene, we performed northern
blot analysis by using total lymphoblast RNA from two
individuals with PWS (P1 and P2), two individuals with
AS (A1 and A2), and a normal control (N1). P1, A1,
and A2 contain standard-size deletions of 15q11-q13,
whereas P2 has a microdeletion that removes the IC
regulatory element. Probe hA detected no expression of
PWCR1 in PWS cell lines, whereas control and AS cell
lines expressed similar levels of 1.2-kb transcripts (fig.
4a). Similar results were obtained with probe hB, which
detected both the 1.2-kb and ~140-nt transcripts in the
same control and AS cell lines (data not shown) and in
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Northern blot analyses of polyadenylated RNA, with probes indicated. @, Human adult tissues. b, Different regions of human

brain. ¢, Human fetal tissues. Arrowheads indicate major PWCR1 transcripts. d, Direction of transcription of PWCRI. Identical northern blots
contain total RNA from a normal control brain. Both the 1.2-kb and the 140-nt transcripts were detected only with probe hB-R. $-actin control

probes were used to assess the amount of RNA loaded.

brain RNA derived from a control individual but not in
brain RNA from an individual with PWS (fig. 4b). These
results were confirmed by RT-PCR with primers H58]S
and H59]JS (fig. 4¢). Taken together, these results clearly
demonstrate that the highly expressed PWCR1 RNAs
are transcribed exclusively from the paternally derived
allele and that PWCR1 is imprinted in brain and lym-
phoblasts. Moreover, the absence of PWCR1 transcripts

in P2 LCLs indicate that PWCR1 expression is depen-
dent on an intact IC.

PWCR1—Location within a Cluster of Truncated
Copies

To determine the genomic structure of PWCR1, PCR
products derived from cosmid 88 and from PAC
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Expression of PWCR1 transcripts exclusively from the paternal allele. Northern blots were hybridized with either probe hA or

probe hB, as indicated. a, Total lymphoblast RNA from control individuals (lane N1) and from individuals with either AS (lanes A1 and A2)
or PWS (lanes P1 and P2). b, Total brain RNA from a control (lanes N) and a PWS subject (lanes PWS). A B-actin probe was used as control
for RNA loading. Arrowheads indicate PWCR1 transcripts. ¢, RT-PCR using PWCR1-specific primers H58]S and H59]S on brain RNA from
a control individual (lanes N), which amplified a 548-bp product. No PWCR1-specific product was observed in the PWS brain RNA sample,
whereas -actin-specific primers amplified products in both samples. A plus sign (+) denotes the presence of reverse transcriptase; a minus sign

(—) denotes its absence.

pDJ134114 were sequenced and compared with the
PWCR1 ¢cDNA clone. We found a perfect match be-
tween the cDNA and genomic sequences, indicating that
PWCRT1 is an intronless gene. BLASTN analysis of the
PWCR1 ¢DNA, against the high-throughput genome-
sequence (HTGS) database, identified a partially se-
quenced BAC (GenBank accession number AC009696)
that had been mapped to 15q11-q13. A contiguous 50-
kb sequence contains multiple, truncated copies of
PWCRI1. Further analysis revealed a complex genom-
ic structure, as shown in figure 54 and table 1. The
truncated copies immediately flanking the PWCRI1
gene were designated “PWCRI1L1,” “PWCR1L2,” and
“PWCR1L3.” As others were discovered, they were des-
ignated “PWCR1L4”-“PWCR1L25,” in a 5'-to-3' or-
der. A dendrogram illustrates the relationship of the var-
ious copies to each other (fig. 5b). The sequence of
genomic clone x102 is located ~1 kb from the 3’ end of
PWCRI1L1 (fig. 5a). To further analyze the 50-kb ge-
nomic sequence containing PWCR1, we used NIX soft-
ware (UK Human Genome Mapping Project Resource
Center), a bioinformatics tool that consolidates various

DNA analysis programs within one interface. This anal-
ysis did not identify significant similarity to known tran-
scription initiation sequences or promoter sequences.

