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Cell type-specific microtubules, such as the Sertoli cell microtubules and the manchette and flagellum
microtubules of the spermatids, play essential roles in spermatogenesis. We identified the gene encoding
E-MAP-115 (epithelial microtubule-associated protein of 115 kD) as a retinoic acid-inducible gene using gene
trap mutagenesis in mouse embryonic stem cells. The gene trap insertion led to a null allele of the
E-MAP-115 gene and, in agreement with its high expression in the testis, male mice homozygous for the
mutation were sterile because of deformation of spermatid nuclei and subsequent gradual loss of germ cells.
Consistent with a possible role for E-MAP-115 in stabilizing microtubules, microtubule associations in the
mutant were morphologically abnormal in the manchette of spermatids and in Sertoli cells. We hypothesize
that the abnormal microtubules in these two cell types are responsible for deformation of spermatid nuclei
and germ cell loss, respectively, and indicate an essential role for E-MAP-115 in microtubule functions
required for spermatogenesis.
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Vitamin A (retinol) deficiency causes a number of defects
in adult animals as well as in embryos (Wolbach and
Howe 1925; Wilson et al. 1953). All of these defects,
except for blindness caused by photoreceptor degenera-
tion, can be reversed by administration of retinoic acid
(RA), a metabolite of vitamin A, indicating that RA is the
biologically active derivative of vitamin A (Thompson et
al. 1964; van Pelt and de Rooij 1991). RA binds and ac-
tivates two types of receptor families, retinoic acid re-
ceptor (RAR) and retinoid X receptor (RXR), both of
which consist of three members: a, b, and g (for review,
see Chambon 1996). Almost all the vitamin A deficient
(VAD) phenotypes are recapitulated in knockout mice
with mutations in RAR and RXR genes, indicating that
the biological effects of RA are exerted through these
receptors (for review, see Kastner et al. 1995).

Although the physiological functions of RARs and
RXRs have been studied extensively, little is known
about their target genes that are required for exerting RA
actions in vivo. To identify RA target genes and examine
their physiological roles, we utilized gene traps in mouse
embryonic stem (ES) cells as a tool to identify RA-re-
sponsive genes and mutate them at the same time. In

gene trap mutagenesis, expression of the introduced re-
porter gene only occurs when it is inserted downstream
of a cellular promoter because it lacks its own promoter
(Gossler et al. 1989; Friedrich and Soriano 1991; von
Melchner et al. 1992). As reporter gene expression is
regulated by the trapped promoter, comparison of its ex-
pression level in the presence and absence of RA can be
used to screen for gene trap events in RA-responsive
genes (Forrester et al. 1996). Performing this screen in ES
cells permits transmission of the gene trap insertion
through the germ line and analysis of the loss-of-func-
tion phenotype of the trapped gene in mice homozygous
for the insertion (Friedrich and Soriano 1991; Skarnes et
al. 1992; von Melchner et al. 1992). We characterized a
gene trap mutation in an RA-inducible gene, E-MAP-115
(epithelial microtubule-associated protein of 115 kD).

Microtubules (MTs) are a major component of the
cytoskeleton essential for a number of cellular functions,
including positioning and transport of organelles and
vesicles, maintenance of cell shape and polarity, cell mo-
tility, and cell division. They are a dynamic structure of
which assembly/disassembly is controlled by polymer-
ization/depolymerization of a- and b-tubulin subunits.
Different types of MTs contain different MT-associated
proteins (MAPs) and these MAPs regulate the dynamics
or stability of MTs (for review, see Hirokawa 1994; Man-
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delkow and Mandelkow 1995). E-MAP-115 was identi-
fied as a MAP in HeLa cells (Masson and Kreis 1993). It
is a unique protein with no homology to other proteins
in the databases. It is localized to a perinuclear subdo-
main of MTs, and is abundant in cultured cell lines of
epithelial origin but is not expressed in fibroblasts (Mas-
son and Kreis 1993). Faire et al. (1999) recently reported
that E-MAP-115 is localized uniformly along the length
of all MTs. In mice, E-MAP-115 transcripts are highly
expressed in the testis and kidney, and at lower levels in
many other tissues (Fabre-Jonca et al. 1998). Several lines
of evidence implicate E-MAP-115 in stabilizing and re-
organizing MTs. First, overexpression of E-MAP-115 sta-
bilizes MTs against nocodazole, an MT-depolymerizing
agent (Masson and Kreis 1993). Second, expression of E-
MAP-115 increases in polarized epithelial cells that have
undergone MT reorganization, such as terminally differ-
entiating keratinocytes (Fabre-Jonca et al. 1999). Finally,
association of E-MAP-115 with MTs decreases at the on-
set of mitosis when MTs become dynamic (Masson and
Kreis 1995). This decrease is correlated with serine and
threonine phosphorylation of the protein, suggesting
that phosphorylation of E-MAP-115 regulates its MT-
binding affinity (Masson and Kreis 1995).

