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ARTICLE
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Wolf—Hirschhorn syndrome (WHS) is a malformation syndrome associated with a hemizygous deletion of the
distal short arm of chromosome 4 (4p16.3). The smallest region of overlap between WHS patients, the WHS critical
region, has been confined to 165 kb, of which the complete sequence is known. We have identified and studied

a 90 kb gene, designated as WHSC1, mapping to the 165 kb WHS critical region. This 25 exon gene is expressed
ubiquitously in early development and undergoes complex alternative splicing and differential polyadenylation.

It encodes a 136 kDa protein containing four domains present in other developmental proteins: a PWWP domain,

an HMG box, a SET domain also found inthe  Drosophila dysmorphy gene ash-encoded protein, and a PHD-type
zinc finger. It is expressed preferentially in rapidly growing embryonic tissues, in a pattern corresponding to
affected organs in WHS patients. The nature of the protein motifs, the expression pattern and its mapping to the
critical region led us to propose ~ WHSC1 as a good candidate gene to be responsible for many of the phenotypic
features of WHS. Finally, as a serendipitous finding, of the t(4;14) (p16.3;932.3) translocations recently described

in multiple myelomas, at least three breakpoints merge the IgH and WHSC1 genes, potentially causing fusion
proteins replacing WHSC1 exons 1-4 by the IgH 5 '-VDJ moiety.

INTRODUCTION PRDS suffer from multiple congenital anomalies, overlapping in
part with the symptoms of WHS.

Wolf-Hirschhorn syndrome (WHS; OMIM 19419Q),%) is a Up to now, only patients with a phenotype of WHS who have
multiple malformation syndrome caused by the loss of one copy microscopically detectable 4p deletion are considered to be
of a distal segment of chromosome 4p. The main features of WHEected by this syndrome, hence the cytogenetic description 4p—
patients are a prominent forehead with widely spaced eyésused synonymously. Patients without an obvious deletion often
(known as ‘Greek helmet) and a divergent strabism, brainremain ambiguous or undiagnosed. To date, no cases of typical
anomalies causing mental retardation and growth retardatioWlHS phenotype without deletion have been described. One
Frequently, patients suffer from heart defects and severahdeleted phenotypic PRDS patient has been described by
deficiencies of midline fusion e.g. cleft lip/palate, colobomatdDonnai Q).

(iris defects), hernia diaphragmatica, omphalocele and hypo-Due to the large size of the deletions, which usually span
spadia {—4). WHS is allelic with the milder Pitt—Rogers—Danks several megabases, and the high variability of involvement of
syndrome (PRDS; OMIM 262350%8). Patients affected by inner organs, WHS may well be a contiguous gene syndrome
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Figure 1. Gene structure aVHSC1 Top: 4p16.3 markers are shown from telomere to centromere. The WHSCR is located betw€giR8gene locus and the
Huntington disease (HD) gene. Middle: cosmid contig overlapping the WHSCR. Smallest region of overlap determined by tWiH8etettents [cell lines CM and
LGL7447 (13)] (deleted region dotted line, WHSCR shadoW#diSC1bold line). WHSC1covers cosmids cl96a2, cl19h1, cl190b4 and cl184d6. Bottom: exon—intron
organization ofVHSC1 Boxes represent exons, lines represent introns, primers in exons are given in upper case letters. Exon 4 contafimséhstaenstaon ATG,
exon 25 contains the translational stop codon TAG. The ORF is shadowed in light grey. Lightning symbols inidicate thesloEaie@iri4) translocations in the multiple
myeloma cell lines iWVHSC1 Alternative splicing is found in at least three different regions indicated by superpositioned exons. Different polyadategaiding in

a poly(A) tail are indicated by poly(A) stretches. Four domains are detected, demonstrated below the exon numbering: PiyWR@dmaj PHD-type zinc finger
domain and SET domain. cDNA length scale and the corresponding length of genomic sequence are shown at the very bigitmen of the f

caused by the loss of more than one geriég8%86 of WHS cases, units within this candidate gene region. In the present report, we
ade novadeletion of 4p16 in one of the parents’ germ cells hadescribe a novel developmental gene two-thirds of which maps
occurred. In(115%, the deletion is the result of an unbalancedéh the distal part of the WHSCR. We have designated this gene as
translocation in the affected child transmitted by one of th&VHSC1for Wolf—Hirschhorn_gndrome_andidate 1WHSC1
parents carrying a balanced 4p translocation. During embryonieas identified initially due to the high similarity of the translation
development, haploinsufficiency of genes influencing morproduct of an expressed sequence tag (EST) contig Hs.110457,
phogenesis often has profound effects and may lead to a brdadated in the 165 kb WHSCR and previously not reported, with
range of phenotypic features such as found in a number of (micthle so-called SET domain of thgrosophila protein ASH1
deletion syndromes, e.g. Rubinstein—Taybi syndrome (OMIMabsent, mall or fomeotic discs)X5). The SET domain [for
180849; deletion of 16p13.31{), Smith—Magenis syndrome suppressor of variegationnleancer of zeste andithorax (L6),
(SMS; OMIM 182290; deletion of 17p11.2)l1j or velo- see Discussion] is found in proteins which are involved in
cardio-facial syndrome (VCFS; OMIM 192430; deletion ofembryonal developmentl§). WHSC1 merges two of the
22q.11.2) {2). This may apply to WHS as well. If locus control transcripts in the 165 kb region, HFBEP10 and 194164, reported
regions are deleted, gene expression may be disturbed over vergviously by Wrighet al (13). Its expression profile, especially
large distances, i.e. position effects on the boundaries of the tissues affected in WHS and PRDS, and its deduced
coordinately expressed genes. function make it an excellent candidate gene for causal involve-
The gene defect(s) underlying both WHS and PRDS is (ar@)ent in the phenotype of both syndromes.
unknown. Based on the minimal overlap of deletions of different
WHS patients (Figl), the WHS critical gene region (WHSCR) rResuLTS
has been confined to only 165 kb3). This region has been
sequenced completely during the search for the HuntingtdDur strategy to completé/HSC1 (Fig. 1) utilized database
disease genel{). Wright et al reported different transcription comparisons, primarily dbEST and gene prediction programs, to
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Figure 2. RT-PCR analysis ilWWHSC1on RNA. @) Lane 1, 850 bp, primers L/K spanning exons 1, 4, 5 and 6 (on blood-derived RNA); lane 2, 780 bp, primers
CW2/CW3 spanning exons 5-8 (blood); lane 3, 880 bp, primers H/B spanning exons 9, 10, 11 and 13-16 (testis); lane #n8206dspbjpration V/F spanning