Identification of the Mouse Orthologue Pwcr1,
Revealing a Conserved Region That Encodes a
snoRNA

Having characterized human PWCRT1 as an intronless
gene that is unlikely to be translated into a protein prod-
uct, we wanted to determine whether these specific fea-
tures are conserved throughout evolution. We searched
for a putative mouse homologue by screening a mouse-
brain ¢cDNA library (Stratagene Lambda ZAPII) with
human PWCRT1 probe hB. Four overlapping clones were
isolated that, under stringent conditions, hybridized with
the human probe. Sequence analysis of these clones led
to the identification of a novel mouse gene containing a
99-bp region of similarity (87% identical) to human
PWCRI1. This conserved sequence corresponds to the
HMCR repeats located at the 5’ and 3’ ends of the
PWCR1 cDNA; see figure 6a and b. We named the
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Figure 5 a, Simplified map of the region surrounding PWCRI1,
showing both the location of PWCRI1-like truncated copies
(PWCRI1L1-PWCR1L235) and the direction of transcription (arrows).
Hatched boxes within x102 represent sequences similar to PWCR1.
The arrow below x102 indicates the proposed direction of transcrip-
tion, according to GenBank annotation (accession number AF017338).
b, Dendrogram of relationships between PWCR1 and the various trun-
cated copies, based on sequence similarity (also see table 1).

mouse gene “Pwcrl,” because it shows a high degree of
similarity to specific regions of the human PWCR1
cDNA. Pwcrl further resembles human PWCRT1 in that
it has an AT content of 50% and lacks a canonical poly-
adenylation signal. The sequence also contains an AC
dinucleotide repeat (nt 2529-2565) and one copy of the
exon Al repeat (nt 644-789) first identified in the Ipw
gene, where it is present in multiple copies (Wevrick and
Francke 1997). The longest ORF of Pwcrl is 252 bp,
which, if translated, would result in an 84-amino-acid
protein. The potential ATG start codon, however, is not
contained within an acceptable Kozak consensus se-
quence. When we translated the Pwcrl ORFs and
searched the protein databases, no significant match was
found. Comparison of the human and mouse HMCRs
did not identify an ORF that can be translated into a
conserved peptide sequence more than five or six amino
acids long.

These data suggest that Pwecrl, like its human coun-
terpart, is not translated into a protein product but,

Am. ]J. Hum. Genet. 67:1067-1082, 2000

rather, may function as an RNA. When the HMCR se-
quence was compared with those of known small nuclear
RNAs (snRNAs), no similarity was detected. However,
when compared with the box C/D class of snoRNAs,
defined by the presence of upstream C (AUGAUGA) and
downstream D’ and D (CUGA) boxes (Maxwell and
Fournier 19935), striking similarities were found. The
HMCR contains one C and two D boxes, in the correct
spacing and orientation (fig. 6b).

Genomic Structure and Chromosomal Localization of
Pwcrl

Most vertebrate snoRNAs that have been identified
are located within introns of protein-coding genes and
are processed as the introns are removed (Maxwell and
Fournier 1995). To learn more about the genomic or-
ganization of the Pwcrl locus, we screened the WI/
MIT820 mouse YAC library by PCR with primers from
different regions of Pwcrl. Positive clones were identi-
fied by primers M49TD and MS0TD located 5’ to the
HMCR and were subsequently verified by other Pwcrl
primer pairs. PCR products derived from positive YAC
clones were sequenced and compared with the cDNA
sequence. The genomic and cDNA sequences were iden-
tical, indicating that Pwecrl is intronless.

To genetically map the Pwerl locus, we genotyped the

Table 1
PWCR1-Like Genes and Their Location Relative to PWCR1
Identity
Size with PWCR1