We show that E-MAP-115 null mice exhibit two de-
fects in spermatogenesis: spermatid deformation in the
first wave of spermatogenesis and subsequent germ cell
loss. These defects were associated with morphologi-
cally abnormal MTs in the manchette of the spermatids
and in the Sertoli cells, indicating an essential role for
E-MAP-115 in the function of MTs in these cells.

Results

Screening for RA-responsive gene traps in ES cells

The retroviral gene trap vector used in this study,
ROSAbgeo*, is similar to the previously described vector
ROSAbgeo, which has a bgal/neo fusion gene (bgeo) as a
reporter (Friedrich and Soriano 1991). In ROSAbgeo*, a
mutation in the neo moiety (Yenofsky et al. 1990) has
been corrected, resulting in higher neomycin phos-
photransferase activity. ES cells were infected with
ROSAbgeo* and selected with G418. As expression of
bgeo* relies on the activity of the trapped promoter, all
G418-resistant clones represent gene trap events and
should be b-gal-positive. With the original ROSAbgeo
vector, most G418-resistant colonies indeed exhibited
X-gal staining (Friedrich and Soriano 1991). With
ROSAbgeo*, however, b-gal activity was undetectable
by X-gal staining in about 40% of colonies, reflecting the
higher sensitivity of neo than b-gal activity. This al-
lowed us to screen for cells in which the bgeo* expres-
sion level is changed by RA treatment. Individual G418-
resistant colonies were picked, trypsinized, and plated in
duplicate (see Materials and Methods for details). Cells
in one plate were treated with 1 µM all-trans RA for 24 hr
and compared to the untreated control by staining with
X-gal. Clones in which the expression of the trapped
gene is up-regulated by RA will be white or light blue

(undetectable or low b-gal activity) in the absence of RA
and turn dark blue (high b-gal activity) following RA
stimulation (Fig. 1). Conversely, clones in which the ex-
pression of the trapped gene is down-regulated by RA
will be dark blue in the absence of RA and turn light blue
after stimulation.

Of 612 screened colonies, b-gal activity was up-regu-
lated in 49 clones and down-regulated in five clones after
RA treatment. The induction/repression was confirmed
by Northern blot analysis in some of these clones includ-
ing the one characterized in this study. As part of an
ongoing gene trap screen for developmental mutants in
our laboratory, this clone was designated ROSA63. In
Fig. 2A, ROSA63 ES cells were stimulated with RA for
various time periods and RNAs were probed with b-gal.
Expression of bgeo* was up-regulated ∼fivefold after 6 hr
of RA stimulation and the induced level persisted for at
least 24 hr. These results confirmed that the expression
of the trapped gene is transcriptionally regulated by RA.
We focused on ROSA63 in this study because the mutant
mice exhibited a phenotype similar to those in VAD ani-
mals and RARa knockout mice (see below).

