Calcium @ux in monocytes. Butriated human monocytes (10" ml™") were
loaded with 1.0mM Fura-2 AM (Molecular Probes) in the dark for 15min at
378C in DPBScontaining 0.1% HSA, and intracdllular calcium was measured
asdescribed®. Thedataarepresented astherdativeratio of Quorescenceat 340
and 380nm.

Chemotaxis assays. Chemotaxis assays were carried out in a48-well micro-
chemotaxis chamber (NeuroProbe) at 37 8C for 90 min® on dutriated mono-
cytes in HBSS buffer (MediaTech) supplemented with 0.05% low endotoxin
BSA (9gma) at 53 10° cellsml? . Monocytes that migrated across the Aiter
and adhered to the bottom side were stained with Diff-Quick (Baxter
ScientiA€). The cdls per three 400¥ Aglds in duplicate wells were counted
and the data expressed asthe mean 6 standard deviation.

Statistical analysis. Data are expressed asthemean 6 standard deviation or
standard error of the mean, asindicated. Satistical comparison of meanswas
performed by two-tailed unpaired Sudent's t-test. The null hypothesis was
considered to beregjected a P, 0:05.
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We have generated and analysed null mutations in the mouse
genes encoding three structurally related receptors with tyrosine
kinase activity: Tyro 3, Axl, and Mer'**. Mice lacking any single
receptor, or any combination of two receptors, are viable and
fertile, but male animalsthat lack all three receptors produce no
mature sperm, owing to the progressive death of differentiating
germ cells. This degenerative phenotype appearsto result from a
failure of the tropic support that is normally provided by Sertoli
cells of the seminiferous tubules, whose function depends on
testosterone and additional factors produced by Leydig cells™.
Tyro 3, Axl and Mer are all normally expressed by Sertoli cells
during postnatal development, whereas their ligands, Gas6 and
protein S areproduced by Leydig cellsbeforesexual maturity, and
by both Leydig and Sertoli cellsthereafter. Here we show that the
concerted activation of Tyro 3, Axl and Mer in Sertoli cdlls is
critical to therolethat these cells play as nurturers of developing
germ cells. Additional observationsindicate that these receptors
may also be essential for the tropic maintenance of diverse cell
typesin the mature nervous, immune and reproductive systems.
The receptor protein-tyrosnekinases (PTKs) of the mammalian
Tyro 3 family® include Tyro 3 (adlso named Rse, Sy, Brt, Tif, Dtk,
Etk-2)2%' Axl (also named Ark, Ufo, Tyro 7)%"""? and Mer (also
named Eyk, Nyk, Tyro 12)*). These three receptors are widely
expresed in adult tissues, but ther function is unknown. They
shareadiginctive structure, with extracellular regionscomposed of
two immunoglobulin-related domains linked to two AbBronectin
type-111 repegts, and cytoplasmic regions that contain an intrinsc
PTK domain. Tyro 3, Axl and Mer arepresent in varigbleamountsin

=Present address: Arena Pharmaceuticals, San Diego, California 92121, USA (M.G.).
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neural, lymphoid, vascular and reproductivetissues, and in primary
and tumour cell lines derived from these sources'®'*+*3, The kinase
activity of each of thereceptorsisactivated by Gast (refs 14+17), a
ligand that exhibits sequence relatedness to a steroid hormone
trangport protein designated the sex-hormone-binding globulin®™.
Tyro 3 can also bind and be activated by protein § an anticoagulant
in the blood coagulation cascade whose structure is closely related
to that of Gas5 (ref. 14), athough the extent to which protein S
functions asa Tyro 3 ligand in vivo is debated™.