Locus ACO009696 Position (bp) (%)
PWCR1 146792-148030 1,235 100
PWCRIL1 148031-149154 1,123 84
PWCRI1L2 145649-146792 1,143 77
PWCRIL3 145093-145649 556 82
PWCR1L4 110417-110516 99 86
PWCRILS 113195-113267 72 91
PWCRI1L6 115826-115930 104 84
PWCRIL7 118535-118580 45 95
PWCRI1LS 121310-121416 106 86
PWCRIL9 124063-124138 75 95
PWCRI1L10 126803-126903 100 86
PWCRIL11 129487-129561 74 89
PWCRI1L12 132140-132243 103 86
PWCRIL13 132892-133166 274 74
PWCR1L14 133195-133311 116 82
PWCRIL1S 134971-135159 188 81
PWCRI1L16 135545-136195 650 77
PWCRIL17 137990-138214 224 76
PWCRI1L18 138388-138480 92 79
PWCRIL19 138760-138831 71 83
PWCR1L20 138870-139281 411 76
PWCRI1L21 139425-139576 151 77
PWCR1L22 139876-140475 595 77
PWCRI1L23 141871-141986 115 93
PWCR1L24 142385-142793 408 77
PWCRIL2S 144498-144882 384 79
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Figure 6 a, Comparison of human (H) and mouse (M) genes, which reveals that PWCR1 and Pwcr1 cDNAs contain a block of conserved
sequences (HMCR). Arrows indicate direction of transcription. Probes mC, mD, and mE are double-stranded DNA probes. Probes mD-F and
mD-R are RNA probes. b, Alignment of human (H) and mouse (M) HMCRs. Sequences are 87% identical over 99 nucleotides. Conserved
sequences representing C, D/, and D boxes that identify a class of snoRNAs are boxed (Smith and Steitz 1998). ¢, Sequence of Pwcrl derived
from cDNA clone and HTGS data. The HMCR and the AC-repeat region are boxed. The sequence identical to Ipw exon Al (nt 644-789) is
in italics. d, Mapping of Pwcrl to mouse chromosome 7, in a conserved syntenic region with human 15q11.2. The Jackson Laboratory Mapping
Panels BSS backcross was typed for a Pwcrl fragment-length polymorphism. Raw typing data for other markers in the region also were obtained
from The Jackson Laboratory Mapping Panels Web site. Missing typing was inferred from surrounding data, wherever assignment was un-
ambiguous. Top, BSS backcross map of chromosome 7. The centromere is at the top of the map. Loci mapping to the same position are listed
in alphabetical order. Bottom, Haplotypes from the BSS backcross. Loci are listed in order, with the most proximal at the top. Black boxes
represent the C57BL6/JEi allele, and white boxes represent the SPRET/Ei allele. Listed at the bottom of each column is the number of animals
with each haplotype. R = percent recombination for adjacent loci. SE = standard error for each R.
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interspecies BSS-backcross mapping panel from The
Jackson Laboratory Mapping Panels, for a PCR-ampli-
con size polymorphism. The Pwcrl segregation pattern
was identical to that of Surpn (fig. 6d). Pwcrl maps
to position 29 ¢cM (bands 7C-D1), within a region of
known conserved synteny with human 15q11-q13 (Hu-
man-Mouse Homology Map).

A Local Cluster of Head-to-Tail Copies of Pwcr1

In lower eukaryotes, box C/D snoRNA genes are often
organized into clusters (Dunbar et al. 2000). Having
already identified truncated copies of PWCR1 in human,
we asked whether mouse Pwcrl was indeed a single-
copy gene, as had been suggested by the genomic struc-
ture and chromosome-mapping results. We therefore
searched the HTGS of the mouse, as it became availa-
ble, and identified Pwcrl within sequence AC026683.
We restricted our analysis to a contiguous region 23,710
bp long. Pwecrl is located within this region, adjacent
to nine almost-identical sequences that we named
“PwcrlL-1"-“Pwcr1L-9,” as in table 2 and figure 7a.
The dendrogram showing the relatedness of the nine
copies is consistent with a model of cluster expansion
by local duplication events, although it is based on
HTGS data and not on finished sequence (fig. 7b). In
addition, there are Pwcrl-like copies on other contigs.
There are a total of 51 Pwcrl-related copies within the
sequenced genomic clone. However, the total number of
Pwecrl-related copies in the entire mouse chromosome
7C-D1 region is not yet known.