Derivation and male sterility of ROSA63 mutant mice

ROSA63 germ line chimeric mice were derived and
crossed to 129/Sv and C57BL/6J mice to derive mutant
mice. Heterozygous offspring did not display an overt

Figure 1. Schematic diagram of screening for RA-responsive
gene traps. ES cells were infected with a retroviral vector
ROSAbgeo* and selected with G418. G418-resistant colonies
were picked, trypsinized, plated in duplicate, and stimulated
with or without RA. After stimulation, the cells were stained
with X-gal, and b-gal activity was compared between unstimu-
lated and stimulated cells.
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phenotype and were fertile. Mice were then collected
from the intercrossing of heterozygous parents and geno-
typed by Southern blot analysis by monitoring the inten-
sity of the gene trap-specific neo-positive band (Fig. 2B).
Mice of all genotypes were recovered according to Men-
delian expectations, and homozygotes appeared grossly
normal. However, test matings with wild-type and het-
erozygous mutant mice demonstrated that whereas the
homozygous females had normal fertility, the homozy-
gous males were sterile over a 3-month breeding period
despite their ability to copulate as judged by the presence
of vaginal plugs. The same phenotype was observed both
on congenic 129/Sv and mixed 129/Sv × C57BL/6J ge-
netic backgrounds.

Mutation in the E-MAP-115 gene in ROSA63 mutant
mice

A ROSA63/bgeo* fusion cDNA was cloned from
ROSA63 ES cells by 58 RACE, and a 188-bp sequence
upstream of bgeo* was determined. The 67-bp sequence
just upstream of bgeo* was identical to the sequence of
the coding region (methionine residue 1 to alanine resi-
due 23) of mouse E-MAP-115 cDNA (Fabre-Jonca et al.
1998). Although the 58 noncoding region of mouse E-
MAP-115 cDNA has not been reported, the sequence up-
stream of the 67-bp sequence was similar to that of the 58
noncoding region of human E-MAP-115 cDNA, indi-
cating that the gene trap vector integrated into the E-
MAP-115 gene. The vector was inserted into a site that
encodes the alanine residue 23, suggesting that the
amino-terminal 23-amino acid peptide is produced as an
in-frame fusion protein with bgeo*. To determine
whether a transcript that encodes a region downstream
of the gene trap insertion site is expressed in the mutant,
RNAs from wild-type, heterozygous, and homozygous
mutant testes were probed by Northern blot analysis us-

ing an E-MAP-115 cDNA fragment corresponding to the
amino acid residues 229–571. A broadly expressed 3.4-kb
transcript as well as a testis-specific 2.5-kb transcript,
which is not expressed in other tissues and ES cells (Figs.
2D,E), was detected in the wild-type and the heterozy-
gous mutant (Fig. 2C; Fabre-Jonca et al. 1998). In the
homozygous mutant, no E-MAP-115 transcripts were de-
tected (Fig. 2C), although by longer exposure, very low
expression of the testis-specific transcript was detectable
(not shown). It is unlikely that this transcript is trans-
lated to a protein because no smaller E-MAP-115 isoform
can be detected by immunoblot analysis in the testis
(Fabre-Jonca et al. 1998). As the MT-binding domain, the
only known functional domain of the protein, does not
map to the amino-terminal 23-amino acid region (Mas-
son and Kreis 1993), this gene trap insertion most likely
led to a null allele of the gene.

Induction of E-MAP-115 expression by retinoid
in cultured cells and in vivo

Induction of E-MAP-115 by RA was examined by North-
ern blot analysis in wild-type ES cells. It exhibited a
similar profile as the bgeo* induction in ROSA63 ES
cells, although the mRNA level decreased to about 65%
of the maximal level after 24 hr stimulation (Fig. 2D).

We next examined whether the expression is induced
by RA in vivo. We used RA-starved VAD mice, as cells in
normal mice are exposed to endogenous RA. VAD mice
were administered with or without retinol (vitamin A),
and E-MAP-115 expression was examined in several tis-
sues. Among the tissues tested, the expression was up-
regulated ∼fivefold in the small intestine by 24 hr after
retinol administration (Fig. 2E). Up-regulation was not
observed in other tissues such as kidney (not shown),
suggesting that E-MAP-115 induction by RA is specific
to certain tissues or cell types.

