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Spermatogenesis is a precisely regulated process in which the germ cells closely 
interact with Sertoli cells. The molecular basis of this cell-cell adhesion is 
unknown. Here, we demonstrate that targeted disruption of Man2a2, a gene 
encoding a-mannosidase lix (MX), an enzyme that forms intermediate aspar- 
agine-linked carbohydrates (N-glycans), results in Man2a2 null males that are 
largely infertile. The Man2a2 null spermatogenic cells fail to adhere to Sertoli 
cells and are prematurely released from the testis to epididymis. We identified 
an N-glycan structure that plays a key role in germ cell-Sertoli cell adhesion 
and showed that a specific carbohydrate was required for spermatogenesis. 

Spermatogenesis is a complex process by 
which postmeiotic male germ cells differen- 
tiate into mature spermatozoa. At all stages of 
spermatogenic maturation, germ cells, and 
Sertoli cells communicate through direct cell- 
cell contact and paracrine interactions (1). 
The molecular basis of adhesive interaction 
between germ cells and Sertoli cells has not 
been defined (2). 

Vertebrate cell surfaces are covered with 
complex-type N-glycans (3). The Golgi 
cx-mannosidase II (MII) catalyzes the first 
committed step in the conversion of hybrid to 
complex-type N-glycans (4). In the MII-de- 
ficient or Man2al gene knockout mouse, bio- 
synthesis of complex N-glycans is not com- 
pletely impaired (5). This observation sug- 
gested the presence of an unknown enzyme 
that provides an alternate pathway indepen- 
dent from MII. MX is one of the candidates 
for bypassing MII defect because of its ho- 
mology with MII (6) and its enzymatic ac- 
tivity (7). However, the biological signifi- 
cance of MX in vivo has remained unknown. 

The involvement of a-mannosidases in 
spermatogenesis has long been suspected (8), 
because ingestion of locoweed by farm ani- 
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mals results in male infertility (9). The major 
"loco-toxin" is swainsonine, an inhibitor of 
class 2 (glycosylhydrolase family 38) a-man- 
nosidases (10), which include MII and MX. 
Class 2 or class 2-related a-mannosidases 
(11, 12) expressed on the human sperm cell 
surface (13), in bull and rat epididymis, and 
in mouse testis (14-16) are thought to play a 
role in sperm-egg interaction. These findings 
suggest a special role for cx-mannosidases and 
carbohydrates in testis and epididymis in a 
variety of mammals. Although the expression 
of MII is fairly widespread in other organs, in 
the rat testis, MII appears to be restricted to 
nonspermatogenic Sertoli and Leydig cells 
(17). The MII-deficient mouse does not show 
a defect in male reproductive activity (5, 18). 
These findings suggest a possibility that, in 
rat and mouse spermatogenic cells, MX plays 

a major role in N-glycan biosynthesis. 
We disrupted Man2a2, the gene encoding 

MX, in embryonic stem (ES) cells by targeted 
mutation (3). A homologous recombinant ES 
clone was used to generate chimeric mice and 
successfully contributed to the germ line. The 
chimeras were crossed to 129/SVJ mice, and 
heterozygotes were crossed to produce ho- 
mozygous mutant offspring (3). The genotyp- 
ing of pups born from MX+/- male and 
female crosses revealed an unusual ratio of 
phenotypes: 66 MX+/+, 75 MX+/-, and 25 
MX-/-. When MX'/- females were crossed 
with MX+/+ males, the composition of off- 
spring was 46 MX+/+ and 46 MX+/-. How- 
ever, when MX+/+ females were crossed 
with MX+/- males, the offspring included 
105 MX+/+ and 58 MX+/-. These observa- 
tions indicate that either MX-deficient sper- 
matogenic cells are defective, or production 
of MX-deficient spermatogenic cells is im- 
paired in MX-+- males. 

Both MX-'- males and females were in- 
distinguishable from MX+- and MX+'+ 
siblings in growth. No obvious abnormalities 
in internal organs or behavior were observed 
in MX-'- mice. Whereas MX-'- females 
were fertile, MX-'- males were largely in- 
fertile, except that some impregnated wild- 
type females after a prolonged (3-month) 
mating period and produced small litters of 
one to three pups. 