exons 7-11 and 13 and 14 (testis); lane 5, 720 bp, primers A/3R spanning exons 16-20 (testis); lane 6, 1600 bp, priner AémiRispanning exons 16—25
(blood); lane 7, 550 bp, primers G/1R spanning exons 24 and 25 (blood); lane 8, 1320 bp, primers 1F/1R spanning exas}0ppBI(binative splicing. Lanes

9 (blood), 10 (heart) and 11 (brain), primers S/F; 550/370 bp spanning exons 12b and 13 and exons 12a and 13 respaoigeh? @ind 13, primers L/W: lane

12, brain, 400 bp spanning exons 1, 2, 3 and 4; lane 13, heart, 230 bp spanning exons 1 and 4. The 100 bp and 1 kis&atidersizzanarkers (left and/or right

of lanes).

design primers for RT-PCR analysis. Using overlapping RT-PCR Alternative splicing was found for exons 2 and 3 (Higsd

sets, starting from the' nd, we extended the gene in the 52c). RT-PCR between exons 1 and 4 (primers L/W) produces a
direction until we failed to obtain 4p16.3-derived amplificationmajor 280 bp product on blood, pancreas, testis and heart RNA,
products. Transcription covering the entire gene could band a 400 bp product on brain material (Big.lanes 12 and 13).
detected in adult blood, brain and heart. After a nested PCRhe sequence of the 400 bp product contains exons 1—4, while the
reaction, transcription could also be detected in adult testis apgd0 bp product lacks exons 2 and 3. The EST database contains
pancreas. All RT-PCR products were sequenced and compaksite clone, EST 27266, which only lacks exon 2 (Tapl&hus,

with the genomic sequence to identify the exon-intromt least three different splice form3@HSCIexist in this region.
boundaries (Figl). Finally, we used'Sand 3 RACE, northern  \WWHSC1shows dbEST matches for the region spanning exons
blotting andin situ hybridization on mouse and human embryol—12a and 20-25. Exons 13-19 are not represented in dbEST
sections to characterize the transcription and expression profile@ble2). The exon 1-12a matches are with sequences derived
WHSC1 mostly from random-primed cDNA libraries of human, murine
and rat origin, and they do not form a single contig. Another group
of EST matches is found with genomic sequences starting and/or
ending in intronic sequences, often flanking oligo(dT) or

The entireWHSC1gene measures 90 kb, is transcribed fro ligo(dA) stretches. Some of these are derived from the opposite

telomere to centromere and extends for 60 kb into the telome (@nslt.:rlpg(g]flkstrang,\(l;ab@. T(I;ese dES;I’s probably represent
end of the 165 kb critical region. It contains 25 exons, togeth -?p iced i S otrh —prllrge 13pro ucts. lex. S
encoding an 8 kb cDNA. The ATG translation start codon lies in ranscription in the €xon 19-25 region IS very complex. Some
exon 4 preceded by a6ntranslated region (UTR) of >400 bp transcripts contain either one of two alternatively spliced exons

; 2, while others terminate here using either of two alternative
(Fig. 1, Tablel). The exons vary between 82 and 3565 bp, thd2: LD - o
introns between 132 and 13 718 bp. Exon 14 does not fulfil tHRP1Y(A) addition sites. Exon 12, identified through EST zr01a04,

GT rule at the Bsplice donor site. It contains a GC dinucleotide US€S o splice donor sites yielding exons of 94 and 227 bp
a donor site which occasionally has been found in other gen&gSPectively (12aand 12b, Fig Tablel). Expression of exon 12
e.g. in exon 30 of the Duchenne muscular dystrophy @éhe 'S only detectable using a primer located in this exon @hg.
The splice donor site of exon 14 is functional, since RT-PCH@nes 9-11). In contrast, PCR across exon 12, e.g. from exon 7 to
covering this exon consistently yields unique products including® [V/F (Fig.2a, lane 4)], yields only products without this exon.
this exon (Fig2a, lane 4). An alternatively spliced exon was found by sequence analysis
The most 5dbEST match ofVHSClis EST 27266 (Tablg).  of CDNA clones HFBEP10 and zv63h03 which terminate in
Using a forward primer designed on more upstream EST match#§ron 11'. HFBEP10 contains exons 7 (in part), 8, 9 and 10
(k3378, k3397 and 3435 in cl75b9a) in combination with severdipliced to 11b, and has a total size of 3613 bp. Another clone, EST
reverse primers located in exons 4 (FigW and M) and 6 zv63h03, ends in a poly(A) tail 646 bp downstream of exon 11,
(Fig. 1, K), we have not been able to ext&dBSCIfurtherinthe ~ preceded 37 bp upstream by a perfect AATAAA poly(A) addition
5 direction. Some amplification products were obtained, but thefiignal (Fig.1, Tablesl and2). This polyadenylation site could be
sequence showed that they were artefactual products, not derigsifirmed by 3RACE PCR on heart and brain mRNA. To find
from 4p16.3. Similarly, SRACE using human fetal brain and out whether the ‘intronic’ exon 11b is evolutionary conserved, a
adult testis cDNA (Marathon Ready kits; Clontech) with a rang&outhern blot with DNA from a range of species was hybridized
of primers spread throughditHSC Ifailed to extend the cDNA  with HFBEP10. Human DNA shows two hybridizing bands of
sequence upstream of exon 1. Only after nested PCR were sofrf® kb (prominent) for exon 11b and 3.8 kb (weak) for the exon
PCR products obtained, but these where unspliced genomicsegment (345 bp). Cross-hybridization was detected in cow,
products, not extending/HSC1in the 5 direction. dog, mouse, rat and primate (F)y.

