Mammalian Genome 10, 870-878 (1999).

ammalian
[”G(anome

Incorporating Mouse Genome

© Springer-Verlag New York Inc. 1999

Molecular characterization of radiation- and chemically induced
mutations associated with neuromuscular tremors, runting, juvenile
lethality, and sperm defects injdf2 mice

Mitchell Walkowicz, ** Yonggang Ji,®> Xiaojia Ren,*** Bernhard Horsthemke, ® Liane B. Russell?
Dabney Johnson® Eugene M. Rinchik,! Robert D. Nicholls? Lisa Stubbs**

1Life Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8077, USA

“Department of Genetics and Center for Human Genetics, Case Western Reserve University School of Medicine and University Hospitals of
Cleveland, Cleveland OH 44106, USA

3Institute for Human Genetics, University Clinic Essen, D-4300 Essen 1, Germany

Received: 11 March 1999 / Accepted: 30 April 1999

Abstract. The juvenile development and fertility-2df2) locus,  with deformed heads and multiple tails have also been observed
also called runty-jerky-sterilerj§), was originally identified  (Hunt and Johnson 1971). Althougit"/p®" females are fertile,
through complementation studies of radiation-indugédcus mu-  reproductive features associated with immaturity, such as the pres-
tations. Studies with a series of ethylnitrosourea (ENU)-inducedence of polyovular follicles and absence of corpora lutea, have
jdf2 alleles later indicated that the pleiotropic effects of these mu-been documented in ovaries of adpft' mutant mice (Melvold
tations were probably caused by disruption of a single gene. Ret974). Pituitary defects observed in association with cerpain
cent work has demonstrated that {dé& phenotype is associated linked juvenile-lethal alleles have been suggested as contributing
with deletions and point mutations Herc2,a gene encoding an factors in reproductive and growth defects observed in these ani-
exceptionally large guanine nucleotide exchange factor proteimals (Melvold 1975; Johnson and Hunt 1975).

thought to play a role in vesicular trafficking. Here we describe the  Studies with the ENU-inducep-region mutations have since
molecular characterization of a collection of radiation- and chemi-provided compelling evidence that the neurological abnormalities,
cally inducedjdf2/Herc2alleles. Ten of the 13 radiation-induced genital hypoplasia, sperm head defects, and reduced fitngS§' of
jdf2 alleles we studied are deletions that remove specific portionsind p'-mutations are due to disruption of a single genetic locus,
of the Herc2 coding sequence; DNA rearrangements were alsccalled juvenile development and fertility 2df2; Rinchik et al.
detected in two additional mutations. Our studies also revealed thdt995). Recently, one of the radiation-induagsialleles, p blind-
Herc2 transcripts are rearranged, not expressed, or are present gterile @, was identified as an interstitial deletion in a gene
significantly altered quantities in animals carrying most ofjtif@ located just proximal op and encoding an exceptionally large,
mutations we analyzed, including six independent ENU-inducechovel protein (Lehman et al. 1998). Single-base splice junction
alleles. These data provide new molecular clues regarding the wideutations in this same large gene were identified in animals car-
range ofidf2 andp phenotypes that are expressed by this collectionrying three independent ENU-induc@if2 alleles, providing con-

of recently generated and classigategion mutations. clusive evidence of the link to the phenotype expressegdig/
mice (Ji et al. 1999). Thelerc2gene, so-named because it encodes
a protein with HEET1 and RC1 motifs similar to those contained

in the guanine nucleotide exchange factor (GEF) proké#ncl,
encodes a protein of 4836 amino acids and is thought to play a role
The location of a gene(s) required for growth and survival, fertil- In vesicular trafficking (Ji et al. 1999Herc2is expressed in most
ity, and neurological function in proximal mouse Chromosome 7MOuse tissues with especially hl_gh levels of expression in testis
(Mmu7) was originally deduced through analysisp8f', a radia- anc_i bralr_1 (Lehman et al. 1998;_JI et aI._1999), conS|s_tent with the
tion-induced recessive allele at the pink-eyed dilutiph locus ~ Pleiotropic effects thajdf2 andrjs mutations produce in mutant
(Hunt and Johnson 1971). Although mutations that disruptpthe MIC€. o

gene alone exert noticeable effects only on the coat and eye color Most of the radiation-induced, prenatally or neonatally lethal
of the animal, a number of radiation-inducganutations produce p-locus mutations are now known to be deletions (Johnson et al.
a complex suite of phenotypes similar to that observegfihmice 1995 Lyon et al. 1992), but molecular defects have not been
(Lyon et al. 1992; Russell et al. 1995). These mutations have beefiocumented for the majority of' alleles. Here we report the
termed runty-jerky-sterilerjs) alleles by Lyon and colleagues 2analysis of structure ariderc2gene expression associated with 13
(1992) and p-juvenile lethapt) alleles by Russell and coworkers adiation-induced and 6 ENU-inducgdif2 alleles. Portions of the
(1995). The sterility of males homozygous for these alleles (hereterc2transcription unit are deleted or otherwise rearranged in 12
after referred to ap’ alleles) is associated with reduced germ cell ©f these radiation-induced mutations, including five of pixal-
numbers and with the production of sperm with multiple, abnor-€les and severgp-region mutations that fail to complemept

mally shaped acrosomes. Binucleate spermatids and “giant” sper@il€les but that are associated with homozygogtswr’;e_onatal_ or pre-
natal lethality. One radiation-induced mutati@t?°™® is an in-

B — terstitial deletion that removes 5015 bp of the 15,247Hgyc2
* Present addressLaboratory of Pathology, National Cancer Institute, transcription unit; this mutation is also associated with reduced
NIH, Bethesda, MD 20892, USA pigmentation, suggesting that this interstitial deletion affects se-
** Present addressHuman Genome Center, Lawrence Livermore Na- quences required for the proper expressiopoHerc2is tran-
tional Laboratory, 7000 East Avenue, L-452, Livermore, CA 94550, USA. scribed at anoma|ous|y low levels in animals Carrying five differ-
Correspondence td.. Stubbs at Livermore ent ENU-inducedjdf2 mutations, including two mutations for
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Table 1. Description ofp" andjdf2 alleles and summary of molecular data.