Figure 2. Induction of E-MAP-115 expression by
RA and no E-MAP-115 expression in ROSA63 mu-
tant testis. (A) Time course of induction of bgeo*
expression by RA in ROSA63 ES cells. Cells were
serum-starved, and stimulated with RA for indi-
cated time periods. Transcripts were detected by
Northern blot analysis with a b-gal probe. Ethidium
bromide staining of 28S ribosomal RNA is shown
below as a loading control. (B) Southern blot analysis
of DNAs from tail biopsies of wild-type (+/+), het-
erozygous (+/−), and homozygous (−/−) mutant mice
with mixed probes of neo and wnt1. The intensity of
the neo-positive band, absent in the wild type, is
twice as high in the homozygote as in the heterozy-
gote. The wnt1 genomic probe was used as an inter-
nal standard (i.s.). (C) Northern blot analysis of
RNAs from wild-type (+/+), heterozygous (+/−), and
homozygous (−/−) mutant testes with E-MAP-115 cDNA. The broadly expressed 3.4-kb and the testis-specific 2.5-kb transcripts were
not detected in the homozygote. The positions of the 18S and 28S ribosomal RNAs are indicated on the left. (D) Time course of
induction of endogenous E-MAP-115 expression by RA in wild-type ES cells. The experiment was performed as described in A with
E-MAP-115 cDNA as a probe. (E) Induction of E-MAP-115 expression by retinol in the small intestine of VAD mice. RNAs from small
intestines of VAD mice administered with or without retinol for 24 hr or 48 hr were probed with E-MAP-115 cDNA.
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Chromosomal localization of the E-MAP-115 gene

About 30% of human male infertility has a genetic ori-
gin (McLachlan et al. 1998). Three infertility genes, two
of which encode RNA-binding proteins, have been
mapped to the human Y chromosome (for review, see
Elliott and Cooke 1997). However, no autosomal gene
has been identified as an infertility gene in human. To
help understand the genetics of infertility, we deter-
mined the chromosomal localization of the mouse E-
MAP-115 gene by an interspecific backcross analysis (see
Materials and Methods for detail). The gene was mapped
to the proximal region of mouse chromosome 10, which
is syntenic with human chromosome 6q22–25 (Fig. 3;
locus symbol Mtap7 in Mouse Genome Database).

Expression of E-MAP-115 in mouse embryos and testis

As bgeo* expression in the mutant relies on the activity
of the E-MAP-115 promoter, its expression pattern was

examined by X-gal staining in heterozygous mutant em-
bryos and also in the adult testis where the homozygous
mutant exhibits a phenotype (see below).

During development, b-gal activity was detected in
many epithelial cell types. At embryonic day 10.5
(E10.5), b-gal expression was restricted to the lens vesicle
of the eye, otic vesicle, surface ectoderm of the nasal
placode and branchial arches, apical ectodermal ridge
(AER), gut epithelia, and the floor plate of the neural tube
(Fig. 4A). At E12.5 and E14.5, E-MAP-115-expressing epi-

Figure 3. Chromosomal localization of mouse E-MAP-115 (lo-
cus symbol Mtap7). (A) Map figure showing the proximal end of
chromosome 10 with loci linked to E-MAP-115. The map is
depicted with the centromere toward the top. A 3-cM scale bar
is shown to the right. Loci mapping to the same position are
listed in alphabetical order. (B) Haplotype figure showing the
proximal end of chromosome 10. Loci are listed in order with
the most proximal at the top. (j) C57BL/6JEi allele; (h) SPRET/
Ei allele. The number of animals with each haplotype is given at
the bottom of each column of boxes. The percent recombination
(R) between adjacent loci is given to the right, with the standard
error (S.E.) for each R. Missing typings were inferred from sur-
rounding data when assignment was unambiguous. Raw data
from the Jackson Laboratory were obtained from the World
Wide Web address http://www.jax.org/resources/documents/
cmdata.

