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reviewed in Roeder (1995). In yeast, DNA DSBs initi-
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Spo11 is a meiosis-specific protein in yeast that has
een found covalently bound to DNA double-strand
reaks (DSBs) during the early stages of meiosis.
hese DSBs initiate homologous recombination,
hich is required for proper segregation of chromo-

omes and the generation of genetic diversity during
eiosis. Here we report the cloning, characterization,

issue expression, and chromosomal localization of
oth mouse and human homologues of Spo11. The pu-
ative mouse and human proteins are 82% identical
nd share approximately 25% identity with other fam-
ly members. Northern blot analysis revealed testis-
pecific expression for both genes, but RT-PCR results
howed ubiquitous expression of at least a portion of
po11 in mouse. Human SPO11 was also detected in
everal somatic tissues. Mouse Spo11 was localized to
hromosome 2H4, and human SPO11 was localized to
hromosome 20q13.2–q13.3, a region amplified in some
reast and ovarian tumors.

INTRODUCTION

Meiosis is the process by which sexually reproducing
rganisms reduce their genetic complement by half to
roduce haploid gametes or spores. The central hall-
ark of meiosis is the generation of genetic diversity

hrough the rearrangement of parental chromosomes.
he temporal progression through meiosis has been
xtensively characterized in the budding yeast, Sac-
haromyces cerevisiae (Padmore et al., 1991). SPO11 is
meiosis-specific gene in yeast (Atcheson et al., 1987)

nd is one of nine genes required for meiotic double-
trand break (DSB) formation (SPO11 (Cao et al.,
990), REC102, REC104, and REC114 (Bullard et al.,
996), MEI4 (Menees et al., 1992), MER2 (Rockmill et
l., 1995), RAD50 (Alani et al., 1990), MRE11 (Johzuka
nd Ogawa, 1995), and XRS2 (Ivanov et al., 1992), and

Sequence data from this article have been deposited with the
MBL/GenBank Data Libraries under Accession Nos. AF169385 and
F169386.
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ng 10, Room 9D20, Bethesda, MD 20892. Telephone: (301) 496-2710.
-mail: camerini@ncifcrf.gov.
156

888-7543/99
te recombination (Nicolas et al., 1989) through the
ction of the gene product of SPO11, Spo11 (Keeney et
l., 1997). The evidence for this reaction came from the
solation of covalent Spo11 protein:DNA complexes
rom meiotic cultures of a rad50S strain (Keeney et al.,
997). The rad50s mutation is a separation-of-function
utation in the RAD50 gene that does not permit

rocessing of meiotic DSBs (Alani et al., 1990). Failure
o remove Spo11 from the DNA end leads to a blockage
n meiosis and inviable spores. Normally, DSBs are
rocessed into recombination intermediates that ma-
ure into chromosomal crossovers (Bishop et al., 1992).

Protein sequence alignment of Spo11 with homologues
rom Schizosaccharomyces pombe and Caenorhabditis el-
gans identified several conserved regions (Bergerat et
l., 1997; Keeney et al., 1997). One region in particular
ontains an invariant tyrosine (Y) at position 135 in yeast
po11, suggesting a topoisomerase II-like mechanism of
NA DSB formation. Changing the putative active site Y

o phenylalanine (F) in yeast Spo11 caused spore invia-
ility and delay of synaptonemal complex (SC) formation
Bergerat et al., 1997). The subsequent identification of
nother Spo11 homologue, top6A, in the archaebacterium
ulfolobus shibatae led to the classification of a new

amily of type II DNA topoisomerases (Bergerat et al.,
997). The Spo11 family has also been shown to contain
domain designated Toprim (topoisomerase and pri-
ase) (Aravind et al., 1998) that is shared by a number of

roteins involved in DNA repair and replication.
The sequencing of eukaryotic genomes has facilitated

he identification of a Spo11 homologue in Drosophila
elanogaster, DmSpo11 (McKim and Hayashi-Hagihara,

998), as well as the above-mentioned C. elegans,
eSpo11. The fly homologue was identified as the
eiW68 gene, which when mutant is defective in meiotic

ecombination yet allows proper SC formation (McKim et
l., 1998). In addition to the meiotic defect, meiW68 mu-
ant flies show a hyperrecombination phenotype in the
oma (Baker et al., 1978), indicating that there may be a
itotic function for DmSpo11. The apparent discrepancy

n phenotype between yeast and fly indicates a possible
ivergence in the early steps of meiosis. The same meiotic
henotype seen in meiW68 mutant flies was also shown
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157CLONING OF MOUSE AND HUMAN SPO11 HOMOLOGUES
n a CeSpo11 mutant (Dernburg et al., 1998), but forma-
ion of gametes was rescued to some extent by X-ray-
nduced DSBs, indicating potential conservation in the

echanism of initiating meiotic recombination.
The question remains as to whether the role of DSBs

s similar in all organisms that undergo meiosis. In this
aper we report the cloning and characterization of the
ouse and human homologues of Spo11. The mouse

ene was first identified as an expressed-sequence tag
EST) from a mouse thymus cDNA library in the Gen-
ank database, and partial sequence information was

FIG. 1. Mouse and human SPO11 cDNAs. (A) Mouse Spo11 cDN
ongest potential translation product. The numbers on the right indic
re three potential initiating methionines (underlined), and the la
equences are capitalized, and UTRs are in lowercase letters. Intron–
equencing the entire genomic locus. There are 13 exons, of which exo
plicing occurs at the boundary of exons 7 and 8 where the A at nuc
n exclusion of the LITD sequence (shown boxed). The polyadenylati
roducts had a poly(A) tract at the same position. (B) Human SPO1
nd the longest potential translation product. The numbers on the r
cids. There are two potential initiating methionines (underlined),
ranslated sequences are capitalized, and UTRs are in lowercase lette

have been determined, assuming that exon numbering is identica
PO11 contains exon 2. Alternate splicing also occurs at the boundar
cceptor 50% of the time, resulting in exclusion of the LVTD sequen
onsensus AATAAA, and all PCR products had a poly(A) tract at th
sed to clone a full-length cDNA from testis. The
ouse cDNA was used to isolate the human ortho-

ogue, and the expression pattern of both genes was
etermined. Finally, chromosomal localization was
erformed for both homologues. The potential role of
PO11 in human disease is discussed.