Weinvegtigated thefunction of Tyro 3, Axl and Mer by inactivat-
ing their genesin the mouse™® (Fig. 1). Mice homozygous for any
snglegenemutation wereviable and fertile, and displayed no gross
anatomical defects. Although activity-induced seizures have been
observed in Tyro 3 single mutants more than seven months old
(Q.L, M.G. and G.L., data not shown), and there is a two-fold
increase in spleen size with an accompanying defE€it in monocyte
response to endotoxins in Mer homozygotes®, al single mutants
wereobtained at theexpected Menddian frequency at weaning, and
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Figure 1 Inactivation of the mouse Tyro 3, Axl and Mer genes. The shared domain
structure of these receptors is shown schematically (top); numbers denote exons
of the mouse Tyro 3 gene?. a, Structure of the mouse Tyro 3 gene, the targeting
vector for inactivation, and the recombined allele. Signal peptide (SP) exons are
numbered according to ref. 28, remaining exons are positioned according to ref.
27, with designations one integer lower after exon 3 (for example, exon 7 here is
exon 8 of ref. 27). The 39probe used for detection of homologous recombination
of the right arm of the targeting vector is indicated. Ig, immunoglobulin-like; FNIII,
Abronectin type lll-like; TM, transmembrane domain; neo, G418 positive selection
cassette; tk, thymidine kinase negative selection cassette; B, BamHlI; K, Kpnl; X,
Xbal. b, Southern blot of Xbal-digested DNA from ES cells homozygous (+/+) or
heterozygous (+/-) for the normal Tyro 3 gene, hybridized with the 39 probe
indicated in a. ¢, Western blot of brain protein lysates from wild-type (++),
homozygous mutant (-/-), or heterozygous mutant mice (+/-), probed with a
Tyro 3-specife antibody? Tyro 3 is arrowed. d, Structure of the Axl gene, the
targeting vector for inactivation, and the recombined allele. Only the indicated
exons have been mapped, although the targeting vector is likely to contain
additional exons within its @anking arms, based on the structure of the human
Axl gene®. The 59probe used for detection of homologous recombination of the
left arm of the targeting vector is indicated. Bg, Bglll; Bc, Bcll; H, Hindlll. e,
Southern blot of Bglll-digested DNA from ES cells homozygous (++) and
heterozygous (+/ - ) for the normal Axl gene, hybridized with the 59probe indicated
in d. f, Western blot of total brain protein lysates prepared from wild-type (+/ +) or
homozygous mutant (-/-) mice, immunoprecipitated with an Axl-speciAe
antibody® and then probed with the same antibody. NIH3T3 cells, which express
high levels of the receptor®, were similarly analysed as a positive control. Axl is
indicated by an arrow. g, Restriction map of the mouse Mer gene and structure of
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the targeting vector for the gene inactivation and of the recombined allele. The
Mer exon that corresponds to exon 18 of the mouse Tyro 3 gene (exon 19 of ref. 27)
is contained within the indicated 3.1-kb BamHI+Spel (B+Sp) restriction fragment,
butits precise location is unknown. Other Mer exons have notbeen mapped. The
53 and 1/3 amino acids of exon 18 extend from Met 725 in kinase sub-domain VlIto
Val 778 in sub-domain X. The 39 probe used for detection of homologous
recombination of the right arm of the targeting vector is indicated. E, EcoRl; Xh,
Xhol. h, Southern blot of EcoRI-digested tail DNA from mice homozygous (+/ +)
and heterozygous (+/ - ) for the Mer gene, hybridized with the 39probe indicated in
g. i, RNase protection analysis (RPA) of RNAs isolated from adult wild-type (+/ +),
Mer single mutant (-/-"°"), and triple mutant (-/- %) mouse testes. Two radio-
labelled RPA probes (wavy lines) were used: one runs from a Sacl site at
nucleotide 2010 of the mouse Mer cDNA* to nucleotide 3,065 (just downstream
of the Mer TGA stop codon), and the second from an Avall site at nucleotide 2,352
to nucleotide 3,065. RPA results using the Avall probe are shown. This probe is
fully protected from RNase digestion following hybridization to wild-type RNA
(713-bp band), butis trimmed to a 682-bp fragment following hybridization to either
Mer single or triple mutant RNA (arrowed lines). Similar RPAs with the Sacl probe
(gels not shown) yielded the same 682-bp protected fragment upon hybridization
to Mer mutant RNA, and also a protected fragment of 213bp (arrowed). To con/m
that these corresponded to deletion of the indicated Mer exon (blue), we
performed RT-PCR on Mer mutant RNA using the indicated PCR primers (P.
and, P). Sequencing of the ampliAed product demonstrated that only this exon
(equivalentto Tyro 3exon 18in a, or exon 19 of ref. 27) is deleted in the mutant. This
160-nucleotide deletion removes residues in kinase subdomains VII=IX, and
portions of VI and X, which are essential to the activity of all known tyrosine
kinases.
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all lived for alongtimein thelaboratory. Theseresultsindicatethat
no singlereceptor of the Tyro 3 family isessentia duringembryonic
development.