The testes of MX-'- mice were smaller 
than those of MX+'+ or MX+- mice (Fig. 
1A) (3). Histological analyses of MX-/- tes- 
tes showed that the numbers of spermatogen- 
ic cells were significantly reduced (Fig. 1B) 
(3), whereas nonspermatogenic Sertoli and 
Leydig cells appeared normal. 

Electron microscopy showed that MX+'+ 
spermatocytes are closely packed within the 
seminiferous tubule (Fig. 1C). By contrast, 
prominent intercellular spaces surrounding 

Fig. 1. Abnormalities A C +1+ 
in mouse testis A:!. 
caused by Man2a2 .;... 
gene disruption. (A) 
Testes from an : "' 
MX-/- mouse and an 
MX+/+ littermate. 
Scale bar, 5 mm. (B) B +/+ sg 
Testis sections from 

matoxylin and eosin. F 
Note that, in MX-/- mouse contains many 

testis, the numbers ', ,,' . , . 

ofimm lature spermatogenic cells (shown by arrows) and very few mature spermatozoa. Scale bar, 

25 p.m. L, Leydig cells; sg, spermatogonia; sc, spermatocyte; sz, spermatozoa; S, Sertoli cells. 
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MX-/- spermatocytes suggest a failure of 
germ-cell adhesion to Sertoli cells within the 
seminiferous tubules. The caudal ductus epi- 

didymis from MX+/+ mouse was packed 
densely with mature spermatozoa, whereas 
that from the MX-/- mouse showed reduced 

Fig. 2. Immuno- and A 

strong sigAc-tenalsrm (in rated) B . 

munohistochemistry o M n . -; - 
of mouse testis sec -. n 
tions with the anti- , 

' 
::' 

MX antibody. The an- sper...i. c, exep o. few 
tibody (3) detected 
strong signals tin red) B . : ...:/ + 
in spermatocytes in e 

Round spermatids were ,t, . . . also stained with thisc e i S-pea tc:te 
antibody. Spermatogona- -ti.-s;' 

Setl cells,lg o.' - , 
nia and condensing -. spermatids are nega- .' " 

. : " :'"~" 
tive for MX. Sertoli an d 

"', ", 
Leydig cells are weakly ' A e.~.">P' 
positive or negative for "' *'; ' - 

MX. In the MX-/- testis, no signals were detected. (B) Lectin histochemistry of MX+/+ and MX-/- 
mouse testes. GSA II strongly stained (shown in red) all stages of MX+'+ spermatogenic cells except 
spermatogonia. This lectin, however, did not bind to MX-/- spermatogenic cells, except to few 
elongated spermatozoa. In both (A) and (B) hematoxylin was used for counterstaining. Spermatocytes, 
thick arrows; spermatogonia, triangles; Sertoli cells, long arrows; Leydig cells, L 

numbers of spermatozoa (Fig. ID). Such 
morphological characteristics of MX-/- tes- 
tis and epididymis suggest that spermatogen- 
esis is impaired in MX-/- mice by the pre- 
mature release of developing germ cells from 
the seminiferous epithelium to the epididy- 
mis. Thus a failure of spermatogenesis in 
MX-/- is not due to an arrest of spermato- 
genesis, but due to hypospermatogenesis, 
which is consistent with subfertility of 
MX-/- males. 

Western blot analysis using the polyclonal 
(rabbit) antibody against MX detected an ex- 
pected single band of MX protein at 160 kD 
in lysates prepared from MX+/+, but not 
from MX-/-, testis (3). Immunohistochem- 
istry with the same antibody revealed strong 
reactivity in MX+/+ testis in the spermato- 
cytes and round spermatids, but very weak or 
no reactivities in spermatogonia, condensing 
spermatids, and nonspermatogenic cells such 
as Leydig and Sertoli cells (Fig. 2A). 

Because MX is an N-glycan processing 
cx-mannosidase (6, 7), a deficiency in MX 
is expected to affect N-glycan biosynthesis. 
Indeed, histochemistry with Griffornia sim- 
plicifolia agglutinin (GSA) II, which binds 
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to the N-acetylglucosamine (GlcNAc) ter- 
minal on oligosaccharides, showed marked 
differences between MX+/+ and MX-/- 
testes (Fig. 2B). In MX+'+ testis, spermat- 
ogenic cells were strongly stained with this 
lectin, whereas nonspermatogenic Sertoli 
and Leydig cells were not stained. In con- 
trast, no staining was detected on MX-/- 
germ cells, except in small numbers of 
condensing spermatids. 