MATERIALS AND METHODS

Cloning of mouse Spo11. The mouse gene was cloned from Mar-
thon-Ready testis cDNA (Clontech) using primers MmSpo-2, 59-

his sequence represents the full-length mouse Spo11 cDNA and the
nucleotides, and the numbers on the left indicate amino acids. There
st protein would be approximately 44.5 kDa. Putative translated
on boundaries are indicated by vertical lines and were deduced from
is alternately spliced out from the predominant transcript. Alternate
ide position 694 acts as a splice acceptor 50% of the time, resulting
ignal (double-underlined) is not a consensus AATAAA, but all PCR
NA. This sequence represents the full-length human Spo11 cDNA

t indicate nucleotides, and the numbers on the left indicate amino
d the largest protein would be approximately 44.5 kDa. Putative
The intron–exon boundaries between exons 1 and 2 and exons 7 and
etween human and mouse. The predominant transcript of human
exons 7 and 8 where the A at nucleotide position 753 acts as a splice
(shown boxed). The polyadenylation signal (double-underlined) is a
osition.
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158 ROMANIENKO AND CAMERINI-OTERO
FIG. 2. Comparison of Spo11 homologues. (A) Alignment of mouse and human SPO11. The longest putative Spo11 proteins from both the
ouse and the human cDNAs were aligned using the ALIGN program. Identical amino acids (:) and conservative changes (.) are noted.
mSpo11, mouse; HsSpo11, human. (B) Alignment of Spo11 homologues; active site and Toprim domain. Region I contains the putative

ctive site of Spo11 homologues with the active site tyrosine denoted by an arrow. Regions II, III, and IV comprise the Toprim domain
Aravind et al., 1998). The conserved glutamate residue in region II is indicated in boldface type, and the DXD motif in region IV is indicated.
egion I is amino acids 134–153, and regions II–IV are amino acids 220–297 in human Spo11. H. sap, Homo sapiens; M. mus, Mus musculus;
. mel, Drosophila melanogaster; C. ele, Caenorhabditis elegans; S. cer., Saccharomyces cerevisiae; S. pom, Schizosaccharomyces pombe; S.

hi., Sulfolobus shibatae.
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FIG. 3. Tissue distribution of mouse and human SPO11. (A) RNA master blot-mouse panel with signals in (D1) testis and (C3) thymus.
amples that gave no signal were (A1) brain, (A2) eye, (A3) liver, (A4) lung, (A5) kidney, (B1) heart, (B2) skeletal muscle, (B3) smooth muscle,

C1) pancreas, (C2) thyroid, (C4) submaxillary gland, (C5) spleen, (D2) ovary, (D3) prostate, (D4) epididymis, (D5) uterus, (E1) embryo 7 dpc,
E2) embryo 11 dpc, (E3) embryo 15 dpc, (E4) embryo 17 dpc. Rows F and G contain negative RNA and negative DNA controls. Human panel
ith a signal in (D1) testis. Samples that gave no signal were (A1) whole brain, (A2) amygdala, (A3) caudate nucleus, (A4) cerebellum, (A5)

erebral cortex, (A6) frontal lobe, (A7) hippocampus, (A8) medulla oblongata, (B1) occipital lobe, (B2) putamen, (B3) substantia nigra, (B4)
emporal lobe, (B5) thalamus, (B6) acumens, (B7) spinal cord, (C1) heart, (C2) aorta, (C3) skeletal muscle, (C4) colon, (C5) bladder, (C6)
terus, (C7) prostate, (C8) stomach, (D2) ovary, (D3) pancreas, (D4) pituitary gland, (D5) adrenal gland, (D6) thyroid gland, (D7) salivary
land, (D8) mammary gland, (E1) kidney, (E2) liver, (E3) small intestine, (E4) spleen, (E5) thymus, (E6) peripheral leukocyte, (E7) lymph
ode, (E8) bone marrow, (F1) appendix, (F2) lung, (F3) trachea, (F4) placenta, (G1) fetal brain, (G2) fetal heart, (G3) fetal kidney, (G4) fetal

iver, (G5) fetal spleen, (G6) fetal thymus, (G7) fetal lung. Row H contains negative RNA and negative DNA controls. Hybridization was
erformed under stringent conditions, and the final wash was 13 SSC at 65°C. (B) Multitissue Northern blot. Mouse and human tissues were
nalyzed for SPO11 expression. Tissues are as listed; SI is small intestine, and PBL is peripheral blood leukocytes. Hybridization of both blots
ith a human b-actin probe supplied by the manufacturer gave a relatively equal signal in all lanes. mRNA size is in kilobases. Hybridization
as performed under stringent conditions, and the final wash was 13 SSC at 65°C.