Figure 4. E-MAP-115 expression in mouse embryos and testis.
E-MAP-115 expression was examined in ROSA63 heterozygous
mutants by X-gal staining. (A) E10.5 embryo. (ba) Branchial
arch; (e) eye; (fg) foregut; (fp) floor plate; (np) nasal placode; (ov)
otic vesicle. Transverse sections of E12.5 (B) and E14.5 (C) em-
bryos at the kidney/gonad level. The E12.5 embryo section was
counterstained with Nuclear Fast Red. The E14.5 embryo was
cut using a vibratome prior to staining. (du) Duodenum; (go)
gonad; (hg) hindgut; (ki) kidney; (li) liver; (md) mesonephric
duct; (mg) midgut; (mt) mesonephric tubule; (pa) pancreas; (rf)
roof plate; (st) stomach; (te) testis. (D) A 3-month-old testis. (L)
Leydig cell; (Se) Sertoli cell; (lu) lumen of the seminiferous tu-
bule; (tc) testis capsule. Artificial shrinkage of the seminiferous
tubule occurred due to mild fixation to protect the b-gal activ-
ity. Although some background staining was detected in Leydig
cells from the wild-type testis, the staining was much darker in
the heterozygote. Bars, 300 µm (A–C); 30 µm (D).
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thelia included those of the kidney, including the meso-
nephric duct and tubule, gut, stomach, ducts of the pan-
creas, bronchi of the lung, trachea, esophagus, ducts of
the submandibular gland, whisker follicles, and surface
ectoderm of the tongue and trunk (Fig. 4B,C; not shown).
At E14.5, very dark staining was also observed in the
dorsal root ganglia (DRG) and trigeminal ganglia (Fig. 4C;
not shown). Whereas staining in the gonad was weak in
E12.5 male (Fig. 4B) as well as female (not shown) em-
bryos, staining in the testicular cord, a primitive semi-
niferous tubule consisting of Sertoli cells and germ cells,
was apparent in the testis at E14.5 (Fig. 4C). The pre-
dominant X-gal staining in epithelial cell types but not
in the surrounding mesenchyme was consistent with the
previous observations obtained by in situ hybridization
(Fabre-Jonca et al. 1998).

In the adult testis, E-MAP-115 is reported to be ex-
pressed broadly in germ cells, Sertoli cells, and Leydig
cells (Fabre-Jonca et al. 1998). In agreement with this,
b-gal activity was detected in all these cell types in the
heterozygous mutant (Fig. 4D). The cytoplasmic pro-
cesses of Sertoli cells generally exhibited darker staining
(Fig. 4D), suggesting that this is the site of highest E-
MAP-115 expression in the seminiferous tubule.

Smaller testis in ROSA63 mutant mice

Tissues which express relatively high levels of E-MAP-
115, such as kidney, lung, and small intestine, were of
normal size and did not exhibit any histological abnor-
malities in ROSA63 homozygous mutant mice (not
shown). In contrast, when dissected at 3 months of age,
the homozygous mutant testes were less than one-third
of the size of those of the heterozygous mutant litter-
mates, with an average weight of 31 ± 1 mg (n = 6), com-
pared to 109 ± 6 mg (n = 8) for the heterozygotes (Fig.
5A,B), although there was no significant difference in the
body weights. The smaller size of the testis was already
detectable by five weeks of age (not shown). The epidid-
ymis was also smaller in the homozygous mutant, but
vas deferens, prostate, and seminal vesicle were of nor-
mal size and morphology (Fig. 5A; not shown).

Spermatid deformation in the first wave
of spermatogenesis in ROSA63 mutant testis

The histology of the mutant testis was examined in sec-
tions by light and electron microscopy. In mice, the first
wave of spermatogenesis completes at five weeks of age.
No overt abnormality was detected in the homozygous
mutant testis at two or three weeks of age prior to the
appearance of spermatids in the seminiferous tubule (not
shown; Fig. 7F,G).

The first indication of testicular effects was seen dur-
ing the first wave of spermatogenesis when round sper-
matids began their elongation phase of development.
Light microscopy of 5-week-old mutant testis sections
showed that, whereas round spermatids appeared normal
(Fig. 5D), elongation, which takes place subsequent to

step eight of spermiogenesis, was abnormal (Fig. 5E).
Elongating spermatids in the first wave exhibited defor-
mation of nuclei and underwent progressive degenera-
tion at Stages XII, I, II, and III. Electron microscopy also
showed that the shape of spermatids, particularly that of
nuclei, was slightly abnormal at steps eight and nine of
spermiogenesis and became more abnormal in mid-step
9–11 (Fig. 6). All these abnormalities were related to the
presence and position of the manchette, a “skirt” of MTs
enclosing the nonacrosomal portion of spermatids (Rus-
sell et al. 1991; Fig. 6A). MTs of the manchette are in-
terlinked and linked to the nuclear envelope by an un-
known mechanism (Russell et al. 1991). About 80% of
sections showed one or more of the following abnormali-