Characterization of WHSC1
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Table 1. Sequences and positions of exon—intron boundaridgH8C1

Exon no. Intron (3) Exon (8) Exon (3) Intron (8) Size (bp) Cosmid Position

1 TAACTG gtaatt (=40) cl184d6 143 239-14 200

2 ttgcag AGACAA CACGAG gtgggc 180 cl184d6 14 938-14 759
3 cctcag CTGTCT TCAGAG gtcagg 175 cl184d6 7888-7714

4 ccatag TGTTCT AAAAAG gtattt 626 cl184d6 6485-5858

5 tttcag ATTCCA TTAAAG gtattg 163 cl184d6 2893-2731

6 aactag GTCAGA ATTAAG gtgata 167 cl190b4 19 885-19 719
7 tcccag CTATTG GATGAG gtcagt 483 cl190b4 18 615-18 133
8 ccacag GTGGTA ACTCTG gtaaac 145 cl190b4 6129-5985

9 tccaag GTAATG CGGAAG gtaatt 119 cl190b4 1610-1492

10 taatag AGAGAC AGGCAG gtaatg 82 cl19hl 38 351-38 270
11 ttacag CAACGA AATGAG gtaaaa 125 cl19hl 37 148-37 024
1la ttacag CAACGA 227 cl19hl 37 148-36 922
11b ttacag CAACGA 2922 cl19hl 37 148-34 227
12a taacag CTTTTG CTGCAG gtggcg 94 cl19hl 34 463-34 370
12b taacag CTTTTG ACCAAG gtaaga 227 cl19hl 34 463-34 237
13 ctctag GTCTCG TGCCAG gtgagg 132 cl19hl 25 731-25 600
14 ccgcag CTGTGT CCTCAG gcaagt 124 cl19hl 24 719-24 596
15 tgttag GGATTC CAAAAG gtacag 200 cl1oh1 23 502-23 303
16 cttcag GTAAAA CCAAAG gtgagg 180 cl19hl 21 666-21 487
17 ttgcag GGGGGA CTACAG gtgtga 157 cl19hl 21 134-20 978
18 taatag ATGGTG AAAACG gtacgg 206 cli9hl 20 844-20 639
19 ttttag CACTGC ATCAAG gtggcg 104 cl19hl 18 894-18 791
20 ctgcag GTGAAT AGAAAG gtatgt 270 cl19hl 17 356-17 087
21 ttccag GGAGAA GACAAG gtaatg 117 cl19hl 15 792-15 676
22 ttacag GACCGT CTGCAG gtacaa 142 cli9hl 1956-1815

23 tcccag GGACGG CCAAAG gtaagg 107 cl19hl 1525-1419

24 ctctag ACCTCG CCTTCG gtgggt 205 cl19hl 344-140

25 ttgcag GGAAGT 1159 cl96a2 33 362-32 204
25a ttgcag GGAAGT 3565 cl96a2 33 362-29 797

For every exon—intron boundary, six nucleotides each are given.

Also at its extreme '3end, WHSC1appears to utilize two of cDNA, it is not surprising that no clone connecting the two
alternative poly(A) addition sites (Takil, represented by two contigs was present. Only 500 Bp8WHSC1 at bp 29 277 of
EST contigs. The first EST contig (Hs.110457) spans exorgd96a2, maps the’ nd of another gene, transcribed from the
20-25, and ends at a polyadenylation site located at bp 32 20bjoposite strand [EST contig Hs.21771, containing transcripts
cl96a2. This site, not preceded by an obvious consensus poly(33282 and 267784 of Wrigbt al (13)].
addition signal, is found in five human and five murine ESTs Between exons 4 and 2B/HSC1contains a 4095 bp open
(Table 2). The second EST contig [Hs.19416, containingeading frame (ORF) encoding a putative protein of 136 kDa
transcript 194164 of Wrighet al (13)] ends 2.4 kb further followed by a 3UTR of 3294 bp. Alternative splicing of exons
downstream, at bp 29 796 in cl96a2, and is preceded by anand 3 does not result in additional translation products.
AATAAA poly(A) signal 31 bp upstream. This contig contains 22Transcripts using the alternative poly(A) addition sites in exon
human and three murine transcripts and spans 2.3 kb. It is ddia and 11b (Tablelsand2) would contain a translational stop
interrupted by introns, has no coding potential, detects rat cDNA bp 1887 (6 bp of ‘intron 11°), yielding a 62 kDa protein,
similarities in the various databases and misses overlapping withnscripts containing exon 12 would end at bp 1941 (60 bp of
the first contig by 684 bp. Since EST contigs rarely span >2 kéxon 12), encoding a 64 kDa protein with 20 novel amino acids.
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Exons ESTs Remarks