Allele Lethal p Herc2 transcript
(reference) phenotyp@ phenotyp8 Molecular defect (brain)
p*epfiob (1 oy pl p Large deletion removing all dfierc2 andp None detected
p/FREOLb(1 2) nl p Deletion fromHerc2 nt [B300 includingp None detected

pt32¢(1,2) pl p Deletion fromHerc2 nt (3000 includingp None detected
ptiee (1,2) nl p Deletion fromHerc2 nt (3300 includingp size-altered (6,8 kb), normal quantities
P (3) nd p Deletion fromHerc2 nt (2000 includingp None detected
pl7FATWD (1 pl p* Deletion fromHerc2 nt (2600 ending before’send ofp None detected
pt2R250M(] jm p* Deletion fromHerc2 ntf11600 ending before’send ofp None detected
p*t2PTR(1 jm p* Interstitial Herc2 deletion removing 5 kb of coding sequence Size-alteféd kb), reduced quantities
p*ePE (1 pl p* Deletion fromHerc2 nt (110200 ending before’&nd of p Truncated (110 kb), normal quantities
p°PT™W(1,2) jls p Deletion fromHerc2 nt (113300 including 5end ofp Truncated (113 kb) Normal quantities
pto3C (1) jm p* Rearrangement detected witterc2 nt [113300-15247 nd

39DSD (1 jm p" Rearrangement detected witterc2 nt (17000 nd

16CoS(1 jm p" No Herc2 rearrangement detected Normal size and quantities
jdf29325{4,5) nd nd Point mutation dtlerc2 splice junction Size nd; increased quantities
jdf23225{4,5) nd nd Point mutation dterc2 splice junction Size nd; reduced quantities
jdf2850S3(4, 5) nd nd nd Size nd; reduced quantities
jdf21971SI nd nd Point mutation atlerc2 splice junction Size nd; reduced quantities
jdf2874Sd nd nd nd Size nd; reduced quantities
jdf21881S3 nd nd nd Size nd; reduced quantities

2 Classification of juvenile lethal mild (jlm), severe (jls), neonatal lethal (nl) and prenatal lethal (pl), as described by Russell and colli@@g)esad determined formally
only for the Oak Ridge radiation-inducedalleles. Lethal phenotypes fpf" and the six EtNU-inducefilf2 alleles have not been formally determined, as indicated by “nd”

in column 2. Mutationg?FREOLE 132G n116G andpATHO-I gre |arge deletions including ti@abrb3gene and are independently associated with neonatal lethality owing to cleft

palate (Culiat et al. 1993; Johnson et al. 1995).

b pigmentation phenotypes for the ENU-indugei? alleles have not been formally determined (nd), since these alleles were inducgdprhromosomes (Rinchik et al. 1995).
Owing to the predominantly intragenic nature of ENU mutations (Marker et al., 1996), it is highly unlikely thptltices was further mutated in the newly indugei2
chromosomes.

¢ References describing some of these mutations, as indicated in parentheses include 1: Russell et al. 1995; 2: Johnson et al. 1995; 3: Hunt 8id;JahRBuwhik et al.
1995; 5: Ji et al. 1999.

which Herc2 splice junction point mutations have been identified identified and characterized as described previously (Rinchik et al. 1995).
(Ji et al. 1999) and three alleles for which no specific mutationsMus musculus Mus spretusybrid animals and compound heterozygotes
have yet been found. Combined with previously published studiegvolving overlappingp deletions used for genomic mapping, as well as
(Lehman et al. 1998; Ji et al. 1999), these results provide n(:Jv§evera_lp“/pﬁ” compound heterozygote combinations used for expression
insights into the widely varied expression of juvenile-lethal andanalyssj were also generateq as described in previous reports (Nicholls et
pigmentation phenotypes associated with spegifiend jdf2 al- 2 1993; Russell et al. 1995; Johnson et al. 1995).

leles.

Molecular probes.The positions of probes used in this study relative to

specific portions of théderc2 cDNA (Ji et al. 1999) and to a regional P1
Materials and methods contig are summarized in Fig. 1. A 288-bp probe (TAQ)Sepresenting