Expression of Pwcrl

In contrast to the wide range of expression of its hu-
man orthologue, Pwcrl expression in postnatal mice is
restricted to the brain. For the location of probes used,
see figure 6a. Northern blot analysis with probe mC,
shown in figure 84, detected a predominant 2.2-kb tran-
script, a smaller ~140-nt transcript, and a ~4-10-kb

Table 2
Pwcr1L Copies and Their Location Relative to Pwcr1
Identity
Size  with Pwerl

Name AC026683 Position (bp) (%)
Pwerl 47730-50246 2,517 100
Pwerl1L-1 46011-47692 1,682 98
Pwcr1L-2 50248-52747 2,501 98
Pwcr1L-3 52775-55286 2,520 97
PwcrlL-4 55288-57799 2,518 98
PwcrlL-$ 57801-60302 2,502 97
PwcrlL-6 60334-62835 2,502 98
PwcrlL-7 62861-64787 1,930 98
PwecrlL-8 65401-67902 2,502 98
Pwcr1L-9 67940-69712 1,775 97
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Figure 7 Local cluster of Pwecrl-like repeat units. a, Organi-

zation of head-to-tail copies within the GenBank sequence (accession
number AC026683). b, Dendrogram of relationships between Pwcr1
and the Pwcr1-like genes, based on sequence similarity, which suggests
expansion of the cluster by local duplication events.

smear in brain. No expression was seen in heart, spleen,
lung, liver, skeletal muscle, kidney, or testes. Pwcr1 tran-
scripts were detected in whole embryos from day 7 on-
ward (fig. 8b). As we had found for human PWCRI1,
the short ~140-nt Pwcrl transcript was much more
abundant on northern blots with total RNA than with
polyadenylated RNA (data not shown), suggesting that
most ~140-nt transcripts are not polyadenylated.
Northern blot analysis with probe mD, which contains
the entire HMCR, detected the ~140-nt transcript,
whereas probe mE, which does not contain the HMCR,
did not (data not shown). Therefore, the ~140-nt tran-
script of Pwerl is transcribed from the conserved
HMCR, as is the case for PWCR1. Because the HMCR
contains the C/D boxes characteristic of snoRNAs, we
hypothesize that the abundant nonpolyadenylated 140-
kb transcript may represent stable snoRNA molecules.

To assess whether Pwcrl is uni- or bidirectionally
transcribed, and whether the putative snoRNA is tran-
scribed from the correct DNA strand, we hybridized sin-
gle-stranded RNA probes to northern blots. Both the
2.2-kb and the ~140-nt transcripts were detected with
probe mD-R but not with probe mD-F. Low-level hy-
bridization to a high-molecular-weight smear was seen
with both single-stranded probes (data not shown). The
plus- and minus-strand designation of Pwcrl matches
that of its human counterpart. Therefore, the major tran-
scripts of the human and mouse genes are made from



de los Santos et al.: Imprinted Genes PWCR1/Pwcr1 Encode Small RNA

a P

2
Q S N @
S Fos L0
LIS O P
YO RAVE & W
9.5 —
75 — '
4.4 —
-
2.4 = >
1.35—
..' J
)
'
L |
.
probe mC
prEmme ww
- .
B-actin

Figure 8

1077

b 7 111517 dpc

95 —
7.5~
44—
1.35 —
probe mC
p-actin
C IC1 IC2 WT1 WT2
RT + - + - + - + -

B-actin

Tissue-specific and imprinted expression of Pwcrl. Northern blot analyses of polyadenylated mRNA from adult mouse tissues

(a) and total mouse embryos (b). Arrowheads indicate Pwcrl transcripts. dpc = days postcoitum. ¢, Pwcrl expressed exclusively from the
paternal allele. RT-PCR was performed with Pwcr1-specific primers M49TD and MS50TD, on RNA from mutant mice deleted for exons 1-6
of Snrpn and for the putative imprinting center (IC) region (lanes C1 and lanes IC2) and from their wild-type littermates (lanes WT1 and lanes
WT2). A 208-bp product was amplified in WT1 and WT2 but not in either IC1 or IC2.

the same strand, and the ~140-nt transcript is likely to
represent a novel human snoRNA. Whether this short
RNA is transcribed from its own promoter or is derived,
by exonucleolytic processing, from the larger, 2.2-kb
transcript is currently unknown.