Becauseindividua membersof reoceptor PTK familiesoften form
heterodimers with one another to yidd hybrid receptors with
overlapping binding speciAEities, and co-expresson of Tyro 3 and
Axl or Mer has been observed for severa cell types, we generated
Tyro 3/Axl and Tyro 3/Mer double mutants. These mice were aso
obtained in theexpected Menddian ratios (wefound that the Tyro3
and Me genesarelinked in themousegenome) and wereaso viable
and super/Eidly hedthy (but see below). Many double mutants
both maeand female, werefertileasyoung adults, which alowed us
to generate individuds that were mutated for al three receptor
genes. Remarkably, even these triple knockouts were viable, and
severd have been maintained in our colony for over one yesr.

Ther viability notwithstanding, the triple mutants displayed
multiple mgjor organ defects neurologicad abnormalities and
physiologica defEits. Altered histology, increased apoptosis and
cdlular degeneration, for example, were prominent in a veriety of
adult tissues, including the hippocampus, cerebellum and neocor-
tex of the brain, the epithdium of the progtate, the parenchyma of
the liver, and the walls of blood vessds. In addition, adult triple
mutants were blind, owing to the posinatal degeneration of rods
and conesin theretina(Q.L. and G.L., datanot shown). Thespleens
of adult triple mutants were populated by apoptotic cdls but were
a0 grosdy enlarged, with an averageweight of 4686 79mg (na 4)
compared to 936 8mg (na 3) for wild type, conssent with
aberrant homeogtassof thelymphoid populationsin which expresson
of thethreereoceptorsisprominent®*?', and with thedemonstration
that protein Sisinterleukin-4-induciblein T lymphocytesand isan
inhibitor of cultured B- and T-cdll proliferation®'. These observa
tions demonsrate that concerted activation of Tyro 3 family
receptorsisessential for the trophic maintenance and homeodtatic
balance of awidevariety of cdl typesin mature mammealian tissues.

Among the mog severe phenotypes was that seen in the adult
male gonads. Although the ovaries of triple-knockout femaeswere
higtologicaly abnormal, with cdl death evident in the granulosa
cells associated with growing ovarian follicles (Q.L. and G.L., data
not shown), severa of these femaes werefertile. In contragt, triple

Figure 2 Aborted spermatogenesis and germ-cell death in seminiferous tubules
of Tyro 3/"AxI’"Mer ' mice. a, b, Wild-type and triple-mutant seminiferous
tubules, respectively, at 5 weeks after birth. The wild-type tubule section to the left
of a is at late stage VIl and contains many mature sperm. No mature sperm are
evident in either of the two tubule sections in b, which contain stunted immature
spermatids with improperly oriented acrosomes, and dying cells. c, d, Wild-type
and triple-mutant tubules, respectively, at 18 weeks. Total cellularity of the triple-
mutant tubules (d) is by this age substantially reduced. e, f, Wild-type and triple-
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knockout males never sred offspring. The testes of adult triple
mutantswereone-third of the size of those of wild-type males, with
an average weight of 356 8mg (na 6), compared to 1006 5mg
(na 5) for wild type; triplemutant epididymi were invariably
devoid of sperm. Spermatogeness was clearly disrupted in the
triple mutants, and the cdlular organization of the seminiferous
tubules was grosdy perturbed (Fig. 2). These effects were Aest
detectable only at three weeks after birth, approximately one week
before the onsat of sexual maturity, and embryonic and early
neonata devdopment of the testes, including the generation of a
full complement of normal testicular cell types, was not obvioudy
affected. In young (4+8 weeks) adults, a reduced number of round
spermatidswas Aest noticesbleat seminiferoustubulestagesVII and
VIII (refs7, 22); many fewer spermatocytesat the pachytene stage of
meios swereaso seen in theseyoung males, and therewerevery few
cdllswith the morphological features of mature sperm (Fig. 2a, b).
Therdeaseof thefew maturesperm that wereproduced wasdelayed
beyond tubule stage VIII, the norma stage of reeass® These
defEiencies became progressively more severe as triple-mutant
maesaged (Fig. 2c, d); in 6-month old mice, wefrequently observed
tubules depleted of nearly al germ cdls (Fig. 2exh). Apoptotic cell
death, detected by TUNEL gstaining, was markedly devated in the
young triple-mutant tubules (Fig. 2i, j), and was prominent in
spermatids at tubule stages VII+VIII and in pachytene spermato-
cytes (the same pointsin spermatid and spermatocyte differentia-
tion a which cdl death is AEst observed following hypophysectomy
and testosterone depletion”®2%). Although apoptosis eventually
depleted the testes of most germ cdlls, the proliferation of mae
stem cdls (gpermatogonia) continued for a time in young triple
knockouts (Fig. 2k, |). Mutantscarrying fewer receptor-gene muta-
tions were aso compromised with respect to spermatogenesis,
dthough less severdy. Tyro 3/ AxI**Mer” and Tyro 3" AxI*"
Me "~ males had reduced testicular masses relative to wild type (52
and 43mg, repectively), and only , 20% of Tyro 3/ AxI*" Mer™"”
maesin our colony have sired offspring. These less-compromised
mice also showed disordered spermatogenesis and reduced epidi-
dyma numbersof mature sperm. Less severe effectson fertility and
testicular size, mass and histology were observed in Tyro 3/ Axl™~
Mer** males, and all single-mutant males appeared normal.