the 5-end of the mous@ gene was generated by reverse transcription-

. ) ) ) olymerase chain reaction (RT-PCR) with primers DJDN10.1- (5

Mutant mice.This study focuses on a series of mutations generated at th ACTGCTGGAGAGAGATCAGCGAG-3, which starts at nt 82 of the
p locus during specific locus experiments at the Oak Ridge National Labo'mousep cDNA sequence), and DJDN10.2 {§GTTTTCTCTGAGGAG-
ratow_(Ru_sseII et al. 1995). Ph_enot_ypes associated with e_ach allele angCAACTGCAGA-3; reverse complement from nt 469 of tegene
lyzed in this study are summarized in Table 1. The Oak Rigalleles sequence published by Gardner et al. 1992). First-strand cDNA was gen-
have bgen classified as milfing) or severej(s) juvenile lethal aIIeIe_s ON  erated from 2ug mouse total brain RNA and was primed with random
the basis of average time of death (Russell et al. 1995) pPHenutation,  oyamers using Superscript reverse transcriptase (Gibco-BRL; Gaithers-
generated at Harwell, England (Hunt and Johnson 1971), was not includeg,rg Md.) according to manufacturer's instructions. The mupc78.5 cDNA
in the Oak Ridge complementation studies. The radiation-indpedu-  i5'3"5 0.kb clone isolated from an E8.5-day post coitum mouse embryo
ta_ltions also express a range of pigment_ation defects, including: (1)_ the f“"Ylbrary (Brigid Hogan and colleagues, unpublished) with the human cDNA
diluted coat and eye color gknull (or pink-eyed) mutants; (2) the inter- 57 541 probe (Buiting et al. 1992). RNase protection experiments were
mediatep, or dark-pink-eyed phenotype, characterized by a moder-  carrjed out with probe E550, a 7034toRI-Pst fragment corresponding
ately diluted coat and dark pink eyes; and (3) a mottled forrp ¢f"), to Herc2 nucleotides 4085-4788. Northern blots were hybridized with
expressed as light-colored patches of fur against a normally pigmente 504K, a 4.7-kb cDNA clone isolated from a size-selected, oligo dT-
background (Russell et al. 1995). Also included in this study are severa)imed mouse 14-day postnatal cerebellum cDNA library (Doyle et al.
radiation-inducedp mutations that fail to complemendf2 alleles but  3997) corresponding thlerc2 nucleotides 1758-6472. Probes YJ1.7 and
which delete larger regions including genes with independent effects 0R 31 1 are human probes derived from highly conservegdstions of
prenatal or neonatal survival. These inclugf®>"'®, a large deletion  h;man HERC2 cDNA sequence (Ji et al. 1999). YJ1.7 contains HERC2 nt
associated with prenatal lethality owing to deletion of a proximally Iogated 1638-2612, while YJ1.1 contains nt 2613—-3704. RN5561.9 and RN5562.3
early lethal gene/7RI1 (Russell et al. 1995). The''®® and p’™°" areEcaRl subclones generated from a 4.1-kb mouse cDNA clone isolated
deletions that extend distally to include tBabrb3gene and are associated fom the cerebellum library with a human HERC2 probe (RN556; Ji et al.
with neonatal lethality due to cleft palatg;**®is also a large deletion  1999) RN5561.9 represents nt 6204-8104, and RN5562.3 corresponds to
associated with homozygous prenatal lethality (_(_Zuliat et al. 1?323; Russelh; 8105-10,200 of thelerc2 cDNA sequence. The YJ7KCD probe was a
et al._1995; Johnson et al. 1995). Two additional allel™ and 7. RACE product representing the-énd of the mousélerc2 gene (nt
p ; fail to complemenp” mutations and are associated with prenatal 8302-15,247); 1.5PA+ is a 1.595-kb subclone generated from YJ7KCD
lethality (Russell et al. 1995) although deletion of proximally or distally 5.4 corresponds to thé-germinal end of théderc2 transcript (nt 13,644—

located genes have not been reported. ) ) o 15,247 and 17 polyA residues; Ji et al. 1999).
In addition to the radiation-induced mutations, six ENU-indujmfa

alleles were also analyzed. These mutations include tldféemutations

described previouslydf2°327 jdf2322S] andjdf28°°S) Rinchik et al. 1995)  Genomic clone isolation and characterizatioBacteriophage P1
and three additional mutations described for the first time in this reportclones used in this study were isolated by hybridization of high-density
(jdf21971S) jdf2881S) and jdf2374%Y. These three neydf2 alleles were  gridded arrays of a library constructed from C57BL/6 mouse DNA (F.
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Francis, unpublished) and distributed by the Reference Library Databaseallele was amplified with primers RN569 and RN692, described above. All

(RLDB; Max Planck Institute for Molecular Genetics, Berlin-Dahlem, Ger- of the genomic fragments were amplified by two step PCR of 30 cycles

many). P1 endclones were generated by a modified version of the ligationaith 5 min annealing and extension, with TaKaRa LA PCR Kit (TaKaRa

mediated PCR technique originally described by Mueller and Wold (1989) Biomedicals, Shiga, Japan).

Briefly, DNA was prepared from P1-containing colonies by standard al-

kaline lysis methods. Approximately Oy of each DNA preparation was

digested withEcoRV, Rsd, and eitherTaq or Pst for left or right vector Results

ends, respectively. After digestion, the DNA was phenol extracted, pre-

cipitated, and washed with 70% ethanol, and the pellet resuspended in 10

}.LI TE. Two p.,l of each dlgest was |Igated to5 meI of annealed linker Generatlon Of aP1 Clone contlg in the Hercz_p |ntervabcent

(oligonucleotides L and LP; Mueller and Wold 1989) in ajilreactionat — mgjecylar studies have located thet@rminus ofHerc2gene very

Lo PUGnL, T of e gl alerl s e 2 eblte I near o and proxima of the'fend ofp (Lehman e al. 1998 Ji et
i . l, 1999). Since the radiation-inducff2 alleles were originally

oligonucleotides, or LP and SP6, as primers (to represent sequences locafd . . .
to the “left’ and “right’ of the P1 cloning site, respectively). Samples were selected for study because of their effects on pigmentation (Russell

amplified in 35 cycles at an annealing temperature of 65°C. fhaf the €t al. 1995), each also affects sequences required for nprgeale
primary PCR reaction was reamplified with the same primers and condi€Xpression. To provide tools that would permit each mutation to be
tions as above. The resulting endclone products were purified from lowmapped with respect to both genes and intervening regulatory
melting-point agarose. The-H-containing cosmid was isolated by hybrid- sequences, we constructed a clone-based physical map of the
ization of the TADJ%p probe to a cosmid library generatedjpol partial Herc2—p genomic interval. Probes pTADJb (representing the
digestion of mouse genomic DNA (from a mouse homozygous for the5’-end of p) and mupc78.5 (a 2-kb partial mouse cDNA clone
Mgf""*¢mutation) and cloned into the pCos2 vector (L. Stubbs, unpub-corresponding to the central region of tHerc2 gene) were used
lished). to isolate bacteriophage P1 clones from a mouse genomic library.
Since initial analyses indicated that mupc78.5-containing clone,
DNA sequencing and hybridizationRestriction enzyme-digested ge- ICRFP703N21306 (abbreviated N2), andpbpositive P1 clone,
nomic and P1 clone DNA samples were electrophoresed through 0.8%CRFP703N15109 (N1), did not overlap, we generated end-probes
agarose gels and blotted to nylon filters. Filters were hybridized withfrom the P1 clones and used those probes to identify an additional
radiolabeled probes as previously described (Stubbs et al. 1990); repetitiye1 clone (ICRFP703B11152, abbreviated clone B1). Clones Bl1,
probes were preassociated with both sheared mouse genomic DNA and/R[L and N2 were confirmed by endclone hybridization to form a