M
a
1
1
O
o
c
p
d
f
s
3
w
(
(
w
i

160 ROMANIENKO AND CAMERINI-OTERO
FIG. 4. RT-PCR analysis of mouse Spo11 expression. (A) Amplification of Toprim domain. Mouse cDNA was amplified using primers
mSeq8 and MmSeq9. The predicted product was 185 bp, and an additional band of approximately 2.0 kb was seen in some samples. Lanes

re as follows: (1) brain, (2) heart, (3) kidney, (4) liver, (5) lung, (6) spleen, (7) testis, (8) thymus 28 dpp, (9) fetal ovary 15 dpc, (10) fetal testis
5 dpc, (11) 7-day embryo, (12) 11-day embryo, (13) 15-day embryo, (14) 17-day embryo, (15) water, (M) DNA marker. DNA marker is a
00-bp ladder (Gibco BRL). PCR cycling conditions were 94°C for 1 min, 94°C for 10 s, and 68°C for 1 min for 33 cycles, 72°C for 5 min.
ne-tenth of the final PCR products for testis, thymus, fetal ovary, and fetal testis were loaded. Diagram illustrates approximate position
f primers and putative domains. DNA sizes are indicated on the right. (B) Amplification of the active site region and Toprim domain. Mouse
DNA was amplified using primers MmSeq11 and MmSeq9. The predicted product was 565 bp, but there were additional, uncharacterized
roducts. Lanes are as follows: (1) testis, (2) 17-day embryo, (3) thymus 9.5 dpp, (4) thymus 13.5 dpp, (5) thymus 28 dpp, (6) fetal ovary 15
pc, (7) fetal testis 15 dpc, (8) water, (M) DNA marker. DNA marker is a 100-bp ladder. PCR cycling conditions were 94°C for 1 min, 94°C
or 10 s, and 68°C for 1 min for 33 cycles, 72°C for 5 min. Diagram illustrates approximate position of primers and putative domains. DNA
izes are indicated on the right. (C) Amplification of Spo11 coding sequence. Mouse cDNA was amplified using primers 59MmATG and
9MmTAG. The predicted product size was 1100 bp, but a band of 1200 bp containing exon 2 was expected. There were additional bands that
ere not characterized. The lanes are as follows: (1) testis, (2) 17-day embryo, (3) thymus 9.5 dpp, (4) thymus 13.5 dpp, (5) thymus 28 dpp,

6) fetal ovary 15 dpc, (7) fetal testis 15 dpc, (8) testis 0.5 dpp, (9) testis 3.5 dpp, (10) testis 5.5 dpp, (11) testis 7.5 dpp, (12) testis 9.5 dpp,
13) testis 11.5 dpp, (14) testis 13.5 dpp, (15) water, (M1) 100-bp DNA ladder, (M2) l DNA–BstE II marker (NEB). PCR cycling conditions
ere 94°C for 1 min, 94°C for 10 s, and 68°C for 2 min for 36 cycles, 72°C for 5 min. One-tenth of the lane 1 product was loaded on gel. Diagram

llustrates approximate position of primers and putative domains. DNA sizes are indicated on the right.
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161CLONING OF MOUSE AND HUMAN SPO11 HOMOLOGUES
AGAATTCCTGTTAATAGTCGAGAAGGATGCA-39; MmSpo-3, 59-
CGAATTCTATCTCGATGCCGTAGGGATCTGCATC-39; and AP1

Clontech). MmSpo-2 and AP1 were used to amplify the 39 half of
ouse Spo11, and MmSpo-3 and AP1 were used to amplify the 59
alf. PCR was performed with the Advantage 2 PCR Enzyme System
Clontech) using the recommended cycling parameters. An EcoRI
underlined) site was included in both primers for cloning PCR
ragments into pBluescript SK(1) (Stratagene), and a NotI site was
sed in AP1. All restriction and modifying enzymes were from New
ngland Biolabs. The 59 and 39 segments of mouse Spo11 were
equenced using the ABI Prism dRhodamine Cycle Sequencing
eady Reaction kit (Perkin–Elmer), and reactions were run on an
BI Prism 377 DNA Sequencer (Perkin–Elmer).

Cloning of human SPO11. The 59 segment of mouse Spo11 was
sed as a probe to screen 2 3 106 PFU from a human whole-blood
ambda DASH II genomic library (Stratagene) using recommended
rotocols. The probe was labeled to high specific activity (Feinberg
nd Vogelstein, 1983) using [a-32P]dATP (NEN), and hybridization
nd washes were performed at low stringency (Church and Gilbert,
984). Several positive l phage clones were isolated and subcloned.
everal subclones were sequenced until exon sequences that corre-
ponded to the mouse gene were found. The human cDNA was cloned
rom Marathon-Ready testis cDNA (Clontech) using primers HsSpo-
–EcoRI (39 segment), 59-CAGAATTCGTATTAATTGTAGAAAAG-
ATGCAACA-39; HsSpo-2–EcoRI (59 segment), 59-CAGAATTCTGT-
GCATCTTTTTCTACAATTAATAC-39; and AP1 (Clontech). The
coRI sites (underlined) were used along with the NotI site in AP1 to
ubclone the fragments. The resulting clones were sequenced as
reviously mentioned.

Tissue distribution of mouse Spo11 and human SPO11 expression.
NA Master blots (Clontech) and Multiple Tissue Northern blots

Clontech) were probed with respective coding-sequence probes gen-
rated from cloned and sequenced PCR products amplified from
estis cDNA and with probes supplied by the manufacturer according
o recommended protocols. The mouse probe did not contain exon 2.