A7 A <3 Vw0 (e A
N e~ x T CRA I TP Y

mutant tubules, respectively, at 6 months. Some tubule sections (such as the
central tubule in f) are entirely depleted of germ cells in the triple mutants. g, h,
Wild-type and triple-mutant tubules, respectively, at 6 months. i, j, TUNEL staining
for apoptotic cell-death in sections of wild-type and triple-mutant tubules,
respectively, at 9 weeks; i contains a single TUNEL" cell; j contains 172 TUNEL*
cells. k, I, Spermatagonial stem cell division, as measured by a 2-h pulse of BrdU,
in wild-type and triple-mutant seminiferous tubules, respectively, at 5 weeks. All
scale bars, 50 mm.
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Figure 3 Tyro 3 family receptors and their ligands in the testes. a, In situ
hybridization for Tyro 3 mRNA, expressed by cells at the periphery of all
seminiferous tubule sections at 5 weeks. b, High-power, bright-Aeld image of Tyro
3 mRNA (dark silver grains). Grains are located over lightly staining, irregularly
shaped nuclei at the wall of the tubule, which are features of Sertoli-cell nuclei
(s)®, and not over the dark round nuclei of spermatogonia (asterisks), the Leydig
cell nuclei outside the tubule (l), or spermatocyte or spermatid nuclei (*). c,
Immunolocalization of Tyro 3 protein? (green) on most Sertoli cell membrane
surfaces. d, In situ hybridization for Axl mRNA, similar to the Tyro 3 proAe in a. e,
High-power, bright-Aeld image of AxI mRNA localization, similar to the Tyro 3
proAe in b. Note the absence of signal in peritubular cells (p). f, In situ hybridiza-
tion for Mer mRNA, similar to the Tyro 3 pro/e in a. g, High-power, bright-Aeld
image of Mer mRNA localization. Note low signal in Leydig cells, not seen for Tyro
3or AxImRNA. h, In situ hybridization for Gas6 mRNA, highly expressed by Leydig