Cot-1 DNA (Gibco BRL) as described in the same reference. cDNA clone ; ;
mupc78.5 and jsub5.1 were subcloned into the pBSKII+ vector (Stratas-cont"“:’uous overlapping set. Each clone contaiBs kb of mouse

gene, La Jolla, Calif.) and partially sequenced with a combination ofgenomic DNA (as .estlmate.d by summing restriction fragment
manual (Sequenase 2.0 USB) and automated fluorescence-base methd@89ths in several different digests for each clone). Comparison of
(Prism Dye Terminator Cycle Sequencing Ready Reaction kit; PE Applied€striction enzyme digest patterns and probe hybridization data
Biosystems, Foster City, Calif.). Fluorescently labeled reactions were analSee below) indicated that the three clones span an estimated total
lyzed on a PE-ABI 373 automated sequencer, according to manufacturedistance of 160-180 kb (Fig. 1B).
instructions. Sequences were analyzed with GCG software, version 7 (Ge-  As full-length human and mouse HEREtBrc1 cDNA clones
netics Computer Group Inc., Madison, Wis.). were derived (Ji et al. 1999), we used probes representing specific
fragments of the transcribed sequence (Fig. 1A) to map portions of
RNA isolation, Northern blotting, and RNase protectigotal ~ the gene within the P1 contig (Figs. 1, 2Jerc2 sequences are
RNA was isolated and oligo-dT selected with commercially available kitsdistributed throughout the length of the contig, although a probe
(5 Prime 3 Prime, Inc., Boulder, CO). Poly/RNA ([R2.5ug per lane) was  representing the extremé-Bnd ofHerc2 (sequences correspond-
electrophoresed though 0.8% agarose gels containing 19% formaldehyding to Herc2 nt 1-451) is not present in the three overlapping
soaked 30 min in 50 m NaOH, neutralized brlefly in 0.1 Tris-HCI, and clones. As demonstrated by Lehman and Co”eagues (1998), our
blotted to‘Durann nylon‘ mem_branes (Stratagene) in 20x SSC after eleqyata indicate that the’@nd of Herc2 and the 5-end of p are
Ec\’/pz?gg:l';kig)t;"‘é%r&jgﬁgg/r'gnéxifg%g;ﬁaﬁ:‘r lzg?rirt;g:rl:s;nt’);g?e located close together in mouse, as has also been observed for the
hybridization. RNase A protection assays were performed with the RPAIIrelatecj genes in human (Ji et al. 1999). Although the precise dis-
kit (Ambion, Inc., Austin, Tex.) essentially as per manufacturer’s instruc-tance betweerterc2 gnd the 5-end of p Carlnot be determined
tions. Briefly, 10.g total RNA was hybridized overnight withs.0 x 1¢ f_rom these data, previous reports have estlm_ate_d the two genes to
cpm of 32P-UTP-labeled E550 subclone afidactin control (the latter  lie (110 kb apart (Lehman et al. 1998), a finding that is fully
provided by the manufacturer). Hybrids were digested with RNase A, andconsistent with mapping data presented here. Since the majority of
digests were precipitated and resolved on a 5% denaturing polyacrylamidge p' mutations involved sequences located in the interval be-
gel. Gels were exposed by the Phosphorimager Il system (Fulditsu, Inc., TeweenHerc2andp (see below), we did not endeavor to extend the
kyo, Japan), and dosimetric analysis was performed using MacBas softwargjgne contig to include the’&nd ofHerc2 as part of the present
study.
Isolation of sequences flanking the"?P"R deletion break-
Egﬂi mtznctRm\?éa; ?igrgﬁi t\?végﬁgggtte??rrgrzncggﬁ f,%ﬁ?%geﬂ‘ Rearran_geme_nts detecteq by He_rc_2 cD_NA fragments and P1 end-
mice and reverse transcribed into cDNA with MMLV-reverse transcriptase€lON€s in animals carrying radiation-induced jdf2 alleleo
(GIBCO-BRL, Gaithersburg, Md.). RT-PCR with oligonucleotide primers identify and map DNA rearrangements associated with spegific
RN569 (3-CCAGGCATACTTTCGGCAGGATTA-3, from nt 8302 of ~ mutations, P1 endclones ahigérc2cDNA sequences were hybrid-
Herc2) and RN668 (Ji et al. 1999 ATTGTCTCCAGTTCGTATCC-3, ized to DNA derived from animals carrying various radiation-
ends in nt 14095 offerc? amplified ap**°"™*cDNA fragment of 0.78 kb.  inducedp alleles. The TADJ% probe also was analyzed. Results
Long-range genomic PCR was performed to identify the ends of the deof selected hybridizations are shown in Fig. 2, and data derived
leted genomic segment jpt*>™" DNA from BAC clone B1 was used as  from a more complete series of Southern blot analyses are sum-

g(rJr?tIi?iletdo V%?hp'gyNgh;g“Q'r?cfyé’ﬁggﬁn?gé???#‘é'féé A-I-Trfég‘éne‘xgs_ marized in Table 2. The map resulting from these combined analy-
CAg—3’ ends in nt 8438). The'antron was amplified with RN694 (5 S€S is summarized in Fig. 1B. End clones located internally within
AGCTTTCAGGAAGGTAGTACAAGC-3, starts from nt 13271) and the P1 contig (N1-T7, N2-T7, B1-SP6, and B1-T7) are deleted in
RN692 (3-AAAGACAGACTTGGTGCCATCAGG-3, ends in nt 13409). Sle;/g@v[g_ mutations includingp™"=, p , P , and

To amplify the 12DTR genomic sequence, genomic DNA was isolatedP ; in which DNA rearrangements had not been detected

from brain of pt2PTHp’ ReLP mice. Genomic sequence from tp&?°™R  previously. Both breakpoints of several deletions inclugifg™,
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Fig. 1. Location of specifiHerc2cDNA probes and summary map of the

repeats; ZNF, representing a zinc finger motif; and an N-terminal HECT,

jdf2 contig region.(A) Location of human and mouse molecular probes or E3 ubigitin ligase domain. Positions of the translational start and stop
relative to the 15247-bp mouseerc2transcript. Map at top represents the codons are also indicate(B) Summary physical and deletion map of the
Herc2transcript, with the 5end at far left. Numbers under the map indi- jdf2 region. Top line represents tierc2—pinterval of mouse Chr 7, with