RT-PCR analysis of mouse Spo11 expression. A mouse Multiple
issue cDNA panel (Clontech) was subjected to PCR amplification
sing primers MmSeq11, 59-CTTCGGATGATACCTCAGTGTACC-
9; MmSeq8, 59-CTGTTAATAGTCGAGAAGGATGCA-39; MmSeq9,
9-GGGATCTGCATCGACCAGTGTGAA-39; 59MmATG, 59-CTGTT-
GCCATGGTGAAGAGAGG-39; and 39MmTAG, 59-TTAGATC-
ATCCTCCAAACCTCAG-39. cDNA was made from 15 dpc (days
ostcoitus) mouse fetal ovary and fetal testis total RNA (kindly
rovided by Dr. Asma Amleh) using Superscript II (Gibco BRL) and
ecommended protocols. To study the time course of expression in

FIG. 4—
estis and neonatal thymus, cDNA was prepared from poly(A)1

RNA isolated from frozen dissected tissue using a Micro-Fast
rack mRNA Isolation kit (AP Biotech). cDNA synthesis from iso-

ated tissue and cells was confirmed by amplifying with primers for
ouse Rad51 (Shinohara et al., 1993). Testis tissue and thymus

issue were harvested from mice (BALB/c, NCI-FCRD/DCT Animal
rocurement) at the various time points listed: 0.5 dpp (days post-
artum) indicates that birth occurred overnight with mice being
acrificed at the same time each day. Several mice from the same
itter were used for the early (0.5–7.5 dpp) time points while two mice
ach were used for the last three points. Commercially available
DNAs were amplified with control primers according to the manu-
acturer’s recommendations. PCR cycling parameters are indicated
n the figure legends.

RT-PCR analysis of human SPO11 expression. Human Multiple
DNA Panels I, II, and Tumor (Clontech) were subjected to PCR
mplification using primers HsSeq5, 59-TCTTCAGATGGTATC-
CATTGCAC-39; HsSeq7, 59-GAAAAAGATGCAACATTTCAGCG-
CT-39; HsSeq8, 59-GGATCAGCATCTACAAGAGTGAAAAC-39;
9HsSpoATG, 59-ATGGGGCCCGAGGCCTCGTTCT-39; and 39HsS-
oTAG, 59-ATCCATCCTCCAAATTTTAATTTGTTAGG-39. Human
etal testis cDNA (Origene Technologies) was from a first-trimester
etus. Jurkat, Raji, and N-Tera-2 human cell lines (ATCC) were
rown under recommended conditions, and mRNA and cDNA were
repared as mentioned previously. Commercially available cDNAs
ere amplified with control primers according to the manufacturer’s

onditions. PCR cycling parameters are indicated in the figure leg-
nds.

Sequence alignments and comparisons. Sequence alignment be-
ween mouse Spo11 and human SPO11 was performed using ALIGN
ocated at the Web site http://www2.igh.cnrs.fr/bin/align-guess.cgi.
dditional alignments, from which the percentage identity was de-

ermined between Spo11 homologues, were also performed at this
ite.

Chromosomal localization of mouse Spo11 by FISH. A mouse
AC genomic library was screened by filter hybridization using a
ouse cDNA probe corresponding to nucleotides 707–917 of the
ouse Spo11 cDNA. A BAC mouse genomic clone was isolated (Ge-

ome Systems), and the DNA was prepared using a KB-100 Magnum
it (Genome Systems). The clone was found to contain the mouse
po11 genomic locus and was used for FISH (Genome Systems).
igoxigenin dUTP-labeled probe was combined with sheared mouse
NA and hybridized to metaphase chromosomes derived from a
ouse embryo fibroblast cell line, in a solution containing 50% for-
amide, 10% dextran sulfate, and 23 SSC. Specific hybridization

ntinued
Co
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162 ROMANIENKO AND CAMERINI-OTERO
esceinated anti-digoxigenin antibodies and counterstaining with
API. This resulted in specific labeling of the distal portion of a large

hromosome believed to be chromosome 2 on the basis of DAPI
taining. A probe specific for the centromeric region of chromosome 2
as cohybridized with the mouse Spo11 BAC. This resulted in the

pecific labeling of the centromere and the distal portion of chromo-
ome 2. Measurements of 10 specifically hybridized chromosomes 2
emonstrated that mouse Spo11 is located at a position 99% of the
istance from the heterochromatic–euchromatic boundary to the
elomere of chromosome 2, an area that corresponds to band 2H4. A
otal of 80 metaphase cells were analyzed, with 72 exhibiting specific
abeling.

Chromosomal localization of human SPO11 by FISH. A human
AC genomic clone was isolated from a Human BAC PCRable DNA
ool (Genome Systems) by subsequent rounds of PCR screening
sing primers 59HumSpoGen, 59-TTAGGCCCTGTAGCAGTCAA-
ATG-39, and 39HumSpoGen, 59-TACAATTAATACAAACTTTG-
ATCTGTAA-39. These primers give a 278-bp band, and a positive
lone was identified and obtained. The human SPO11 FISH (Genome
ystems) was performed similarly to the mouse localization with
everal exceptions. Hybridization was performed on metaphase chro-
osomes from PHA-stimulated peripheral blood human lympho-

ytes, and the initial experiment resulted in specific labeling of what
as believed to be chromosome 20 based on size, morphology, and
anding pattern. A second hybridization was performed using a
iotin-labeled probe specific for the centromere of chromosome 20
etected with Texas red avidin and fluoresceinated anti-digoxigenin
ntibodies to detect human SPO11. This experiment resulted in the
abeling of the centromere in red and of SPO11 in green. Measure-

ents of 10 specifically labeled chromosomes 20 demonstrated that
uman SPO11 lies at a position that is 81% of the distance from the
entromere to the telomere of chromosome 20q, which corresponds to
0q13.2–q13.3. A total of 80 metaphase cells were analyzed, with 72
xhibiting specific labeling.