Quantitative structural analyses of N-gly- 
cans from MX'/+ and MX-/- mouse testis 
were carried out by a two-dimensional map- 
ping technique (19, 20). These analyses al- 
lowed us to determine more than 90% of 
N-glycan structures in MX+/+ and MX-/- 
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testes (Fig. 3). MX+/+ testes (n = 4) con- 
tained complex-type N-glycans with GlcNAc 
termini, a result consistent with strong GSA 
II lectin staining (Fig. 2B) (3). Thus, mouse 
testes contain a rare oligosaccharide 210.1 
(marked by # in Fig. 3, A and C) and a 
previously unknown oligosaccharide 310.11 
(Fig. 3B, marked by * in Fig. 3, A to C). 

In MX-/- testes (n = 3), the levels of 
GlcNAc-terminated oligosaccharides are re- 
duced (Fig. 3C). These findings suggest that 
GlcNAc-terminated N-glycans are produced 
in an MX-dependent manner in spermatogen- 
ic cells. In contrast, the Man2a2 null muta- 
tion did not affect the levels of Gal-terminat- 
ed N-glycans (Fig. 3C) (3). 
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Fig. 4. Adhesion of spermatogenic cells to Sertoli 
Cgenic cells in vitro (3). (A) Adhesion of spermatogenic 
ogenic cells to MX-/- Sertoli cells. Metabolically labeled 

spermatogenic cells from MX+/+ and MX-/- mice 
spermatogenic cells were added to wild-type Sertoli cells cultured as a 

X+/+ (filled circles) or X-/- (open squaremonolayer. After incubating at 4?C or 370C for 4 
Glycopeptides (hexose equivalent) - lg/ml hours, Sertoli-bound cells were counted by moni- 

toring the radioactivity. Intact or fixed spermato- 
genic cells were tested. (B) Adhesion of spermat- 

ogenic cells to MX'/- Sertoli cells. The experiment was conducted in the same manner as in (A), 
except that MX'/- Sertoli cells were used. (C) Inhibition of germ cell-Sertoli cell adhesion by 
glycopeptides prepared from MX+'^ or MX'/- mouse testes. Intact and radiolabeled MX'+7 
spermatogenic cells were added to Sertoli cells in the presence or absence of glycopeptides from 
MX+/' (filled circles) or MX'7" (open squares) mouse testes, and incubated at 370C for 4 hours. 
(D) Inhibition of germ cell-Sertoli cell adhesion with purified testis N-glycan oligosaccharides. 
MX+/+ spermatogenic cells were added to Sertoli cells in the presence (columns 2 to 8) or absence 
(column 1) of 2 .lM each PA-oligosaccharide. Oligosaccharide 200.4 is 210.4 minus fucose. In (A), 
(B), and (C), each value represents the average of duplicate measurements. In (D) each value 
represents the average of triplicate measurements. 

As electron micrographs suggested a failure 
of spermatogenic cells to adhere to Sertoli cells 
in MX-/- testis (Fig. 1C), we examined adhe- 
sion of spermatogenic cells to Sertoli cells us- 
ing an in vitro assay (21-23). We found that the 
apparent failure in germ cell-Sertoli cell adhe- 
sion seen in MX-/- mice is due to a defect in 
spermatogenic cells, not in Sertoli cells (Fig. 4, 
A and B). As reported previously (21), fixed 
wild-type spermatogenic cells adhered to Ser- 
toli cells (Fig. 4, A and B), suggesting that a 
carbohydrate expressed on the surface of sper- 
matogenic cells is responsible for germ cell 
adhesion to Sertoli cells. 

To test directly an involvement of N-gly- 
cans in germ cell-Sertoli cell adhesion, we 
prepared mouse testis N-glycans and tested 
their effects on germ cell-Sertoli cell adhe- 
sion. Glycopeptides from MX+/' testes 
strongly inhibited adhesion in a dose-depen- 
dent manner, whereas those from MX-/' 
testes exhibited minimal activity (Fig. 4C). 
None of the glycopeptides prepared from 
ovalbumin, a -acid glycoprotein, and fibrin- 
ogen showed inhibitory activity at 200 ,uLg (as 
hexose)/ml (24). 