cate nucleotide positions in the cDNA sequence (Ji et al. 1999). The coneentromeric/telomeric orientation, extents, and transcriptional direction
tents of specific cDNA fragments used in these studies are indicated byarrows) of theHerc2andp genes indicated. Solid bars below indicate the
hatched lines below the map, with probe names indicated below. Subclongmositions of overlapping P1 clones, N2, B1, and N1; P1 end-probes are
used in specific experiments are indicated by a box drawn over the pertirepresented by open boxes at the end of each clone. The precise locations
nent portion of that larger fragment. Probes YJ1.7 and YJ1.1 are restrictionf specific exons detected by specifiterc2 andp cDNA probes are not
fragments derived from a single larger clone; the dark bar between thesknown; approximate extents of genomic sequences detected by each probe,
two probes indicates the approximate position of the restriction site. cDNAdefined by P1 clone and deletion overlap, are indicated by hatched bars
clone mupc78.5 contained two non-contiguous segments of the completbove the P1 contig. Positions of rearrangements detected by cDNA and P1
Herc2coding sequence, as indicated by the bracket joining the two aligne@énd probes in specific radiation-inducpdnutations are indicated below
fragments; this possibly reflects that the gene is alternatively spliced. Symthe map, with the name of each mutation listed at right. Lines indicate the
bols overlaid on the transcript map indicate the approximate positions opositions of deletions, while open rectangles indicate intervals within
sequences representing conserved protein motifs in the HERC2 protein (dihich size-altered fragments were detected without obvious signs of de-
et al. 1999). These include: RLD1, RLD2, RLD3, representing RCC1-likeletion.

p*2PTR p*8PB and p'2R25°Mare contained entirely within the

boundaries of the cloned region (Table 2; Figure 1B).
Hybridization analysis ofHerc2 coding sequences also re-
vealed the positions of breakpoints of sevgdf? alleles and pro-
vided clues to their effects oRlerc2 and p function. A probe
representing the 'a3most 1.5 kb ofHerc?2 transcript (1.5PA+) is
deleted in thep®®™ allele; otherHerc2 exon-containing probes

fragments detected with the N1T7 endclone probe (Fig. 2B; Table
2). p°°®™Wis associated with a severe form of the juvenile-lethal
phenotype and, consistent with its pink-eyed phenotype, also de-
letes the 5end ofp (Table 2; Johnson et al. 1995). Hybridization
studies also showed that th&®"E deletion extends frorierc2nt
110,200 to the end of the transcription unit. AlthougffF%p
compound heterozygotes expresg aphenotype (Table 2), this

are unaffected in this mutant (Figs. 1B, 2B; Table 2). The proximalmutation does not appear to affect the structurg abding se-
end of thep®®™ deletion is defined by rearranged restriction quences (Table 2; Fig. 1B). Interestingly, despite the relatively
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Fig. 2. Hybridization of jdf2-region gene markers and P1 end probes to of radiation-induced alleles.(B) Hybridization of P1 end probes N1T7
DNA isolated from animals carrying radiation-induce@lleles. Southern  and B1SP6, and’3Herc2 probe 1.5PA+, tdPst-digested DNA samples,
blots carrying restriction enzyme-digested DNA samples taken from micgrom control animals as well as homozygodé2 mutants or compound
of various genotypes were hybridized wifh Herc2,and P1-endclone heterozygotes, and hybrid animals generated by croddingusculude-
probes. Symbols representing the genotype, species, or strain of animaisales carrying alleles withM. spretusmales (e.gp***%SP).(C) Size-
from which each DNA sample was isolatga gndjdf2 alleles, described  altered fragments detected by the 1.5PA+ probeg’itt9p*®3¢ mutant
in Table 1; background mouse strains St2A, C3Hf, 129/R1; or-SRIs animals. Fragments of altered size were detected in digegf®¥¥poc
spretus are represented above each set of aligned panels. Names of probBNA samples with all restriction enzymes testéd) Hybridization of
used for hybridizations are shown at left of each pa(®). Presence or  Herc2internal cDNA fragment, RN5562.3, ®anH| and EcdrI-digested
absence of sequences corresponding to thenl ofp (pTADJSp) and DNA from mice of various genotypes as indicated in the figure. Rear-
internal portions ofHerc2 (represented by subtracted cDNA fragment, ranged restriction fragments detectedeurrH| and EcoRI digests of DNA
jsub5.1) inEcoRI-digested DNA derived from animals carrying a selection isolated fromp®°®SPhomozygotes are shown.

small deletion detected in these muta®™® is classified as a Molecular characterization of an intragenic Herc2 deletion in
prenatal lethal allele (Russell et al. 1995; Table 2). p*2PTR mutant mice.Mice homozygous for th@'?°™R mutation

The p*"™™Pmutation is also classified as a prenatal lethal express a mild juvenile-lethal phenotype and an intermediate level
mutation, although it deletes a slightly smaller portion ofttezc2 of pigmentation (Russell et al. 1995). Hybridization data indicated
transcription unit than does the mild juvenile lethal all@f?>*°™  thatp™2”™Ris an interstitial deletion, removing AB000—13,300 of
(Table 1; Fig. 1B). However, hybridization data suggested thathe Herc2 coding sequences while leaving thetalf and 3-end
ptFATWPmight represent a complex rearrangement as opposed tof the gene intact. Probes RN5562.3 (representing HERC2 nt
a single contiguous deletion. Sequences detected by the B1SRB3.05-10,200) and most sequences detected by the 7tklr8inal
endclone probe are present and are of normal size"ii*™°  RACE product probe, YJ7KCD, are deleted ph*°™ mutant
DNA samples, whereas sequences located both proximal (e.gQNA. Probe RN5561.9 (containing HERC2 nt 6204—8104) detects
RN5562.3) and distal (e.g., 1.5PA+) of the endclone sequence amearranged restriction fragmentsgt?®"RDNA, whereas genomic
deleted inpt"™A™Pmutant DNA (Table 1; Fig. 2B). The B1SP6 sequences detected byBerc2 probes YJ1.1 and YJ1.7 and-3
end clone fragment contaitéerc2 coding sequences that are lo- terminal probe 1.5PA+ are not altered in these mutants (Figs. 1B,
cated 5- of the 1.5PA+ probe, as demonstrated by DNA sequenc2B).
ing data (R. Uphoff, personal communication), confirming the  To define the boundaries of tipg2®"Rdeletion, we performed
5'-3" order of these two probes. These data raise the possibility tha®T-PCR, usingHerc2 primer pairs chosen to surround the pre-
pt"FATWPmight represent a complex “skipper” mutation or corre- dicted deleted region with cDNA templates prepared frgfP™?
spond to a complex inversion/deletion event. mutant mice. The product produced frqu*° "™ cDNA samples
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Table 2. Summary of hybridizations of P1 end-probes atetc2 cDNA fragments to DNA isolated from animals carrying radiation-indugédnutant alleles.