1,34 EST27266

4 HBMSF1D9

4-11 zv63h03 (758357) internal deletion exon 4-PoBy(A) 646 bp downstream of exon 11
5-7 EST111365 rat (reverse)

i5 ys11f05 27616-26811, ends in genomic dA stretch

6-7 45h5 (W28349) starts in intron 5, ends in intron 7

6-7 zr01a04 unspliced; Bnd in intron 5, 3in intron 7 dA stretch

7 EST05750 HMG homology?

7-8 EST28510

7-9 ztd05d09.r1

i7 yv67d10 intronic, ends in genomic dA stretch

9-12a mw14h01.r1 murine, exon 2561 bp downstream in intron 11

10 zs25f05 antisense, primed at intron 9 dT and intron 10 dA stretch
11-12a HUMEST6H1

20-25 2077911, zm24f01, zm13b05, z078d05, z0659g02.r1, zf12c1l ending in poly(A) tail at 32 205, gEkbgded by AATATA
20-22 mh09c05.r1 murine

22-23 mi55h10.r1 murine

25 mg09f12.r1, mi51h05.r1 murine

25 zs47904.s1, aa61g04.s1 ' eBd antisense, 8nd not on chromosomé 4

25a EST17737, EST36779, EST60207, EST64437, EST70993, covers 32 203-29 796: ending in poly(A) tail, 31 bp 5

nf65b08.s, nf68c05.s, nh82c06.s, nk39a02.s, nn40all.s,

zd48f12.s,zn34b11, ye76b09, yg46e03.r, ym59al2.r, yp61c04.r,

yp84903, yr11g06, yr13c09.r, yr25c04, yr72b04.r, yr76b04

receded by ATTAAA

20n the opposite strand, bp 32530-33021 of cl96a2, exon 25 has an exact match ititbéBSTs zs47g04 and aa61g04. These ESTs, part of a large EST contig,
seem not to originate from chromosome 4 since theieGuences show no homology with any of the 2 Mb chromosome 4 sequences known from this region.

Northern blot analysis

Northern blot analysis with different RT-PCR probes dispersed
over WHSC1using human adult and fetal multiple tissue blots
(Clontech) revealed a complex transcription pattern (#ig.

Main transcripts of 9 and 6 kb were recognized with all probes and
in most tissues. The size of the 9 kb transcript indicates that the

8 kb WHSC1cDNA sequence described here misses some
0.5-1 kb of untranslated sequence, probahhSknilarly, the
transcripts initiated from the same promoter but ending in ‘intron

11’ (i.e. using exons 11a or 11b) would have sizes of 5.2 and

2.6 kb respectively. Using the exon 1-4 probe (L/M, 500 bp
product derived from blood RNA), transcripts[d.5 kb were

kb CDMRPH
23.1-
94- 4
[ .
B Ll
i | ke
75, [ .

Ly

detected in all tissues, whereas the 9 kb transcript was observed

only in heart.
Expression is most diverse in fetal tissues @hy.At least five

transcripts were detected, ranging in size from 3.7 to >10 kb usirfg

an exon 7-11b cDNA probe. Fetal brain contained the mo

gure 3. Zoo blot analysis with HFBEP10. Zoo blot containinggdof DNA
gested witfEcaRI. The filter is hybridized non-radioactively with the 3.6 kb
FBEP10 cDNA clone, the signal was detected using an anti-fluorescein

complex pattern, with transgripts of 3.7,45,9,10 kb and a uniqugkaline phosphatase conjugate. C, cow; D, dog; M, mouse; R, rat; P, primate;
>10 kb transcript. Adult brain transcripts appear to be a subset &f human.

those in fetal brain. The major 9 kb transcript was detected in all
fetal and adult tissues examined, the 6 kb transcript in fetal livetearly detectable in tissues of the inner organs such as kidney,
and kidney only (Fig4c). lung, pancreas and liver.

Hybridization of the exon 20-25 probe (1F/1R, 1300 bp To exclude that transcripts were derived from other, homolo-
product derived from testis RNA) uniquely revealed a 3.5 kigous genes, a chromosomal hybrid mapping panel was hybrid-
RNA in all tissues examined (Figla). Expression of all ized with the exon 7-11b probe. The results show a 100%
transcripts was very prominent in skeletal muscle and heart andncordance, with a unique localization on chromosome 4.
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Figure 4. Expression o¥WHSC1 northern blot analysis. Northern blots containingg2f poly(A)* RNA from various human adult or fetal tissues were hybridized
with different RT-PCR products and the cDNA probe indica@dAdult tissue blot hybridized with RT-PCR probe 1F/1R spanning exons 2&)yZ=etél tissue

blot hybridized with cDNA clone HFPEB10 spanning exons 7-1XAdult tissue blot hybridized with cDNA clone HFPEB10 spanning exons 7—11b. Br, brain;
H, heart; Ki, kidney; Li, liver; Lu, lung; Pa, pancreas; Pl, placenta; Sm, skeletal muscle.