To determine which N-glycan structure is 
involved in the germ cells' adhesion to Ser- 
toli cells, each purified oligosaccharide was 
tested for potential inhibitory activity (Fig. 
4D). The result demonstrated that 310.11 has 
a strong inhibitory activity, whereas other 
N-glycans tested did not show such activity. 
This finding indicates that 310.11, a GlcNAc- 
terminated tri-antennary and fucosylated N- 
glycan structure newly identified in this 
study, plays a key role in germ cell-Sertoli 
cell adhesion. Given that 50% reduction of 
310.11 but almost no binding of MX-/- 
spermatogenic cells with GSA II and Sertoli 
cells, a presumptive 310.11 receptor on Ser- 
toli cells may have binding properties similar 
to GSA II, which appears to be sensitive to 
threshold and/or multivalency of 310.11. 

Cell-surface glycans are often viewed as 
modulators that prevent access of ligand to a 
membrane receptor (25-27). Also, the gly- 
cans themselves serve as specific ligands 
(28-30). In this study, we have identified 
carbohydrates acting in a biologically critical 
event. Our study provides a clue for further 
defining the mechanisms underlying germ 
cell-Sertoli cell interactions in mammals. 
Availability of the MX-/- mutant mice will 
facilitate further analysis of spermatogenesis 
in the mouse and may further our understand- 
ing of male infertility in humans. 
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Many human cancers originate from defects in the DNA damage response 
(DDR). Although much is known about this process, it is likely that additional 
DDR genes remain to be discovered. To identify such genes, we used a strategy 
that combines protein-protein interaction mapping and large-scale phenotypic 
analysis in Caenorhabditis elegans. Together, these approaches identified 12 
worm DDR orthologs and 11 novel DDR genes. One of these is the putative 
ortholog of hBCL3, a gene frequently altered in chronic lymphocytic leukemia. 
Thus, the combination of functional genomic mapping approaches in model 
organisms may facilitate the identification and characterization of genes in- 
volved in cancer and, perhaps, other human diseases. 
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worm DDR orthologs and 11 novel DDR genes. One of these is the putative 
ortholog of hBCL3, a gene frequently altered in chronic lymphocytic leukemia. 
Thus, the combination of functional genomic mapping approaches in model 
organisms may facilitate the identification and characterization of genes in- 
volved in cancer and, perhaps, other human diseases. 

Inherited cancer predisposition syndromes such 
as Li-Fraumeni syndrome, xeroderma pigmen- 
tosum, and hereditary nonpolyposis colon can- 
cer result from defects in DNA repair or DNA 
damage checkpoint pathways (collectively re- 
ferred to as the DDR) (1). In wild-type cells, 
checkpoint pathways induce a transient cell- 
cycle arrest in response to DNA damage, thus 
providing the necessary time for DNA repair to 
occur, and a variety of DNA repair pathways 
correct the various types of DNA lesions (2). 
Alternatively, in metazoan organisms, check- 
point pathways can also induce apoptosis, there- 
by eliminating compromised cells (3). Caeno- 
rhabditis elegans is the simplest metazoan mod- 
el organism that can be used to study the DDR 
(4, 5). After DNA damage, checkpoint path- 
ways induce cell-cycle arrest or apoptosis of 
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mitotic or pachytene cells of the adult germ line, 
respectively. These two cell types are located in 
spatially distinct regions. 

To identify novel C. elegans DDR genes, we 
used a combination of functional genomic map- 
ping approaches. High-throughput (HT) meth- 
ods such as transcription profiling, protein inter- 
action mapping, and large-scale phenotypic 
analysis have been applied individually to worm 
biology with considerable success (6, 7). Con- 
sequently, hypotheses of function are now avail- 
able for hundreds of previously uncharacterized 
genes. Although no single HT method can un- 
equivocally define gene function, combining the 
data obtained from any of these complementary 
approaches is likely to provide greater function- 
al insight (7). Here we have chosen to combine 
protein-protein interaction mapping and HT 
phenotypic analysis for the following three rea- 
sons. Because the function of most known DDR 
proteins is based on their ability to mediate 
protein-protein interactions, putative C. elegans 
DDR orthologs were used to generate a DDR 
protein interaction map. To demonstrate biolog- 
ical relevance, defects in the DDR were then 
analyzed systematically for each of the corre- 
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sponding genes after HT RNA-mediated inter- 
ference (RNAi). Lastly, in addition to potential- 
ly identifying novel DDR genes, combining 
these two approaches has the advantage of pro- 
viding potential insights into how the corre- 
sponding proteins function, on the basis of the 
identity of their interacting partners. 