RESULTS

loning of Mouse and Human Homologues to Spo11

The mouse Spo11 homologue was cloned using se-
uence information from an EST found in the Gen-
ank database (GenBank Accession No. AI158373).

dentification of the EST was made by searching
ith the DmSpo11 homologue, meiW68 (algorithm

BLASTN; Altschul et al., 1997). The EST was derived
rom a normalized, 28-day mouse thymus library, and
equence homology to Spo11 terminates in regions that
ere found to be intron sequences. A region that was

dentified as a homologous segment was used to design
CR primers to clone the mouse gene from testis
DNA. Figure 1A shows the cDNA and the deduced
rotein sequence of the mouse Spo11 homologue (Gen-

FIG. 5. RT-PCR analysis of human SPO11 expression. (A) Ampl
sSeq7 and HsSeq8. The predicted product size was 185 bp. The lan
ancreas, (7) placenta, (8) muscle, (9) colon, (10) ovary, (11) peripher
estis, (16) thymus, (17) fetal testis, (18) H2O, (19) breast carcinoma
22) lung carcinoma, GI-117, (23) prostatic adenocarcinoma, PC3, (2
ancreatic adenocarcinoma, GI-103, (27) H2O, (M) 100-bp ladder. PC
min for 40 cycles, 72°C for 5 min. One-tenth of the testis reaction wa
mplification according to the manufacturer’s recommendations (dat
utative domains. DNA sizes are indicated on the right. (B) Amplifi
uman cDNA was amplified using primers HsSeq5 and HsSeq8 in la
re as follows: (1) testis, (2) fetal testis, (3) ovary, (4) ovarian carcino
etal testis, (10) ovary, (11) ovarian carcinoma, (12) prostate, (13)
onditions were 94°C for 1 min, 94°C for 10 s, and 68°C for 2 min for
n gel. Diagram illustrates approximate position of primers and put
as derived from at least six independently amplified
9 and 39 segments. The coding sequence was finally
onfirmed by sequencing the entire genomic locus (P. J.
omanienko and R. D. Camerini-Otero, unpublished
esults). The gene contains 13 exons; 12 intron–exon
oundaries are indicated in Fig. 1A. There are three
otential initiating methionines, none of which fits the
onsensus Kozak sequence (GCC GCC A/GCC ATG G)
Kozak, 1989), but the amino acid sequence following
he first ATG is very similar to that of human SPO11.
he mouse cDNA was used to probe a human genomic
NA library, and fragments from a positive l phage

lone were subcloned and sequenced. A region homol-
gous to exon 8 in the mouse was found, and primers
ere made to that region to clone the human ortho-

ogue by PCR. Figure 1B shows the cDNA and amino
cid sequence of human SPO11 (GenBank Accession
o. AF169385). The coding sequence was derived from
0 independent subclones, while the 39 untranslated
egion (UTR) was compiled from 3 independent sub-
lones. The 59 end of the cDNA was determined by
urther amplification of the 59UTR and was compiled
rom 6 independent subclones, with the longest repre-
enting the 59 end in Fig. 1B. There are two putative
nitiating ATGs, but neither conforms to a consensus
ozak sequence.

equence Comparisons of Spo11 Family Members

The mouse and human Spo11 homologues are more
imilar to each other than to other eukaryotic homo-
ogues. The level of amino acid identity between the
ongest putative translated products of mouse Spo11
nd human SPO11 is 82% (Fig. 2A). The next nearest
po11 homologue is from D. melanogaster with 29.4%

dentity, Sc. pombe with 27.6%, Su. shibatae with 26%,
. elegans with 24.8%, and Sa. cerevisiae with 22.2%

dentity. Figure 2B shows an alignment of several
po11 homologues within the most conserved regions.
egion I contains the putative active site tyrosine (in-
icated by arrow), and regions II, III, and IV comprise
hat has been called the Toprim (topoisomerase and
rimase) domain (Aravind et al., 1998). This domain is
onserved in DnaG-type primases and type IA and type
I topoisomerases, as well as other proteins involved in
NA replication and repair. It contains two motifs

tion of Toprim domain. Human cDNA was amplified using primers
are as follows: (1) brain, (2) heart, (3) kidney, (4) liver, (5) lung, (6)
blood leukocyte, (12) prostate, (13) small intestine, (14) spleen, (15)
I-101, (20) lung carcinoma, LX-1, (21) colon adenocarcinoma, CX-1,
olon adenocarcinoma, GI-112, (25) ovarian carcinoma, GI-102, (26)
cycling conditions were 94°C for 1 min, 94°C for 10 s, and 68°C for
oaded on gel. Control primers for all commercial cDNA samples gave
ot shown). Diagram illustrates approximate position of primers and
ion of active site and Toprim domain and SPO11 coding sequence.
s 1–7 and primers 59HsATG and 39HsTAG in lanes 8–13. The lanes
, (5) prostate, (6) peripheral blood leukocyte, (7) H2O, (8) testis, (9)

O, (M1) 100-bp ladder, (M2) l DNA–BstEII marker. PCR cycling
cycles, 72°C for 5 min. One-tenth of the testis reactions were loaded
ve domains. DNA sizes are indicated on the right.
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164 ROMANIENKO AND CAMERINI-OTERO
ommon to all these proteins including an invariant
lutamate residue (in region II) and a DXD motif
where X denotes any amino acid) found in region IV
Fig. 2B) thought to be required for coordinating Mg21

inding.

issue Distribution of Mouse and Human SPO11

The tissue distribution and transcript size of both
ouse and human SPO11 homologues were deter-
ined (Figs. 3A and 3B). The mouse dot blot showed

xpression in testis (D1) and thymus (C3) using a full-
ength coding sequence probe without exon 2, and the
uman dot blot showed testis (D1) expression exclu-
ively using a full-length coding sequence probe (Fig.
A). Probing the dot blots with their respective control
robes gave uniform intensity in all the poly(A)1 RNA
amples (data not shown). The transcript size, as
hown by Northern blot analysis, for the predominant
RNA in mouse is approximately 1.8 kb, and the pre-

ominant human transcript is approximately 2.0 kb
Fig. 3B).