Although spermatids and spermatocytes are the cels most
obvioudy affected by the loss of Tyro 3, Axl and Mer, these cdlls
do not in fact express the three receptors (Fig. 3). Before and after
sexua maturity, each of the receptor messenger RNAswas|ocalized
to the periphery of the seminiferous tubules (Fig. 33, d, f). Of the
three cdl typeswith nucle a thispostion (Sertoli cells spermato-
goniaand peritubular cdls) only Sertoli cdlsclearly expressed Tyro
3, Axl and Mer mRNAs. This assgnment was based on: (1) the
absenceof an in stu hybridization signal in thethin peritubular cells
that surround the tubule (Fig. 3b, e, g); (2) the patchy circumfer-
entia digribution of receptor in dtu sgnals and their association
with the lightly staining, irregularly shaped nucle characterigtic of
Sertoli cells®, as opposed to the darkly gtaining, round nucle of
spermatogonia (Fig. 3a+g); (3) the presence of receptor mRNAsin
cdls that express sx-hormone-binding globulin, a Sertoli cdl
marker® (Fig. 3m=0); and (4) the digribution of northern blot
sgnasin RNAs isolated from enriched populations of testicular
cdls (Fig. 3m+0). In addition, antibodies raised againgt Tyro 3
(ref. 2) eciAealy stained Sertoli cdls which are large secretory
cells whose cytoplasm extends across the full radia extent of the
tubule® (Fig. 3c). Together, these datademongrate that Tyro 3, Axl
and Mer are Sertoli-cdl products, athough low-level expresson by
spermatogonia cannot be deAgitively excluded. Sertoli-cdl expres-
son of the receptor mRNAs was observed throughout postnata
development, with amodest peak at Aveweeksafter birth (Fig. 3a, d,
f). At dl times, the amount of mMRNA was greatest for Tyro 3 and
Axl, and lessfor Mer. Unlike Tyro 3 and Axl mRNAs, alow leve of
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cells, at 5 weeks. At this age, expression of Gas6 also Afst becomes detectable in
a subset of Sertoli cells. i, Imnmunolocalization of Gas6 protein expression in
Leydig cells at 4 weeks. j, In situ hybridization for Gasé mRNA at 18 weeks. By this
age, expression in Leydig and Sertoli cells is roughly equivalent, with a tubule-
stage-speci/e regulation evident in the latter. (Sertoli cell expression is lowest at
stages VII/ VIII, the inverse of GATA-1 regulation.) k, In situ hybridization for protein
S mRNA at 5 weeks, similar to the Gas6 proAe in h. Although protein S mRNA is
prominent in Leydig cells, it is also detected in Sertoli cells by this age. I, In situ
hybridization for protein S mRNA at 18 weeks, similar to the Gas6 proAe in j. m p,
Northern blots of total RNAs isolated from rat Sertoli cells (rsc), rat germ cells (rgc),
rat peritubular cells (rpc), and mouse Sertoli cells (msc). Blots were hybridized
with probes for Tyro 3 (m), Axl (n), SHBG, a marker for Sertoli cells (0), and
cyclophilin as a loading/ RNA control (p). All scale bars, 50 nm.

Mer mRNA was also detected in the testosterone-producing Leydig
cdlisthat lie outsde the tubules (Fig. 3g).

In contragt to the receptors, their ligands were each expressed
during the AEst three postnatal weeks by Leydig cells (Fig. 3hl).
There was a pronounced spike in Leydig cdl Gass a the onset of
sexua maturity (Fig. 3h, i); thisexpression declined and stabilized
in matureadults(Fig. 3j). Co-incident with sexual maturation, Gast
mRNA and protein adso appeared in Sertoli cdls (Fig. 3h). This
Sertoli-cel sgnad was Aest detected at stage X during the AEst wave
of spermatogenesisto passthrough thetubule, and becameincreas-
ingly prominent with postnatal age, such that in mature testes
roughly comparable levels of Gass were detected in Leydig and
Sertoli cdls (Fig. 3j). Sertoli-cdl expression of Gast in the mature
testes exhibited a digtinctive risng-and-faling regulation as a
function of tubule stage; preliminary analysisindicatesthat expres-
son ishighest at stages |11 +1V and isamos undetectable by stiage
VIII (Fig. 3j). This periodic cycling with tubule stage is a property
exhibited by many other Sertoli-cdl gene products, including the
transcription factor GATA-1 (ref. 26) (seebelow). Protein Sshowsa
similar devdlopment proAte (Fig. 3k, 1), dthough itsoverall expres-
son waslessthan that of Gasg, and Sertoli cells became protein-S
positive about one week before they became Gas6-positive. Protein
Slevelsaso @Quctuated with tubule stage, although the amplitude of
this Quctuation was smaller than for Gass. Thus, ligand+receptor
signdling for the Tyro 3 family in the testes switches from a
paracrine to an autocrineg/paracrine mode at the onset of sexua
maturity.
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Figure 4 Expression of GATA-1 in wild-type (+ +) and triple-mutant (tko) testes. a,
b, GATA-1 immunoreactive (dark blue) nuclei in sections of wild-type and triple-
mutant seminiferous tubules, respectively, at 5 weeks. GATA-1* Sertoli cells are
presentin the triple mutant at this age. ¢, d, GATA-1 immunoreactivity at 18 weeks.