Monoallelic Expression of Pwcrl

To determine whether Pwcrl is regulated by the pu-
tative cis-acting IC regulatory element, we studied its
expression in a mouse model for imprinting mutations.
Mice with a paternally derived chromosome 7 that car-
ries a 42-kb deletion including exons 1-6 of Snrpn and
the putative IC are hypotonic, fail to thrive, and die soon
after birth (Yang et al. 1998). In addition to lacking
expression of Surpn/Snurf, genes that are disrupted by
the deletion, the mice also do not express other genes
in the PWS deletion region—Zfp127, Ndn, Magel2 (Lee
et al. 2000), and Ipw—that are normally expressed from
the paternal allele. We performed RT-PCR with RNA
derived from mice carrying the deletion mutation on the
paternally derived allele (IC1 and IC2) and from wild-

type control mice kindly provided by C. Brannan (Yang
et al. 1998). The 208-bp Pwcrl RT-PCR product seen
in the control samples, WT1 and WT2, was absent in
the IC1 and IC2 lanes (fig. 8c). Therefore, as we had
found for human PWCRI1, Pwcrl is expressed exclu-
sively from the paternally derived allele, and its ex-
pression is dependent on the IC regulatory element. To
our knowledge, PWCR1/Pwcrl is the first potential
snoRNA-encoding gene that is imprinted.

Conserved Region of PWCR1 and of Pwcrl (HMCR):
Presence in Other Species

Because snoRNAs have important functions in both
pre-rRNA processing and RNA-nucleotide modification,
they exist in all organisms, in great abundance and va-
riety. To determine when in evolution the potential C/D
box snoRNA-encoding region of PWCR1/Pwcr1 arose,
we performed a Zoo blot analysis, as shown in figure
9. A Southern blot with DNA samples from several spe-
cies was hybridized with mouse probe mD, which con-
tains the HMCR. Bands were observed for most pla-
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Figure 9
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Southern blot analyses of various animal species, which reveal conservation of PWCR1-related sequences in most mammals.

Mouse probe mD that contains the HMCR was used (see fig. 6a). DNA samples from dog, pig, baboon, and human were digested with BamHI;

the other DNA samples were digested with EcoRI.

cental mammals studied, with the tree shrew and the
macaque being the only exceptions. No hybridizing
bands were seen for marsupials, Xenopus, and chicken.
The presence of single discrete bands in cow and dog
suggests that HMCR-containing sequences exist at sin-
gle- or low-copy numbers. The restriction-fragment pat-
terns in mouse, rabbit, baboon, and human, however,
reveal a complex organization. These signals may be
generated by multiple copies in the vicinity of PWCR1,
as we detected in the genomic sequence of mouse and
human, although the presence of dispersed copies else-
where in the genome cannot be excluded.

Discussion

Here we have reported the discovery and characteriza-
tion of PWCR1 and its mouse orthologue, Pwcrl. Lo-
cated in conserved imprinted regions (human 15q11.2
and mouse 7C-D1), both genes are expressed exclusively
from the paternal chromosome. Transcription occurs un-
idirectionally from the same (plus) strand and is depen-
dent on an intact IC regulatory element on the same
expressed allele. Both genes are intronless and do not
seem to encode protein products, yet they share a block

of highly conserved sequences. The patterns of alter-
native transcripts of PWCR1 and Pwecrl are strikingly
similar, Both genes express predominant polyadenylated
transcripts of either ~1.2 kb, for PWCR1, or ~2.2 kb,
for Pwecrl, as well as short, ~140-nt transcripts that are
not polyadenylated yet are very abundant on northern
blots of total RNA. Intriguingly, these short transcripts
are derived from the conserved regions, because only
probes containing the 99-bp 87%-identical HMCR se-
quences detect the ~140-nt transcripts. The presence and
spacing of box C and D sequences in the predicted tran-
scripts of the HMCR suggest that these abundant short
transcripts represent snoRNAs (Balakin et al. 1996;
Lowe and Eddy 1999).