nalysis of Mouse and Human SPO11 Expression
by RT-PCR

An extensive analysis of the expression of mouse and
uman SPO11 was carried out by RT-PCR (Figs. 4 and
) using three primer combinations. The primer com-
inations were placed within the mouse and human
DNAs at equivalent positions. Utilization of primer
air MmSeq-8 and MmSeq-9 gave the expected size
ragment in all tissues analyzed (Fig. 4A). MmSeq-11
nd MmSeq-9 gave a signal only in testis, fetal ovary
15 dpc), and fetal testis (15 dpc) cDNA, as did primers
esigned to amplify the full-length coding sequence of
ouse Spo11 using the third ATG (59MmSpo-ATG and

9MmSpo-TAG) (Fig. 4B). A time course analysis was
erformed to determine the predominant form of the
ouse transcript prior to the onset of meiosis with

egard to the alternate splicing of exon 2 and expres-
ion in the neonatal thymus. The ages of mice are in

FIG. 6. Examples of alternate transcripts in mouse and human
PO11. Alternate transcripts were identified in mouse and human S
nd human had LVTD. The genomic region including intron (lower
educed from comparison of cDNA and genomic DNA are underlined
PO11. An insertion was seen in an amplified cDNA from human tes
A, lanes 15 and 17, as a faint, slightly larger PCR product. The lar
ays postpartum, and early time points (0.5–7.5) con-
isted of pooled testes from more than one litter (Fig.
B). PCR primers MmSeq-8 and MmSeq-9 gave a con-
istent pattern in all time points (data not shown).
mplification with MmSeq-11 and MmSeq-9 gave sig-
als in neonatal thymus (9.5, 13.5, and 28 dpp), adult
estis, fetal ovary, and fetal testis. Primers 59MmSpo-
TG and 39MmSpo-TAG gave products in the early

estis time points and fetal ovary, but no signal repre-
enting full-length coding sequence was seen in thy-
us (Fig. 4B).
A finer analysis of human SPO11 expression was

erformed by RT-PCR using primers HsSeq-7 and
sSeq-8, HsSeq-5 and HsSeq-8, and 59HsSpo-ATG and
9HsSpo-TAG. HsSeq-7 and HsSeq-8 gave products in
rostate, testis, fetal testis, and thymus (Fig. 5A). Ex-
ression was also seen in a panel of tumor cell cDNAs
rom prostate, colon, and ovarian carcinomas (Fig. 5A).
rimers HsSeq-5 and HsSeq-8 gave a single band in
rostate, testis, fetal testis, and ovarian carcinoma
Fig. 5B). Amplification with primers 59HsSpoATG and
9HsSpo-TAG gave rise to a band exclusively in adult
estis representing the full-length SPO11 coding se-
uence (Fig. 5B). Additionally, all three primer pairs
ave rise to the expected signals from Raji (human
-cell lymphoma) and Jurkat (human T-cell) cell lines,
ut no expression was seen in the human N-Tera em-
ryonic carcinoma cell line (data not shown).

lternate Spo11 Transcripts in Mouse and Human

The sequences shown in Figs. 1A and 1B represent
ranscripts that include exon 2 and are the result of an
lternate splice acceptor site for exon 8, with respect to
he mouse gene. Figure 6A shows the alternate splice
ites for exon 8 in mouse and human. The reason for
nclusion of exon 2 and the use of the alternate splice
ite is not clear. Exon 2 is spliced out to a greater
xtent in mouse than in human (compare Fig. 4B and
ig. 5B), and the exon 8 alternate splice site appears to
e used 50% of the time in both species (data not
hown). In addition to these variants, another exon

11. (A) Alternate splice site usage at exon 8 in mouse and human
11 cDNAs that encoded a 4-amino-acid insertion. Mouse had LITD,
e) and exon (uppercase) sequences is shown. Alternate splice sites
were utilized at equal frequency. (B) Novel exon insertion in human

that corresponded to an 11-amino-acid exon. This can be seen in Fig.
band is approximately 10% of the main product.
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165CLONING OF MOUSE AND HUMAN SPO11 HOMOLOGUES
B). The putative exon codes for 11 amino acids be-
ween exons 8 and 9, and its significance is not known,
ut it has not been seen in RT-PCRs with mouse testis
DNA, nor was it found in the intron between exons 8
nd 9. It can be seen in RT-PCRs using primers
sSeq-7 and HsSeq-8 at approximately 10% the level

f the predominant band (Fig. 5A).

hromosomal Localization of Mouse and Human
SPO11

The chromosomal positions of mouse and human
PO11 genes were determined using fluorescence in
itu hybridization (FISH). Bacterial artificial chromo-
omes (BAC) containing genomic segments of both
ouse and human SPO11 were isolated. The mouse
AC was identified by filter hybridization with a
10-bp probe containing nucleotides 707–917 (Fig. 1A)
f the mouse cDNA, and the human BAC clone was
solated by PCR of human BAC genomic library pools
sing primers 59HumSpoGen and 39HumSpoGen. The
ntire mouse and human BAC genomic clones were
sed for FISH. Mouse Spo11 was localized to chromo-
ome 2H4 near the telomere, and chromosomal assign-
ent was determined by hybridization of a centro-
eric probe specific for chromosome 2 (Fig. 7A).
uman SPO11 was localized to 20q13.2–q13.3, as was

xpected by the strong degree of synteny between mice
nd humans in this region, by double-labeling with a
hromosome 20 centromere-specific probe and human
PO11 (Fig. 7B).