Probe N2 mupc- RN556 RN556 B1 1.5- pTAD- N1
Allele SP6 YJ1.7 YJ1.1 78.5 B1T7 1.9 N2T7 2.3 N1T7 SP6 PA+ J5p SP6
#6DFIOD D D D D nd D D D D nd D D D
7FRGOLD + + P D D D D D D D D D D
p132G + + P D D D D D D D D D D
piiec nd + P D D D D D D D D D D
peH + P D D D D D D D D D D D
pt2R2som + D D D D D D D D D D + +
pt7FATWE + + D D D D D D D + D + +
pt2PTR + + + + + P D D D + + + +
p*ere + + + + + + + D D D D + +
poPT™W + + + + + + + + R D D D +
ptose + + + + + + + + + + R + +
p3oPsb + + + + + + + R + + + + +
pleces + + + + + + + + + + + + +

D, deleted; P, partially deleted (one or more restriction fragments absent); R, rearranged (restriction fragment(s) of abnormal length+deiected yestriction fragments
detected; nd, not determined. N2SP6, N2T7, B1SP6, B1T7, N1SP6, and N1T7 are end-probes derived from P1 clones N2, B1, and N1, respectivelgs ather prob
Herc2/HERC2 cDNA fragments. See Fig. 2 for summary and additional details.

A : Fig. 3. Molecular characterization of thg?®™?
ODNA deletion mutant.(A) The p*2°"Rmutation deletes 5015 bp
of the Herc2 cDNA sequence (GenBank
accession: AF071173). Theerc2 wild-type
nucleotide sequence is arranged to show the codon
structure. Boxed sequences are deleted in the
pt?PTRallele, leading to a frameshift and
premature stop codon (underline). The translated
wild-type HERC2 amino acid sequences as well as
B the truncated sequence [?°™Rare also shown.
(B) The genomic sequences flanking theahd 3
pt?PTRdeletion breakpoints are unique. Top:
5'Herc2 ATGTGTATCAGAATGTGTCTTGGTTGATAGTTACAATTGTCCACTATATGCATATACCAGGT intronic sequence from the€ Bntron around the

12D R e IR deletion breakpoint; bottom, sequence from the 3
p12DTR ATGTGTATCAGAATGTGTCTTGGTTGATAGTTIGTACTTGGGGGCATTTTGGGTTAAGAGATC intron; middle: recombinant intronic sequence in
RN LCEEETEELTTE T the pt2™R mutant allele. The boxed region

indicates the position of the crossover.

Herc2  5'-8322-ATT AAT GAG CCA G|GG CAG------ CGC ATC CAG|GTT AAA CGC-13358-3'

HERC2 NHg*-2751-INEPGQ------ RIQVKR------ 4836-CO0O~

p!2DTR  NHg+.2751-INEPG-2755-COO"

3' Herc2 TTACATGACGAGAGTTTTTTTTTTTCTGAATTRTACTTGGGGGCATTTTGGGTTAAGAGATC

was significantly shorter (780 bp) than the predicted length of theprecise nature of the rearrangement detected in these mutants was
Herc2 cDNA segment between these primer sequences (5795 bphot determined, the increased number of fragments and/or patterns
Alignment of thep™*"TRRT-PCR product sequence with the nor- of size-altered restriction fragments detected with the 1.5PA+
mal transcript revealed a 5015 deletiorH#rc2coding sequences probe suggests the presence of a small insertion or duplication near
in the p*?PTR cDNA, extending fromHerc2 nucleotide 8335 to  the 3-end of Herc2. Nevertheless, no alterederc2 cDNA se-
13349 (Fig. 3A). This deletion is predicted to cause a frameshift inquences were identified (data not shown). Size-altered restriction
the Herc2 coding sequence and premature termination of proteirfragments were also detectedat?®S7p*°P*PDNA samples with
translation, since the first codon after the deleted sequence iprobe RN5562.3 (Fig. 2DHerc2 cDNA sequences and regional
p*2PTRis a TAA stop codon. The mutant protein produced from P1 end-probes failed to detect DNA rearrangements in one of the
this deleted mRNA thus can be predicted to lack the second andlleles testedp*®<°S which, like p*°PSP is also associated with
third RLD domains as well as the HECT domain present in themottled pigmentation and a milif2 phenotype (Russell et al.
intact version of HERC2 (Fig. 1A; Ji et al. 1999). 1995; Table 2). Further analysis of sequences withinHkeec2—

We also used PCR primers designed fiderc2cDNA around  jdf2 interval will be required to establish the molecular basis of this
the deletion to amplify and characterize the breakpoint region irmutation.
normal andp**®™® genomic DNA. These analyses showed that
both breakpoints of the*?°TR deletion are located iilerc2 in-
trons. In normal control mice, the intron located justd the
deleted region (between cDNA nt 8334 and 8335)1s5 kb in
length, whereas the intron located ®f the deleted exons (be-
tween nt 13349 and 13350) span3.7 kb (data not shown). In

12DTR
p

Expression of Herc2 in mouse embryos andlimutants. Herc2
produces a >15-kb transcript in most mouse tissues with relatively
high levels of expression in brain and testis (Nicholls et al. 1993;
Lehman et al. 1998; Ji et al. 1999) and ovary (M. Walkowicz,

mutant mice, portions of these introns are joined to creat((inpUb“Shed)' A similar pattern of nearly ubiquitous expression has

a contiguous intronic sequence of 4.4 kb. We PCR generate een documented for the human HERC2 gene (Ji et al. 1999).