snoRNAs are stable products of RNA polymerase II.
They are located in the nucleolus, in association with
ribosomal RNA. Complexed with specific proteins, they
form ribonucleoprotein particles (snoRNPs) (Maxwell
and Fournier 19985). These particles participate both in
the processing of large ribosomal RNA transcripts into
the distinct rRNA species and in RNA modification. The
C/D box snoRNAs, specifically, associate with the abun-
dant nucleolar protein fibrillarin and are required for
ribose 2'O-methylation of rRNA, which has earned
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them the designation “methylation guide RNAs” (Ba-
lakin et al. 1996). A computational screen of the yeast
genome revealed 41 different guide snoRNAs respon-
sible for ribose methylation of 51 of the 55 known sites
on rRNA (Lowe and Eddy 1999). The consistent se-
quence features of methylation guide snoRNAs that are
shared by the HMCR of PWCR1/Pwcr1 include a box
C (AUGAUGA), a box D' (CUGA) starting 27 or 28 nt
downstream, and a box D (CUGA) located 40 or 41 nt
farther 3'. These sequence elements are necessary and
sufficient for nucleolar localization of the snoRNA.
Short complementary sequences near the termini of the
HMCR (UGGA at nt 1-4 and UCCA at nt 91-94, in
human, and at nt 93-96 in mouse; fig 6b) would enable
the formation of a terminal stem, which is usually 4-8
bp in length. The “guide sequence” that base-pairs with
the rRNA target is located just upstream of box D’ and
is usually 10-21 nt in length (Lowe and Eddy 1999).
In this region, we find 14 identical nucleotides in the
human and mouse HMCR sequences; however, these
nucleotides do not match with any known rRNA target.
Modification of RNA by methylation via C/D box
snoRNAs is not limited to rRNA, however, because U6
snRNA is also methylated by this mechanism (Weinstein
and Steitz 1999). Therefore, the RNA target for the
PWCR1 small transcript may be another snRNA, yet
to be discovered. It is interesting to note that the poly-
peptide encoded by SNRPN, the first imprinted gene
identified within the PWS deletion region, forms part
of an snRNP complex (Ozgelik et al. 1992).

Another feature that sets PWCR1 and Pwcrl apart
from known mammalian snoRNA genes is their ge-
nomic organization. In vertebrates, most snoRNAs are
encoded in introns of housekeeping genes, usually one
snoRNA per intron. Interesting exceptions are UHG,
the single-copy “host” gene for the human U22
snoRNA (Tycowski et al. 1996), and gas$, a “growth
arrest gene” (Smith and Steitz 1998). Both genes encode
8-10 different snoRNAs in their introns, but the tran-
scripts assembled from their exons have lost their pro-
tein-coding potential. Therefore, when the mouse and
human sequences are compared, the introns are more
highly conserved than are the exons. One possible rea-
son for the preferred intronic location may be that the
requirement for snoRNAs is high, at ~10* copies per
cell, and that the location of their genes in highly tran-
scribed loci may be advantageous. PWCR1/Pwcrl is the
first snoRNA-encoding gene that has been shown to
be monoallelically expressed, and, at first glance, that
should be an evolutionary disadvantage. On the pater-
nal chromosome, however, the genes in the PWS region
are actively transcribed in most tissues, with PWCR1
giving rise to the abundant ~140-nt transcript that we
observed on northern blot analyses in human and
mouse.
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Although most snoRNA genes exist as single copies
within introns of other genes, we found the HMCR of
PWCR1/Pwcrl embedded in tandemly arrayed larger
sequence blocks, quite reminiscent of U2 snRNA genes
that are organized within tandem-repeat clusters and
undergo concerted evolution (Liao et al. 1997). As for
rRNA, U1 and U2 genes, PWCR1 and Pwcr1 elements
have been locally duplicated to form clusters of multiple
similar copies. In the 15q11.2 region, the repeated el-
ements are all truncated copies of PWCR1, which, de-
pending on their size, may or may not contain the
HMCR. Although the PWCR1-like copies are more di-
verged and very different in size, the Pwcrl-like ele-
ments that we compared seem more closely related and
are arranged in a tight head-to-tail fashion.