DISCUSSION

The RAD52 epistasis group (Game, 1993) comprises
ome of the genes responsible for homology-dependent
SB repair in yeast. Homologues of these genes have
een found in higher eukaryotes, indicating that the
achinery with which cells utilize homology to repair
NA DSBs may be conserved (Petrini et al., 1997).
utant mice lacking some of these homologues have

een made, but the phenotypes are not always consis-
ent with those seen in yeast. A deletion of the RAD52
ene in yeast results in extreme sensitivity to ionizing
adiation-induced DSBs and the inability to complete
eiosis (Game, 1993), but the mouse knock-out shows
oderate sensitivity to DNA damaging agents and is

ertile (Rijkers et al., 1998). A recA homologue, RAD51,
s dispensable in Sa. cerevisiae for mitotic growth yet is
equired for meiosis (Shinohara et al., 1992) while a
ouse knock-out causes cell death and embryonic le-

hality (Tsuzuki et al., 1996). A recA homologue ex-
ressed specifically in meiosis, DMC1, is required for
eiotic progression in yeast (Bishop et al., 1992), mice

Pittman et al., 1998; Yoshida et al., 1998), and flies
Ghabrial et al., 1998). The comparison of mutant phe-
otypes shows that although eukaryotes share the ba-
ic machinery of homologous recombination, there are
ifferences in how organisms utilize the components.
or initiating meiotic recombination in Sa. cerevisiae
Sun et al., 1989), the question arose whether higher
ukaryotes utilize this same mechanism to initiate ho-
ologous recombination during meiosis. Hotspots of
eiotic recombination in yeast are generally found

ear the promoter regions of genes (Lichten and Gold-
an, 1995). The protein that was shown to actually

atalyze DSB formation in yeast was Spo11 (Keeney et
l., 1997). It was found covalently attached to DNA,
eminiscent of the mechanism of type II DNA topo-
somerases. Here we report the isolation of mouse and
uman homologues to Spo11, the characterization of
heir expression patterns, and the chromosomal local-
zation of both genes.

The mouse gene was cloned by PCR using sequence
nformation from a mouse thymus-derived EST. The

ouse thymus ESTs found in GenBank were not en-
irely identical to the cloned mouse testis cDNA.
orthern blot analysis (Fig. 3B) revealed only a single

ranscript in both mouse and human testis that corre-
ponded in size to the cloned cDNAs. The mouse gene is
ivided into 13 exons (Fig. 1A), and both genes have
ompact 59UTRs and similarly sized 39UTRs. The tis-
ue distribution of the Spo11 transcript appeared to be
estricted to testis and thymus in mouse (Fig. 3B, left)
nd testis in human (Fig. 3B, right), but RT-PCR anal-
sis in both organisms provides a somewhat different
icture.
All tissues examined, as well as embryonic mice,

ave signals when the Toprim domain was amplified
Fig. 4A), and the 2.0-kb band is consistent with am-
lification of a transcript containing unspliced introns.
everal mouse thymus ESTs in GenBank have intron-
ontaining sequences, and similar patterns were seen
n cDNA prepared from several mouse tissues (brain,
estis, and thymus) where genomic DNA was removed
rior to cDNA synthesis (data not shown). The function
f such an altered transcript is not known, nor is the
eason for Spo11 expression in somatic tissues known.
mplification using primers that flanked the putative
ctive site and the Toprim domain gave a complicated
attern of bands, but they were specific for thymus,
estis, fetal germline tissue, and 17-day embryo (Fig.
B). The signals other than the expected amplification
roduct may contain intron sequences or cryptic exons
hat are not present in the predominant testis tran-
cript but code for alternate protein products in thy-
us. The function of Spo11 in thymus is unclear. It has

een shown that Rag1 and Rag2 are sufficient to cat-
lyze V(D)J recombination in NIH3T3 mouse fibro-
lasts (Oettinger et al., 1990), but thymus-like Spo11
xpression was also seen in NIH3T3 cells, albeit at a
ow level (data not shown). The tissues shown in Fig.
B are the only tissues that gave a product with these
rimers. Amplification with primers that give a testis-
ike coding sequence product gave signals only in

ouse testis, 17-day embryo (most likely due to the
resence of fetal ovary), fetal ovary, and, surprisingly,
etal testis as well (Fig. 4C, lanes 1, 2, 6, and 7, respec-
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166 ROMANIENKO AND CAMERINI-OTERO
ively). Time course analysis (Fig. 4C, lanes 8–14) of
po11 expression in the neonatal male germline indi-
ates the presence of the mature Spo11 transcript sev-
ral days before the onset of meiosis according to the
orphologic classification of early primary spermato-

ytes (Goetz et al., 1984). The presence of Spo11 protein
n fetal testis may be required for the preparation of
ells entering meiosis I where homologous chromo-
omes need to pair after they are replicated during the
remeiotic S-phase.
Human SPO11 expression was not detected in thy-
us on the RNA Master blot (Fig. 3A, right), but am-

FIG. 7. Chromosomal localization of mouse and human SPO11
ontaining the mouse Spo11 genomic locus was used to localize th
hromosome 2 was achieved by double-labeling using a centromeric p
0q13.2–q13.3. A BAC clone containing the human SPO11 genomic
green). Assignment to chromosome 20 was achieved by colabeling c
n idiogram of chromosome 20 is shown with an arrow indicating t
lification of the Toprim domain was seen in human
hymus, as well as in prostate, testis, and fetal testis
Fig. 5A, lanes 16, 12, 15, and 17, respectively). A
ossible explanation for not detecting human SPO11 in
ther tissues might be that the amount of transcript is
xtremely low and the representation of mRNA one
btains from human tissue is not equal to that of
ouse, but it is equally likely that human SPO11

xpression is restricted to only a few tissues. Expres-
ion was also seen in three human carcinoma cell lines
rom prostate, colon, and ovary (Fig. 5A, lanes 23, 24,
nd 25, respectively). It was surprising to see the