. . . Nase protection experiments demonstrated Hbatc2 is also
cloned, and sequenced part of each normal intron in order to 'denexpressed at high levels during mouse prenatal development,

H 12DTR H H H
tify the p breakpoint site. The sequences surrounding the ith significant levels of transcription seen as early as 12.5

deletion ends are unique, and there is no significant sequenc . . !
similaity between the Sand 3 flanking sequences exceptfor wo i (70 B el S RECONE Sne TERTE SRS e e
shared nucleotides at the breakpoints (Fig. 3B). dpc embryo library, it is likely thatHerc2 transcripts are also

) expressed at significant levels during earlier stages of mouse de-
Rearrangements detected in othdt alleles. Size-altered frag-  velopment.
ments were detected by thé-Herc2 probe, 1.5PA+, in alp*®3 In order to provide additional information regardittgerc2
ptO3Crestriction enzyme digests examined (Fig. 2C). Although thefunction and dysfunction ip' andjdf2 mutants, we hybridized the
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Fig. 4. Herc2 gene expression in normal and mutant mouse tis§#gs.  The approximate sizes of transcripts detected in each mutant are indicated
RNase protection oHerc2 transcript in embryos and adult brain. RNA by arrows at right. A probe for th®igf gene, which also detects a large
prepared from adult brain, whole 12.5 d.p.c. and 14.5 d.p.c. embryos, anttanscript (6 kb) in brain, was hybridized to the same Northern blot to
16.5 d.p.c. embryos dissected into two parts (bodies, [B], and isolategbrovide a control for RNA quantity and integritfC) Detection and quan-
whole heads, [H]) was protected with the E550 cDNA fragment, as de-itation of Herc2transcript in brains of animals carrying ENU-indugd®
scribed in the textB-actin protection probes were also added to provide mutations. RNase protection was performed with the E550 probe with
internal quantitation controls for each samp(B) Expression ofHerc2 RNA isolated from brain of mice carrying ENU-inducéterc2 mutations
MRNA in jdf2 mutant brain.Herc2 cDNA probe was hybridized to a as homozygotes or as compound heterozygotes with deletions or with
Northern blot carrying PolyARNA isolated from brains of animals car- ENU-induced mutations. Autoradiographic signals produced by each mu-
rying a selection ofidf2 mutant alleles. The genotype of animals from tant transcript were normalized relative to interfiahctin controls, and
which each tissue sample was taken is shown above the pertinent gel laneormalizedHerc2 mRNA quantities detected in mutant brains were mea-
For simplicity, jdf2 alleles included in the genotypes are designated abovesured as a percentagetdérc2transcript detected in brains of normal C3Hf
each lane only by their specific allele identifiers (€9§2SJvs jdf2°3259. mice.

5504K mouse cDNA clone to a Northern blot containing RNA stability of the Herc2 transcript should, therefore, yield signifi-
isolated from brains of mice carrying a selectiorpbfalleles (Fig.  cantly less than 50% of the normal levelskérc2 mRNA.
4B). In addition to the radiation-induced alleles, we also analyzed From integration of data derived from Northern blot and
a total of six ENU-induceddf2 mutations:jdf2322S? jdf2°32S)  RNase protection experiments, it can be deduced that jdf&st
jdf2850SY [(f21881SY f21971S) gndjdf2374S) Expression oHerc2 ~ mutant alleles examined are associated with defedtic2 gene
was also investigated in a larger collection of mutant animals withexpression, either by affecting steady-state levels of the transcript
RNase protection with the E550 probe (Fig. 4C). For reasons reer by altering the size of mMRNA species produced (Fig. 4B, 4C;
lated to mutant availability, manjdf2 alleles were analyzed in summarized in Table 1). Steady-state levelslefc2 mRNA were
compound heterozygotes, and this fact complicated interpretatioreproducible in repeated experiments with animals carrying any
of expression data to some degree. However, several clear conclone allele and were verified through analysis of animals carrying
sions regarding mutant gene expression can be deduced. Sindéferent allelic combinations. For example, while & dele-
most or all of theHerc2 transcription unit is deleted by thg", tion produces normal quantities derc2transcript Herc2mRNA
#6DFIOD  (12R250M g4 p7FREOLb mytations, chromosomes carry- is present inp*®”%p® brains at 50% wild type levels; data not
ing these alleles did not yielderc2 mRNA species that could be shown), the mRNA produced by thE®7® allele is significantly
detected by this RNase protection assay. Truncated forms of thghorter in length than the mRNA expressed by normal animals
transcript might indeed be produced by certain of these delete¢Fig. 4B). A smaller mRNA is also produced pt?°"R mutants,
alleles; for example, a short transcript containing 1993 nucleotideslthough transcription levels and/or mRNA stability also appear to
of the Herc2 transcript was isolated from®/p®™ brain RNA be affected by this interstitial deletion. Sinlderc2transcripts are
samples with RACE (Lehman et al. 1998). However, such shorpresent at relatively high levels in these mutants, it is possible that
transcripts would not be detected with the relativelycBNA truncated forms of thélerc2 protein are also produced in tissues
probes that we used in this study. Transcripts detected by thef p*®7®and p*?°"Rmice.
5504K and E550 probes in compound heterozygotes involving — Similarly, sincejdf2°32’homozygotes produce a transcript of
these larger deletions therefore represent mMRNA contributed bypormal length, thé®B-kb and(B-kb Herc2 mRNA species pro-
the second allele involved in the cross. Animals inheriting a dele-duced byjdf2°32S7p**¢© compound heterozygotes must be prod-
tion together with a normal chromosome (epf"/+) can be ex-  ucts of the radiation-induceaf**© allele (Fig. 4B). Since'*®Cis
pected to produce 50% of the levels ldérc2 transcript isolated a deletion extending from the’&nd of Herc2 (beginning at nt
from normal mice (+/+). Compound heterozygotes that carry oné 2500 of the transcript) distally to include all gf and Gabrb3
deleted chromosome andjdf2 allele that affects expression or (Johnson et al. 1995), these smaller mRNA species may represent
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the fusion of 5-Herc2 sequences with'3ortions of a gene lo- clearjdf2 phenotype despite expression of a stable, nearly full-
cated distal tdGabrb3. length transcript suggests that the deleted exon(s) must encode a
peptide segment required for full function of the HERC2 protein.