These observations indicated that germ-cdl death in the triple
mutants might result from the death of Sertoli cdls Thisisnot the
case: we readily detected GATA-1" Sertoli cdllswithin thetubules of
young adult tripleknockouts (Fig. 4a, b), and thenumber of GATA-
1* cdls signifeantly increased in more mature triple mutants
relative to wild-type (Fig. 4c, d). Sertoli-cel expresson of GATA-1
also Quctuateswith tubule sagein the mature testes, with apeak at
tubule stages VII/VIII (Fig. 3c)%®, and germ odlls inhibit GATA-1
expresson at other tubule stages™®. Wefound that, in the germ-cell-
depleted tubules of older mutants mosgt Sertoli cdlls express GATA-1
independently of tubule stage (Fig. 4d).

Sertoli cells provide essential physical and trophic support for
developing spermatogonia, spermatocytes and spermatids. This
tropicsupport in turn dependson anetwork of reciprocal signaling
interactions between Leydig cdlls, Sertoli cdls, peritubular cdlsand
germ cdlswithin thetestes®, and on upstream hormonal regulation
from the pituitary. Although intratesticular interactions are well
undergtood at a cdlular level, the underlying signalling molecules
have, with theexception of tesosteroneitsdlf, remained dusive. Our
resultsnow identify the Tyro 3 family receptorsand their ligands as
esential regulatorsof Sertoli-cdl function. Thefact that the Tyro 3,
Axl and Mer genes mugt al be disrupted for maximal germ-cell
degeneration to occur indicatesthat thesereceptorsact additively or
in combination; their combined activation in Sertoli cdlls may be
required for theproduction of thegerm-cdll trophinsthat thesecells
must produce. Although the spermatotoxic effects seen in thetriple
knockouts are in many respects smilar to those following hypo-
physectomy or testogterone deprivation®*, other behavioura and
physiological effects of these manipulations are not evident in the
mutants: these mice exhibit norma sexua behaviour, have histo-
logicdly intact seminal vesicles, and have circulating testosterone
levelsin the normal range - 75, 85 and 185ngdl™" for threetriple
knockout malesat 3monthscompared to 48, 105and 110ngdi™* for
three wild-type males of the same age.

As (1) Gas6 and protein Sarerdated in sequence and predicted
structureto ssx-hormone-binding globulin; (2) theprimary cellular
target of testosterone in the seminiferous tubule is the Sertoli cell;
(3) Leydig cdlls produce both testosterone and Gass/protein S and
(4) abrogation of sgnalingthrough Tyro 3family receptorsleadsto
germ-cdl effects smilar to those of testosterone depletion, we
suggest that the actua ligands for Tyro 3 family receptors may be
hybrid molecules of Gast or protein Sbound to tesosteroneor (in
other cdls) other seroids. Given the large and controversial
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GATA-1 expression persists in tubule sections of the triple mutant (d), and in
contrast to wild-type (c), this expression is evident in nearly all tubules,
independent of tubule stage. All scale bars,100 mm.

literature on cdl-surface, non-genomic effects of seroids, we are
currently invedtigating this possibility. M
Methods

Gene inactivation. Each of the receptor genes was disrupted using a G418
(neomycin)-resistance cassette, and theinactivated genes were used to replace
their normal counterpartsby homologousrecombination in mouseembryonic
stem (ES cdls(Fig. 1). A Kpnl+BamH| (K+B) fragment containingexon 9 and
aportion of exon 10 of the Tyro3 gene(striped bar in Fig. 1a) wasreplaced with
the resgance casseite (neo), used for positive sdection in ES odiIs®. A
thymidine-kinase casstte (tk) was used to sdect against non-homologous
recombinants. An Xbal +HindlIl fragment containing exon 9 of the Axl gene
(striped bar in Fig. 1d), and a 3.1-kb BamH| +Spd fragment of the Mer gene
(striped bar in Fig. 1g) were both smilarly replaced, and tk was in each case
used for negative selection. EScdlsheterozygousfor theinactivated geneswere
injected into wild-type mouse blastocysts to generate chimaeras, which were
then bred and intercrossed in subsequent generations to yield mice homo-
zygous for each of the mutations, according to standard protocols'®. Loss of
functiona Tyro 3, Axl or Mer in these mice was conAEmed by western and/or
RNA analysis (Fig. 1c, f, i; and data not shown). The primersused for the RT-
PCR experiments of Fig. 1i were from nucleotides 1,963+1,984 (. , forward)
and 2,736x+2,757 (, , reverse) of the mouse Mer cDNA (ref. 4).