Furthermore, we can exclude the existence of homologous gen@sCUSSION
elsewhere on chromosome 4 since only the knBvSC1
hybridizing fragments were detected (Rglane H). WHS is typically caused by large deletions of the distal short arm
of one of the chromosomes 4. The critical region previously has
been confined to 165 kb, and nine potential transcriptional units
have been described in this intervaB) Several genes may
RNA in situ hybridization on embryonic mouse sections jointly contribute to the WHS phenotype. We have characterized
a novel geneWHSC) covering 60 kb of the 165 kb critical
) region and merging two of the transcription units reported
To analyse the developmental pattern of expressitt6Cl  recently in the WHSCR, HFBEP10 and 194164. Its location, the
we performedn situhybridization on mouse embryo sections ofpature of the motifs in the encoded protein, and the expression
different developmental stages (E10.5, 12.5, 13.5 and 16.5 p.grhfile in human and mouse embryos imply that hemizygous
and human embryos (developmental days 52-56). We usggletions of this gene might be responsible for many of the
353-labelled antisense and sense RNA probes covering differ ysical and neurological features in WHS.
regions ofWHSC1 Identical expression patterns were obtained Qur results indicate that the expression oMHeSClgene is
using a human probe containing exons 1, 4, 5 and 6 (L/K, 850 bgbmplex, showing, apart from the major consistent transcripts of
murine exon 9—12a probe (H/S, 280 bp) and murine exon 20-28aand 6 kb, many different transcripts in different tissues.
probe (mF/mR, 1 kb) on mouse sections (Figand 5).  Alternative splicing, both between and within tissues, affects
Hybridization of the human probe L/K to human embryonicexons 2, 3, 11 and 12. Since the length of exons 2, 3 and 12 is
sections displayed an essentially similar but weaker signal. Thgther small, 100-230 bp, it is unlikely that their alternative
negative control with human probe L/K to human sectiongplicing yields transcripts of lengths which can be discriminated
yielded a weak signal in the outflow region of the heart. on northern blots. However, alternative polyadenylation of exons
Figure5al shows the expression pattern using the murine exana and 11b should yield transcripts differing some 2.2 kb in size.
9-12a RNA probe at developmental day 13.5. It stronglgimilarly, the two polyadenylation sites used for exon 25 should
hybridizes specifically to brain, ganglia and neural tube, to thgield differently sized transcripts depending on the respective
anlage region of the jaw, to the frontal face region including thgoly(A) addition site used. Finally, based on the complex
developing upper and lower lip, to intestinal and lung epitheliumexpression patterns observed on fetal and adult northern blots,
to liver and to the adrenals and the urogenital system. Figuee  WHSClexpression is most likely also driven by more than one
shows detailed pictures of the expression pattern in brain (gromoter.
ganglia, adrenal and epithelium of the intestine (d), and in the The WHSCzencoded protein reveals homologies to members
liver and the lung epithelium (e). At day E10.5, expression ief several protein families. This suggests WatSClproduct is
highly specific throughout the developing nervous system (Figa DNA-binding protein, most likely a transcription factor or
5b). The negative (sense) RNA controls showed no signal witto-regulator. At amino acid position 211-295, #héiSC1
any probe—section combination (F#g2). Some tissues, such asencoded protein contains a highly conserved region which we
the liver, the dorsal ganglia and the fifth ganglion in the brairhave designated the PWWP domain (for the proline—tryptophan—
show relatively even expression, while other tissues, e.tryptophan—proline motif in the consensus amino acid sequence)
epithelium of the gut and lung, show a marked inward—outwar(see Fig.6). This domain has been noted but not described
gradient, suggesting that rapidly growing layers in these tissu@roDom database, 1D14260). It is also present in the G/T DNA
have a higher expression than their surroundings. mismatch repair gen®SH6 product causing non-polyposis
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Figure 5. RNA in situ hybridization on sagittal mouse embryonic sectiossHf/bridization of murine antisense (al) and sense (a2) RNA probes generated with
primers H/S (exons 9-12a, Fig. 1) to mouse sections of developmental day 13.5 p.c. Expression is very prominent in iseagdaméiedirain, in the fifth ganglion
(ganglion trigeminale) and optical nerve. Enhanced expression is also detected in the margin of the frontal facial region ftiming the lip, the region of the
developing jaw, the epithelium of lung and gut, the liver, the genitourinary system and the adeHsglzidization of a murine antisense RNA probe generated
with primers mF/mR (exons 21-25) to mouse sections of developmental day 10.5 p.c. It demonstrates specific expresaimhtimtmainral tube. In detail: specific
expression in the brai)(and epithelium of the intestine and ludigahde). a, adrenal; ie, inner ear; glt, ganglion trigeminale; gt, genital tubercle; h, heart; j, jaw;
lu, lung; li, liver; II, lower lip; lu, lung; mg, midgut; on, optical nerve; re, rhombencephalon; spgl, spinal ganglientepealon; ub, urinary bladder; ul, upper lip;
umg, umbilical midgut; arrows indicate the developing region of the frontal face.
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colorectal cancer (HNPCC)1§), in the hepatoma-derived suggest thatVHSClencodes a protein which plays a substantial
growth factor (HDGF)19) and in a 17g-derived EST expressedrole in transcription regulation of genes involved in embryonic
in lymphocytes Z0). development.

Amino acids 459-503 show homology with the HMG box 2. We have collected a set of seven patients with many features
HMG proteins are grouped in three families, HMG-1/-2,characteristic for WHS or PRDS. To date, we have not been able
HMG-14/-17 and HMG-I(Y). HMG boxes facilitate DNA to detect any gross deficiencies nor microdeletions or point
interactions and have been found in many proteins includingutations focused on the domains recognized in the protein
RNA polymerase | transcription factor UBF (upstream bindingequence. A silent third base change from C to T was found in one
factor), the mammalian testis-determining factor SRY and twof the patients in exon 22. Since most WHS/PRDS patients carry
mitochondrial transcription factor@1). HMG boxes are DNA- extensive 4pl6 deletions and lack this gene completely, the
binding domains, causing a 1'36end of the double helix. HMG question arises if small mutations in this single gene would
proteins are positively correlated to cell proliferation. Highalready yield the characteristic WHS phenotypical spectrum or
homology (36% identity, 52% similarity) is observed between thevhether the deletion of more genes is required.
WHSC1%encoded protein and the HMG2 box in BF1_human Apart from the facial hallmarks, WHS patients suffer from
nucleolar transcription factor 1 (UBF-1, autoantigen NOR-90jnultiple malformations which arise during the first trimester of
(22), TETPY (Tetrahymena pyriformjs HMG non-histone development. These malformations affect the CNS (micro-
chromosomal proteir2@) and a gene product Gaenorhabditis  cephaly, hypotonia, seizures), eyes (widely spaced, round), ears
elegans C26C6.1 24). (low set), mouth (cleft lip/palate, fused teeth), extremities