mologues by FISH. (A) Mouse Spo11 maps to 2H4. A BAC clone
ene to region H4 on chromosome 2 (white arrows). Assignment to
e specific to chromosome 2 (not shown). (B) Human SPO11 maps to
us was used to localize the gene to the long arm of chromosome 20
mosomes with a centromeric probe specific to chromosome 20 (red).
pproximate localization of human SPO11.
ho
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arger active site and Toprim domain product in fetal
estis and ovarian carcinoma (Fig. 5B, lanes 2 and 4).
he prostate signal might be the result of spermato-
ytes sloughing off from the seminiferous tubules and
eing deposited in the prostate, but full-length SPO11
as not detected in prostate (Fig. 5B, lane 12). Another
ifference between mouse and human SPO11 is the
pparent preference for inclusion of exon 2 in the pre-
ominant RT-PCR products seen in testis (compare
ig. 4C, lane 1 to Fig. 5B, lane 8). Mouse Spo11 tends

o have exon 2 removed, while human SPO11 shows
he opposite pattern. The significance of this is not
nown, and a GenBank search of the amino acids en-
oded by exon 2 did not show anything significant, but
t is an attractive scenario that a mixed dimer of the
po11 protein might be required for DSB formation.
ne partner, with or without exon 2, might play a role

n subnuclear localization or interaction with factors
hat influence formation of meiotic hotspots.

In addition to the variable presence of exon 2, there
s an alternative splice site at exon 8 (Fig. 6A) that
esults in the insertion or absence of a 4-amino-acid
equence (boxes in Figs. 1A and 1B). It is not known
nder which conditions or at what stage this alternate
plice site is used, but the ratio is approximately 1:1
P. J. Romanienko and R. D. Camerini-Otero, unpub-
ished observations). Use of the alternate splice site
as not been correlated with the presence or absence of
xon 2, but since it lies between the Toprim domain
nd the putative active site, it may play some role in
odulating catalysis. In a separate report, similar re-

ults were seen regarding the overall gene structure
nd expression pattern of mouse Spo11 (Keeney et al.,
999). The sequencing of several human cDNAs re-
ulted in the identification of a novel exon inserted
etween exons 8 and 9 (Fig. 6B). A GenBank search
ith this sequence did not reveal anything significant,
nd it appears to be included in less than 10% of
ranscripts (Fig. 5A, lanes 15 and 17, faint signal above
he major band). This was not seen in mouse Spo11
hen the same region was amplified (Fig. 4A, lanes 8
nd 11), and in sequencing the intron between mouse
xons 8 and 9, we did not come across any sequence
hat defined a similar exon (P. J. Romanienko and
. D. Camerini-Otero, unpublished observations).
The overall homology between Spo11 homologues is

etween 20 and 30%, and except for Sa. cerevisiae, Su.

Novel Eukaryotic Homologues of Spo11

Organism
Genbank

Accession No. Source

ouse AI158373
and others

Thymus and other, ESTs

uman AI393442 Testis EST
at AI232279 Kidney EST
rypanosoma cruzi AA908074 Epimastogote stage EST
lasmodium falciparum AC006280.3 Genomic sequence
ryza sativa (rice) AQ159537 Genomic sequence
ologues have been identified through genome and
ST sequencing efforts. In addition to the homologues
hown in Fig. 2B, there are other top6A homologues in
rchaebacteria, and several (except human) eukaryotic
omologues (Table 1) were found in GenBank during
he search for a mouse homologue. The absence of a
po11 homologue in eubacteria is interesting. TopoVI

a holoenzyme composed of two subunits, the Topo
IA-Spo11 homologue and the Topo VIB-ATP-binding
ubunit) in Su. shibatae appears to fulfill the function
f a postreplicative decatenase since it relaxes both
egative and positive supercoils and is not capable of

ntroducing supercoils (Buhler et al., 1998). Both sub-
nits are required for activity, which led to the possi-
ility there may be a partner to Spo11 in eukarya, but
o such sequence was found in the Sa. cerevisiae data-
ase (GenBank). The likelihood of Spo11 acting alone
o initiate meiosis-specific DSBs appears unlikely
ased on the number of proteins required for DSB
ormation in yeast (Roeder, 1995). Additional experi-

ental evidence against Spo11 being solely responsible
or meiotic DSB formation comes from failure of Dm-
po11 and a series of fly–yeast chimeras to rescue
eiosis in a Spo11-deleted yeast strain (P. J. Ro-
anienko and R. D. Camerini-Otero, unpublished re-

ults). The only changes tolerated in the yeast protein
ere conservative changes between fly and yeast in

egions I–IV (compare sequences in Fig. 2B).
The localization of mouse and human SPO11 homo-

ogues revealed another measure of syteny between
hromosome 2 in mouse and chromosome 20 in human.
he mouse gene lies near the centromere–distal telo-
ere (Fig. 7A), and the human homolog was localized

o 20q13.2–q13.3 (Fig. 7B). Chromosome 20q13.2–
13.3 is a region known to be amplified in breast (Cour-
al et al., 1997) and ovarian (Sonoda et al., 1997)
ancers, and 20q13.2 amplification correlates with
ncreased genomic instability in human papillomavi-
us transformed cell lines (Savelieva et al., 1997). The
ltered expression pattern seen in the ovarian carci-
oma cell line (Fig. 5B, compare lanes 3 and 4) and the

ocalization of SPO11 to this locus present an attrac-
ive link between genetic instability and the altered
xpression of a gene believed to generate specific DNA
SBs during meiosis. In addition to SPO11 serving as
marker in cancer progression, Spo11 homologues in
rypanosoma cruzi and Plasmodium falciparum may
ake suitable targets for antiparasitic agents, if the

rotein is found to perform an essential function in
hese organisms.

We are in the process of characterizing the expres-
ion of mouse and human SPO11 homologues further
n relation to their possible role in cancer progression
nd V(D)J recombination in mouse thymus. A mouse
nock-out model is also under way, and it will be in-
eresting to compare findings in yeast, D. melano-
aster, and C. elegans to mouse with respect to the
echanism by which recombination is initiated in mei-

sis and its requirement for chromosomal synapsis.
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