; F ; ; : he molecular basis of the lower levels of transcript detected in
Six ENU-induced jdf2 alleles yield altered steady-state levels Of;jlesslsfjdfzswsf andjdf23"#Shas not yet been determined and

Herc2 transcript. In addition to mutations producing transcripts of -

altered length, severidf2 alleles appear to affect either levels of 'S (e subject of continuing study. .
transcription or stability of théderc2 mRNA (Fig. 4C; Table 1). Data presented here provide satisfying molecular explanations

Interestingly, several alleles in this class are ENU-induced muta]for th_e effects of ma”ig'}?zg‘(',';}"esv but several interesting_puzzles
tions. For examplejdf2197SJpiePFoD gnd jdfp1971Sppi2R250M remain. For exampley _ homozygotes express a mild form
compound heterozygotes produced 18% and 32% of the normé}]f thejdf2 phenotype despite the fact these animals are deleted for

quantity of Herc2 mRNA, respectively (Fig. 4C). Because "€y all of Herc2 coding sequences. By contragf®™ and

p?DFIOD and p12R250M dalate most or all oHerc2 coding se- p*8FE which delete only 3terminal portions of theéderc2 tran-

quences, th@lf2171S3chromosome can be deduced to yield 36— script, are associated with early juvenile or prenatal lethality, re-

H H H 7FATWDb
0 2MRNA o ver ver spectively, in homozyg_ou_s mutant mice. Tipé and
64% of the normal levels dferc2m ((50% as averaged over  fizrzsom alleles delete similar amounts #ferc2, although the

.sefvi}rgllslfndfegseonsqent RNane hprotect|on expenr&wentg). ﬁlmilgg/l former mutation has also been classified as a prenatal lethal allele
jdf2 jaf2 compound heterozygotes produced only 0(Russell et al. 1995). Both*®"®andp®®™ mice express signifi-

of normal levels ofHerc2 transcript (Fig. 4C). Although the pre- ant levels of a truncateHerc2 mRNA, and it is possible that

cise contribution of each mutation cannot be deduced from thest b it ints miaht de t ed teins that i
data, this level of transcript requires that both alleles yielded sig!€S€ aberrant transcripts might encode truncated proteins that in-

nificantly reduced quantities dlerc2 mRNA. One ENU-induced crease the severity .Of thef2 phenotype by interfering with fact_ors
mutation jdf2232S7 consistently produced higher-than-normal lev- that bind to and/or interact withlerc2. Expression of a defective
els ofHe,rc2translcript In one experiment, homozygqde®32S] but otherwise relatively stable protein would not easily explain the
df29325Imice producéd 138% wild-type levels blerc? mRNA:  severity of thep'”™ ™" allele, since this mutation deletes all but
similarly, high levels of transcript were observed in independent® S-most[2600 bp of the 15-kitterc2transcript (Table 2, Fig.

ATWb
assays of animals carrying tief2°*>> allele. For example, a 2): However, as suggested by these molecular stugis;
46DFOD yialded 68% normal may represent a “skipper” mutation or other type of complex al-

hemizygous mutantjdf2°32Sip . . : -
. : lele, affecting genes that are not immediate neighboksané2and
Herc2 mRNA levels (Fig. 4C and data not shown). Tissues from p. Further studies will be required to determine details of DNA

the compound heterozygotef2°3257jdf23745] yielded 75% nor- ruct d protei ion in this cl f mutant allel
mal transcript levels, suggesting that oé23’*<?allele contrib- structure and protein expression In this class of mutant afleles.
Finally, these data suggest that sequences required for the

i i i Fig. -
uted little or noHerc2 MRNA in compound mutant tissues (Fig proper expression qi may be located upstream of the coat color

4C). gene, embedded within the body of tHerc2 transcription unit.
One set of potential regulatory sequences is defined by the region

Discussion deleted inp*?°"RDNA. Rearrangements detected in the motled
mutations,p®*°°SP and p'®3*% may also point to positions of up-

Data presented in this manuscript provide the first molecular charstream regulatory sequences required for the proper expression of

acterization of a group of radiation-induced alleles associated witlp. The nature of the rearrangements associated pAti® and

the long-studiedp, p™, and p' (jdf2) mutant phenotypes, and p3°®SPmutations, and the effects these rearrangements may have

define more precisely the breakpoints of molecular rearrangementsn p expression, are still uncertain. These mutations might, for

associated with several previously characteripaggion muta-  example, affecp gene expression by altering the chromatin struc-

tions. Six of seven radiation-induced alleles associated with theure. Alternatively, by analogy to other mottled mutatiop®”<"

jdf2 phenotype when homozygous, and five prenatal or neonatahight possibly represent an insertion of retroviral sequences (Wu

lethal deletions that fail to complemejuif2 mutations, are rear- et al. 1997). The insertion of such elements can introduce promot-

rangements affecting the structure and/or expression dfiére2 ers, enhancers, and other regulatory sequences with long-distance

gene. Ongdf2 allele,p'?°™R was shown to represent an interstitial effects on downstream sequences, and sequences disrupted by

deletion within theHerc2 transcription unit. these rearrangements do not necessarily participate normally in
Animals carrying several differerdf2 alleles express abnor- control of p gene expression. We can also not exclude Hetc?2

mal levels of theHerc2 transcript; five of the six ENU mutations gene product plays some role nexpression or function, since

we studied are members of this mutant class. While brains of fiveeven the ENU mutations were induced op-enutant background

ENU mutants consistently yielded lower-than-normal quantities of(Rinchik et al. 1995). Nevertheless, the present study provides

Herc2 mRNA, tissues isolated from mice carrying one ENU- genomic clone reagents and preliminary data required to define the

induced allelejdf2°32S7 were found to expresBlerc2 at abnor-  nature and functions of sequences disrupted in these andmther

mally high levels. Thgdf2322S? jdf2'°7*S) and jdf2°3?S7alleles ~ p™, andjdf2 alleles.

have been shown to represent splice-junction point mutations that

cause adjacent exons to be omitted and/or mis-spliced in the mu-
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