The PHD-type zinc finger_{@nt-lromeo@main) is located at (overlapping toes), genitourinary system (hypospadia, cryptorch-
position 833-875 of the WHSC1 protein. This domain has beésm) and heart. The results of ihesitu hybridization on murine
found in a series of proteins of different species: human ATRXmbryonic sections demonstrate expression in many of these
protein (dpha-halassaemia mentatardation syndrome,-fked, tissues as early as day 10.5. The temporal and spatial multi-
with genital abnormalities and facial dysmorphism), human FACsrganic expression pattern provides independent support for the
fetal protein (fetal Alz-50-reactive clone 125, human involvement of WHSC1 in the development of the WHS
KRIP-1(KRAB-A interacting _potein; KRAB-A: Krippel- phenotype, besides its location. The brain, jaw and genitourinary
associated &ix A) (26), human Mi-2 immune autoantigen, a nuclearsystem show gene expression corresponding to affected organs in
protein @7), AIRE (autoimmune rgulator), a recently cloned gene WHS. For example, brain anomalies cause developmental delay,
responsible for APECED syndrom28(29), human TIF1 gans-  while midline fusion defects of the developing jaw and genito-
criptional ntermediary dctor 1) andC.elegansgene C44B9.4. urinary region may lead to cleft lip/palate and hypospadia. Also
ATRX is thought to influence gene expression by affectinghe distinct inward—outward gradients observed in several tissues
chromatin 80). KRIP-1 is a member of a group of proteins whichand the overall abundance in rapidly growing, not yet differen-
are known to play important roles in differentiation, oncogenesis atidted structures suggest th&&HSC1may well be involved in
signal transduction. It probably interacts, like TIF1, with proteingletermining as yet unknown morphogenetic gradients, as are
essential for transcription regulation. The function of the TIFnany other transcription factors. Typically, the actions and effects
proteins appears to be as a mediator of ligand-dependent activatidrsuch proteins are highly dosage sensitive, which would be
which acts on the basal transcription machingty. ( consistent with a haploinsufficiency model for the protein(s)

The SET domainl(p) at position 1074-1180 consists(d40  affected in WHS. The complex pattern of tissue-specific tran-
amino acids and has been identified in a large range atription initiation, splicing and polyadenylation would present a
transcriptional/developmental proteins from diverse organisnmsgnificant potential source of further inter-individual genetic
(15): human ALL1 (acute lymphocytic leukaemia) proteifl)(  diversity at the transcript and protein level. Indeed, this variability
in ORFKGL1T, a hypothetical human proteigd), in three would present an attractive mechanistic explanation for the
ASH1-related Drosophila proteins TRX (TithoraX) (33), generally observed phenotypic variation in haploinsufficiency
SUVAR 9 (swpressor of_vaegation 9) and_rmhancer of (deletion) syndromes. This would link the natural genetic
zeste/polycomb [E(2)]1(6,34,35), in HRX (human homologue of diversity of the expression levels of genes on the non-affected
TRX, human and murine36,37), in two predictedC.elegans chromosome to clinical variation caused by deletion on the
genes?4) and two yeast ORF8§,39). Highest homology (44% homologous chromosome.
identity, 64% similarity) of the WHSC1 SET domain occurs with Finally, an apparently unrelated recent finding is well worth
ASH1 of Drosophila melanogasteMutations in theashlgene noting. Patients with multiple myeloma (MM) suffer from tumours
cause misdevelopment in a number of orgal¥asophila e.g.  which destroy bone marrow structures especially in the skull,
transformation of the halters to wings, genitalia to legs, first leglavicles, sternum and vertebrae. Recent reports describe t(4;14)
to second leg, etc4(). Nilsowet al (41) created a null mutant (p16.3;932.3) translocations in a significant fraction of primary
in the fission yeassET1gene displaying morphological abnor- tumours and tumour-derived cell lines of MM patients located <100
malities, cell growth and sporulation defectsDiosophila the kb centromeric of thEGFR3gene in 4p16.3. Several of these map
‘enhancer ofzesté gene has a negative regulator function ofin cosmids cl75b9, cl184d6 and cl19082,43). As deduced from
segment identity genes of the Antennapedia and Bithorake cloned and sequenced breakpoints, we conclude that three of the
complexes §4,35). The SET domain genes are a highlybreakpoints disrupt tH&/HSClgene: two in intron 4 (i.e. cell lines
conserved family encoding proteins which influence transcripNCI-H929 at bp 4127 and JIM3 at bp 3491 in cosmid cl184d6) and
tion by changing chromatin-mediated regulating mechanismane in intron 5 (cell line OPM2 at bp 23 665 in cosmid cl190b4). In
leading to secondary effects on developmental programmes. these cases, transcripts are expected which fuse eithérégmb
combination with the expression profile WHSC1 the protein  of thelgH locus (14932, switch region of the heavy chain gene) with
domain homologies, in particular with the SET domain, stronglyearly the entirdVHSCIgene [der(4)] or the' SVHSClgene region
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MEFSIKQSPLSVQSVVKCIKMKQAPEILGSANGKTPSCEVNRECSVFLSKAQLSSSLOEG 60
VMQKFNGHDALPFIPADKLKDLTSRVFNGEPGAHDAKLRFESQEMKGIGTPPNTTPIKNG 120
SPEIKLKITKTYMNGKPLFESSICGDSAADVSQSEENGQKPENKARRNRKRSIKYDSLLE 180

4 % 5
QGLVEAALVSKISSPSDKKIPAKKE SCPNTGRDKDHLLKYNVGDLVWSKVSGYPWWPCMV 240
EST 17907 SNNGSVHVKFQVG VWSKVGTYPWWPCMV
028946 MSH6 TSCDFSPGDLVWAKMEGY PWWPCLV
P51858 HDGF MSRSNRQKEYKCGDLVFAKMKGYEHWPARI
5 %6