Expression studies. Gas6 and GATA-1 antibodieswere purchased from Santa
Cruz Biologicals In stu hybridization, western blots northern blots and
immunohistochemistry were performed as described?®**. **P-riboprobes were
used for in gtu hybridizations, antibody binding to westerns was detected by
ECL chemiluminescence, and northernswerehybridized with 2P-radiolabelled
DNA probes. Seminiferoustubule-cdll populationswere separated by standard
protocols™’. Isolation methodsresult in highly puri/&d populations of Sertoli
and peritubular cdls, but germ-cell preparations contain some Sertoli cdls, as
shown by the digtribution of sex-hormone-binding globulin signa (Fig. 3p).
Exposuretimesfor in stu hybridizationsof Fig. 3:j, 12days; z, b, d, e h, k, I, 15
days; f, g, 21 days.
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Binding of double-strand
breaks in DNA by
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Double-strand breaks (DSBs) in DNA are caused by ionizing
radiation. These chromosomal breaks can kill the cell unless
repaired efA€iently, and inefA€ient or inappropriate repair can
lead to mutation, gene translocation and cancer'. Two proteins
that participatein therepair of DSBs are Rad52 and Ku: in lower
eukaryotes such as yeast, DBs are repaired by Rad52-dependent
homologous recombination, whereas vertebrates repair DSBs
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Figure 1 DNA end-binding and end-to-end interactions promoted by hRad52.
Complexes formed between hRad52 and linear duplex DNA containing single-
stranded tails were visualized by electron microscopy. a, b and f, 39 single-
stranded (ss) DNA tails. ¢, d and e, 59ssDNA tails. Inset in ¢ shows a close-up
view of an end-binding complex in which hRad52 rings are evident. Reactions
(20m) contained 10MM (a, d) or 4.7mM (b, c, e, f) tailed duplex DNA in 20mM
triethanolamine-HCI (pH 7.5). After 5min at 37 8C, hRad52 was added to 016 mM
(a,d) or0.08mM (b, c, e, f) and incubation was continued for 15min.

primarily by Ku-dependent non-homologous end-joining®. The
contribution of homologous recombination to vertebrate DB
repair, however, isimportant®*. Biochemical studiesindicate that
Ku bindsto DNA ends and facilitates end-joining®. Here we show
that human Rad52, like Ku, bindsdirectly to DSBs, protectsthem
from exonuclease attack and facilitates end-to-end interactions.
A model for repair isproposed in which either Ku or Rad52 binds
the DSB. Ku directs DSBs into the non-homologous end-joining
repair pathway, whereas Rad52 initiates repair by homologous
recombination. Ku and Rad52, therefore, direct entry into alter-
native pathways for the repair of DNA breaks.

In lower eukaryotes, double-strand breaksin meiotic and mitotic
cdls are processed to form single-stranded tails, in reactions that
involve the Mre11/Rad50/Xr2 protein complex®”. Smilar prooces-
sng events are thought to occur in higher cdls, where homologues
of Mrel1, Rad50 and Xr2 (p95) exid®. In yeast rad52 mutants,
exonuclease degradation is more extensive than in wild-type cells/,
indicating that the Rad52 protein may beinvolved in the protection
or processing of theinitial DSB. Wethereforetested whether Rad52
acts a the early stages of double-strand-bresk repair by direct
interaction with the DSB or partialy resected DSB. Complexes
were formed between human Rad52 protein (hRad52) and linear
duplex DNA, and were visualized by dectron microscopy. Usng
subgtrates containing 59or 39single-stranded tails (approximately
300 nudleotides in length), we observed that hRad52 bound
preferentialy to the ends of the DNA (Fig. 1). Moleculesin which
both ends of the linear DNA were bound by hRad52 are shown in
Fig. 1axc.

We found that a large percentage of the linear DNA (, 90%)
present on each grid was held together by hRad52-mediated inter-
molecular interactions. Indeed, end-to-end associations between
DNA molecules mediated by hRad52, resulted in the formation of
large DNA=+protein networks (data not shown). However, away
from the networks, isolated DNA moleculeswere observed in which
Rad52 protein clearly provided an intramolecular bridge between
two ends, resulting in their recircularization (Fig. 1d+f). When 46
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