To date, only three genes (mrt-2, rad-51, and 
mre-11) have been experimentally implicated in 
the C. elegans DDR (4, 5, 8). To identify po- 
tential worm DDR orthologs, we used known 
DDR proteins, including those implicated in 
nucleotide excision repair (NER), mismatch re- 
pair (MR), base excision repair (BER), nonho- 
mologous end joining (NHEJ), homologous re- 
combination (HR), and checkpoint pathways, as 
to query the C. elegans predicted proteome by 
BLAST [see legend to Web table 1 (9)]. A total 
of 75 putative C. elegans DDR orthologous 
open reading frames (dORFs) were identified 
and cloned using the Gateway recombinational 
cloning system (10) (Web table 1). The dORFs 
were then transferred to two-hybrid destination 
vectors to express either DNA binding domain 
(DB) fusions (DB-dORFs) or activation domain 
(AD) fusions (AD-dORFs) for protein-protein 
interaction analysis (11). 

Conserved interactions, or interologs (12), 
were anticipated among worm DDR proteins on 
the basis of interactions reported between their 
potential orthologs in other organisms. To iden- 
tify such DDR interologs, we first tested all 
possible pairwise combinations between the 75 
DB-dORFs and AD-dORFs in a matrix setting. 
Among 33 putative interologs, 17 scored posi- 
tive in the two-hybrid matrix (Table 1 and Web 
fig. 1). This represents a 51% success rate in 
detecting predicted protein interactions using 
this yeast two-hybrid system, which is in the 
same range as has been described previously for 
other protein interaction mapping projects (13). 
If one assumes that conservation of interaction 
between two putative orthologs is a reasonable 
indication of functional conservation, our search 
for interologs would suggest that at least 30 
predicted worm DDR proteins are bona fide 
orthologs. 

sponding genes after HT RNA-mediated inter- 
ference (RNAi). Lastly, in addition to potential- 
ly identifying novel DDR genes, combining 
these two approaches has the advantage of pro- 
viding potential insights into how the corre- 
sponding proteins function, on the basis of the 
identity of their interacting partners. 

To date, only three genes (mrt-2, rad-51, and 
mre-11) have been experimentally implicated in 
the C. elegans DDR (4, 5, 8). To identify po- 
tential worm DDR orthologs, we used known 
DDR proteins, including those implicated in 
nucleotide excision repair (NER), mismatch re- 
pair (MR), base excision repair (BER), nonho- 
mologous end joining (NHEJ), homologous re- 
combination (HR), and checkpoint pathways, as 
to query the C. elegans predicted proteome by 
BLAST [see legend to Web table 1 (9)]. A total 
of 75 putative C. elegans DDR orthologous 
open reading frames (dORFs) were identified 
and cloned using the Gateway recombinational 
cloning system (10) (Web table 1). The dORFs 
were then transferred to two-hybrid destination 
vectors to express either DNA binding domain 
(DB) fusions (DB-dORFs) or activation domain 
(AD) fusions (AD-dORFs) for protein-protein 
interaction analysis (11). 

Conserved interactions, or interologs (12), 
were anticipated among worm DDR proteins on 
the basis of interactions reported between their 
potential orthologs in other organisms. To iden- 
tify such DDR interologs, we first tested all 
possible pairwise combinations between the 75 
DB-dORFs and AD-dORFs in a matrix setting. 
Among 33 putative interologs, 17 scored posi- 
tive in the two-hybrid matrix (Table 1 and Web 
fig. 1). This represents a 51% success rate in 
detecting predicted protein interactions using 
this yeast two-hybrid system, which is in the 
same range as has been described previously for 
other protein interaction mapping projects (13). 
If one assumes that conservation of interaction 
between two putative orthologs is a reasonable 
indication of functional conservation, our search 
for interologs would suggest that at least 30 
predicted worm DDR proteins are bona fide 
orthologs. 

www.sciencemag.org SCIENCE VOL 295 4 JANUARY 2002 www.sciencemag.org SCIENCE VOL 295 4 JANUARY 2002 127 127 