SADPLLHSYTKLKGQKKSARQYHVOFFGDAPERAWIFEKSLVAFEGEG FEKLCXESAKQ 300
SQKQIEVHVKI--N-TRGAREYHVOFFSNQPERAWVHEKRVREYKGHK
YNHPFDGTFII--REKGKSVRVHVOFFDD PTRGWVSKRLLKPYTGSK KEAQKG
EMKEAAVKS----- K- STANKYQV FFGTHETAFLGPKD ——————— *E KE

6 % 7
APTKAEKIKLLKPISGKLRAQWEMGIVQAEEAASMSVEERKAKFTFLYVGDQLHLNPQVA 360
KEAGIAAESLGEMAESSGVSEEAAENPKSVREECIPMKRRRRAKLCSSAETLESHPDIGK 420

7 %8
STPQKTAEADPRRGVGSPPGRKKTTVSMPRSRKGDAASQFLVFC KHRDEVVAEHPDASG 480
X53461 UBF ——IFS EKRRQLOEERPELSE

P40625 HMG FFLFKQHNYDQVKKENPNAKI
Ce 272503 YILFSAEVRKRIMHENPDAGF

8 9

EEIEELLRS&WSLLSEK%RARYNTKFALVAPVQAEEDSGNVNGKKRNHTKRIQDPTEDAE 540
ELTRLLARMWNDLSE

TELTSMIAEKWKHVTEKEKKKY

vaSKIVGIEWKKLSgEQKKH¥

9 % 10 10 ~ 11
AEDTPRKRLRTDKHSLRKRDTITDKTARTSSYKAMEAASSLKSQAATKNLSDACKPLKKR 600
11 ~ 13
NRASTAASSALGFSKSSSPSASLTENEVSDSPGDEPSESPYESADETQTEVSVSSKKSER 660
13 % 14 14 = 15
GVTAKKEYVCQLCEKPGSLLLCEGPCCGAFHLACLGLSRRPEGRFTCSECASGIHSCFVC 720

15 % 16
KESKTDVKRCVVTQCGKFYHEACVKKYPLTVFESRGFRCPLHSCVSCHASNPSNPRPSKG 780

16 N 17
KMMRCVRCPVAYHSGDACLAAGCSVIASNSIICTAHFTARKGKRHHAHVNVSWCEVCSKG 840
U05237 FAC1l HCRVCHKL
067303 KRIP1 WCAVCONG
AAO066884 AIRE1 ECAVCRDG

*  kok

17 % 18
GSLLCCESCPAAFHPDCL---NIEMPDGSWFCNDCRAGKKLHFQDIIWVKLGNYRWWPAE 897
GDLLCCETCSAVYHLECVKPPLEEVPEDEWQCEVC
GELLCCEKCPKVFHLSCHVPTLTNEPSGEWICTEC
GELICCDGCPRAFHLACLSPPLREIPSGTWRCSSC

. . . '*. * . *  x . * K *
VCHPKNVPPNIQKMKHE IGEFPVFFFGSKDYYWTHQARVFPYMEGDRGSRYQGVRGIGRV 957
18% 19 19 20
VKNALQEAEARFREIKLQREARETQESERKPPPYKHIKVNKPYGKVQI!TADISEIPKCN 1017
CKPTDENPCGFDSECLNRMLMFECHPQVCPAGEFCQNQCFTKR?YPETKIIKTDGKGWGL 1077
M31617 TRX GRGL
U49439 ASH1 GWGV
Cel3875 GWGL
*
20 N 21 21 % 22
VAKRDIRKGEFVNEYVGELIDEEECMARIKHAHENDITHFYMLTIDKDRIIDAGPKGNYS 1137
YCTKDIEAGEMVIEYAGELIRSTLTDKRERYYDSRGIGC- YMFKIDDNLVVDATMRGNAA

RTKLPTAKGTYILEYVGEVVTEKEFKQRM-ASTYLNDTHHYCLHLDGGLVIDGQRMGSDC
YAMESIAPDEMIVEYIGQTIRSLVAE REKAYERRGIGSSYLFRIDLHHVIDA KRGNFA

***

22 w23
RFMNHSCOPNCETLKWTVNGDTRVGLFAVCDIPA~GTELTFNYNLDCLGNEKTVCRCGAS 1196
REINHCCEPNCYSKVVDILGHKHIITFAVRRIVQ-GEELTYDYK
REVNHSCEPNCEMOKWSVNGLSRMVLEFAKRAIEE-GEELTYDYN
RFINHSCQPNCYA KVLTIEGEKRIVIYSRTIIKKGEEITYDYK

23 24
NCSGFLGDRPKTSTTLSSEEKGKKTKKKTRRRRAKGEGKRQSEDECFRCGDGGQLVLCDR 1256

24 N 25
KFCTKAYHLSCLGLGKRPFGKWECPWHHCDVCGKPSTSFCHLCPNSFCKEHQDGTAFSCT 1316
PDGRSYCCEHDLGAASVRSTKTEKPPPEPGKPKGKRRRRRGWRRVTEGK*RQAA 1370