On Zoo blots with HMCR-containing probes, hy-
bridization signals were observed in most placental
mammals but not in wallaby and opossum. The co-
occurrence—and subsequent local amplification—of
these novel snoRNA-like genes with the appearance of
placental mammals may be coincidental or may indicate
a functional role of these genes, possibly even in the
process of imprinting. As judged from the Southern-
hybridization pattern, the copy number and complexity
of HMCR-homologous genes are highly variable in
mammals. These observations agree with the notion
that the region is characterized by genomic instability
and may undergo rapid evolutionary change. For ex-
ample, the 15q11-q13 region contains other genes that
have been locally duplicated. The SNRPN upstream IC
region contains elements that have undergone multiple
duplication events (Farber et al. 1999). Transcribed,
low-copy repeats of the HERC2 gene are associated
with the breakpoint hotspots of the common deletions
found in individuals with either PWS or AS (Ji et al.
1999). In mouse, the Ipw gene is characterized by a
multitude of highly similar exons (Wevrick and Francke
1997). Other imprinted regions also contain simple re-
peats, and it has been proposed that repeats may be
involved in attracting and maintaining the methylation
imprint of a given region (Neumann et al. 1995).

The chromatin configuration of the PWS region on
the maternal and the paternal chromosome 15 is dif-
ferent, as assessed by the presence of parent-of-ori-
gin—specific hypersensitive sites and of regions of dif-
ferential methylation (Schweizer et al. 1999). Therefore,
the two parental alleles have different transcription pat-
terns. The chromatin configuration of defined regions
of the paternal chromosome allows for increased rates
of transcription. The large heterologous PWCRI tran-
scripts, seen on northern blots of total RNA, may simply
be transcriptional noise: these transcripts are monoal-
lelically expressed and appear imprinted simply because
they are located within an imprinted region—the “in-
nocent bystander hypothesis” (Varmuza and Mann
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1994). The distinct polyadenylated transcripts of 1.2 kb
in human and 2.2 kb in mouse, however, may have an
additional function, unrelated to the fact that they also
harbor a snoRNA-like sequence. Outside the HMCR,
however, there is low conservation between the human
and mouse sequences, as was seen for another noncod-
ing RNA in the PWS deletion region. The region of
conservation between IPW and its mouse orthologue is
restricted to exon ¢ and part of the adjacent intron
(Wevrick and Francke 1997).

There are many precedents for genes whose products
function as noncoding RNAs. For instance, noncoding
RNAs found in the §' region of SNRPN are proposed
to play important roles in switching the paternal epi-
genotype in the maternal germline. Indeed, deletions
and a point mutation of these upstream transcripts are
associated with AS (Dittrich et al. 1996). Noncoding
RNAs involved in the epigenetic regulation of gene ex-
pression are exemplified by Xist in mammals and by
roX RNAs in Drosophila. In mammals, equal gene ex-
pression from the X chromosome in both sexes is
achieved through the inactivation of one of the X chro-
mosomes in females. This process is dependent on Xist,
a gene whose product is a large processed RNA that is
expressed exclusively from—and that is associated, in
cis, with—the inactive X chromosome (reviewed in Pan-
ning and Jaenisch 1998). Dosage compensation in Dro-
sophila is achieved by a different mechanism. Instead
of inactivation of one of the X chromosomes in females,
the rate of transcription from the single male X chro-
mosome is greatly increased. Two noncoding RNAs,
roX1 and roX2, are involved in this process (Kelley et
al. 1999). In addition, gene regulation by antisense
RNAs has been suggested for Igf2r (Wutz et al. 1997)
and UBE3A (Rougeulle et al. 1998). Although we did
not detect any antisense transcripts at the PWCR1 lo-
cus, it remains possible that the 1.2-kb PWCR1 RNA
has other functions that affect chromatin structure.
PWCR1 RNAs may recruit regulatory protein com-
plexes and/or other RNAs involved in the maintenance
of allele-specific expression in the region.

PWCRI1 is highly expressed in all regions of the brain,
and Pwcrl is expressed exclusively in the mouse brain.
Expression is completely abolished in PWS brain and
in the imprinting-mutation mouse model. There is a
distinct possibility that lack of the small RNA encoded
by these genes causes abnormalities in the modification
of an snRNA and, thus, contributes to the hypothalamic
dysfunctions and developmental delay in patients with
PWS. Further work on the sublocalization of the small
PWCR1 RNAs and of the larger transcripts in cell nu-
clei, as well as identification of target RNAs and as-
sociated proteins in snoRNP complexes, will be needed
to evaluate these possibilities.

Am. ]J. Hum. Genet. 67:1067-1082, 2000
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