Figure 6. WHSClencoded amino acid sequence, starting with methionine at position 1, and alignment. Evolutionarily conserved regioaitedreyiraditerisks,
evolutionary conservation for three amino acids and amino acids which are functionally equivalent are indicated by detsn Erondaries are given by arrows.
Abbreviations are explained elsewhere. Domains of the following proteins are shown. PWWP domain: WHSC1, position 211896t S8 position 81-162;
P51858 (human HDGF), position 1-78; U17907 EST 17q, position 96-180; HMG box: WHSC1, position 459-503; X53461 (human Eliéh1)16e456;
P40625 (HMG;T.pyriformis SGC5), position 18—-60; Z72503.elegansosmid C26C6.1), position 1196-1238. PHD finger: WHSC1, position 833-873; U05237
(FAC1), position 239-297; U67303 (KRIP-1), position 627—669; AB006684 (AIREL), position 298-340. SET domain: WHSCL1, poéitidr800M31617 (TRX),
position 3632—-3759; U49439 (ASH1), position 1385-1490; U138#€ganssosmid C26E6.9), position 1674-1780.
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WHSC1 gene on chromosome 4p16.3
119004

cl184d5

\ / breakpoints in WHSC1 in introns 4 and 5

chromosome 4 X ]

p q

IgH locus on chromosome 14g32.3

chromosome 14 00

der(14) =0

5'Su WHSC1 exons 4/525 | cen tel  [FGFR3 WHSC1 exons 1-4/5 35y 3E J cen
T4g 4P N 4p 14q 5\
= 2 & — - v
5'IgH - 3 WHSC1 fusion gene FGFR3 5 WHSC1 - IgH 3' fusion gene

Figure 7. (4;14) (p16.3;932.3) translocation in multiple myelomas. YpSC1lgene on chromosome 4p. MiddigH locus on chromosome 14q. Bottom: at the
left derivative chromosome 4; at the right derivative chromosomé E4.33enhancer; 5E, 8 enhancer; V-D-J, variable region, diversity genes, joining segments;
Cy, isoform of the constant regiong Sswitch region on thé&gH locus.

with the 3 IgH locus [der(14)] (Fig.7). Depending on the  For PCR, we used @ of cDNA in an PCR end volume of
translational consequences, these rearrangements are capabl@&6d@pl, 1x Amplitaq buffer, 20uM dNTPs, 1.3 mM MgGland
generating fusion proteins. Most of the other breakpoints lie 10-307 U of Amplitagragpolymerase. Briefly, 30 cycles each of 30 s
kb upstream, probably disrupting an as yet undetecteddbof at 94 C, 400 s at an annealing temperature between 53 4@ 60
WHSC1and/or its transcription regulatory region. Up-regulation oand an extension time depending on the size of the expected PCR
theFGFR3gene, present 70 kb distally on the der(14), was observéthgment between 30 s and 3 min were carried out. First delay at
in seven out of the eight (4,14) MM translocations. This led to the4°C for 1 min, last delay at 7Z for 5 min was used. RACE
proposal that th&GFR3 gene should be a candidate oncogené?CR with Marathon ready cDNA (Clontech) was carried out
controlled by the '3Cu enhancer. Our data indicate that fusion ofaccording to the protocol of Lureg al (44).

IgH andWHSClgenes and their untimely expression in the myeloid The following primers were used (F, f: forward; R, r: reverse,
lineage driven from the! §gH enhancer might be another event withgiven in the 5to 3 direction.Ty,,: annealing temperature; ISH:
similar profound consequences, e.g. involvementvefSCien-  sijtu hybridization): LF, CCTAGAACCACTGGTAACTC T

coded proteins in the clinical heterogeneity of MM. 51.3°C; LF(ISH), [T3f]-ACCTAGAACCACTGGTAACTCTT;

WR, CATCCAGCCCAGATGCTTCCGTTCT, 71.8°C; MR,
MATERIALS AND METHODS CAGCAGCACTGTCACCACAAATGG, T, 69°C; KR, CTG-
RT-PCR TACGTGATACTGGCGTGCACTC, Ty 67.1°C; K(ISH),

[T7r]-CTGTACGTGATACTGGCGTGCACTC; VF, [M13f]-
Based on database homologies and computer prediction, WeGCAGCATCCCAGTTTTTG, Ty 61°C; HF, GGACGGA-
designed >40 primers spread oW#HSC1 RNA of adult brain, CAAGCACAGTCTT, Ty, 60.3C; H(ISH), [T7r]-AGRRCR-
blood, heart, testis, spleen and/or kidney was used for first stra@AYAAGCACAGTCTT, SF(ISH), [T3fl-ACTTGACTGRT-
cDNA synthesis by incubating 18 of total RNA and ig of GTGGGCTCC; SF, [M13f]-ACTTGACTGRTGTGGGCTCC;
random primer at 65 for 10 min. MMLYV reverse transcriptase, SR, [M13r-ACTTGACTGGTGTGGGCTCCly, 62.5°C; FR,
1x MMLV reverse transcriptase buffer, 10 mM dithiothreitol [M13r]-CGCTGCAGGTGAACCTCCCTTCTGG, Ty, 70°C;
(DTT), 1 mM dNTPs (Pharmacia) and 40 U of RNAsinBR, GAAGCACCAGCTCACGTTGAT,60°C; AF, AACAG-
(Promega) were added and incubated aC4far 1 h. CATCATCTGCACTGC, Ty, 60°C; 3R, TCCTGTTCAGA-



CACTCCGAA T 60°C; 1F,CAGATGAGAATCCTTGTGGC,
Tm 60°C; 1R, AAATTCAAGTGTGGCGGTAA T, 60°C; mF,
GAGTGTCTGAACAGGA, Tii: 60°C; mR, GTCATGCTCA-
CAGCAGTAG, Ty 60°C; GF, GGCAGCTGGTGCTGTGTG-
AC, T, 60°C.

Primer extensions: M13f, GACGTTGTAAAACGACGGC-
CAGT; M13r, CAGGAAACAGCTATGACCATGA; T3f, CA-
CAATTAACCCTCACTAAAGGG; T7r, CACTAATACGACT-
CACTATAGGG.

RNA in situ hybridization
RNA probes were labelled as described by Mooretat (45).

Human Molecular Genetics, 1998, Vol. 7, No. 7081

HMG protein, P40625; and gene product C26C6Q.efegans
Z72503. Further numbers refer to Figére
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