Figure 5. Testis phenotype of ROSA63 mutant mice. (A) Mor-
phology of testes from 3-month-old heterozygous control (+/−)
and homozygous (−/−) mice. (e) Epididymis; (t) testis; (vd) vas
deferens. (B) Weight of testes from 3-month-old heterozygous
control (+/−) and homozygous (−/−) mice. Mean ±S.D. are shown
(n = 8 for heterozygotes, n = 6 for homozygotes). (C–E) PAS and
hematoxylin staining of 5-week-old heterozygous control (C)
and homozygous (D,E) testis sections at high magnification. Ar-
rows in D and E indicate round and elongating spermatids, re-
spectively. (F–J) PAS and hematoxylin staining of 3-month-old
heterozygous control (F,H) and homozygous (G,I,J) testis sec-
tions at low (F,G) and high (H–J) magnification. Arrows in F and
G indicate Leydig cells. An arrow in J indicates a pachytene
spermatocyte. Sertoli cell-associated vacuoles are also indicated
(*) in G, I, and J. Bars, 25 µm (C–E, H–J); 100 µm (F,G).
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ties: absence or greatly reduced manchette MTs along
the nuclear envelope (Fig. 6B); ectopic manchette along
regions of the nucleus that normally do not display man-
chette (Fig. 6C); and ectopic manchette along the plasma

membrane (not shown). Regions of the nucleus without
manchette were generally rounded (Fig. 6B) and regions
of the nucleus impacted by ectopic manchette were in-
dented in abnormal ways (Fig. 6C). Close examination of
individual manchette MTs in the mutant, however,
showed no apparent difference in appearance or intercon-
nections from those in control mice (not shown). As
spermiogenesis proceeded, the abnormal shapes taken by
elongating nuclei were also found in condensing sperma-
tids (Fig. 6D). Compared to control spermatids (Fig. 6E),
all condensed spermatids demonstrated abnormal shapes
and were phagocytozed in early stages of the cycle by
adjoining Sertoli cells in the mutant (Fig. 6F). The flagel-
lum, the other MT-rich structure in spermatids, ap-

Figure 7. Morphology of the Sertoli cell MTs in ROSA63 mu-
tant testis. (A–D) Testis sections from 3-week-old heterozygous
control (A, C) and homozygous (B, D) mice were stained with
anti-b-tubulin antibody (red). (A, B) High magnification; (C, D)
low magnification. Nuclei of cells were costained with DAPI
(blue). Basement membranes of the seminiferous tubules are
indicated by broken lines. Arrows indicate Sertoli cell MT
bundles. Note that they are not as well developed and fewer in
the mutant. (E) Numbers of detectable Sertoli cell MT bundles
in heterozygous control (+/−) and homozygous (−/−) testes.
Mean numbers per seminiferous tubule (n = 20 for each geno-
type) are shown with S.D. (F,G) PAS and hematoxylin staining
the other testes of the heterozygous control (F) and homozygous
(G) mice used for the experiments in A–E. Note that the homo-
zygous testis is histologically normal at this age. Bars, 50 µm.

Figure 6. Electron microscopy of ROSA63 mutant testis. (A) A
step 9 heterozygous control (+/−) spermatid showing the ex-
pected configuration of the nucleus (n) and associated man-
chette (arrows). Note that the nuclear contour in the region of
the manchette is always parallel with the manchette MTs. The
normal manchette extends from the margins of the acrosome (a)
into the caudal cytoplasm. (B) The manchette is absent in this
late step 8 homozygous mutant (−/−) spermatid. As a result, the
nuclear contour is generally rounded. The expected sites of the
manchette are indicated by arrows. (C) In this step 10 homozy-
gous mutant (−/−) spermatid, the manchette is positioned par-
tially normally (arrows) but also indented the nucleus (ma). On
one aspect of the spermatid, it is greatly reduced (arrowheads).
Consequently, the shape of the spermatid head is grossly abnor-
mal. (D) A step 13 homozygous mutant (−/−) spermatid showing
an abnormally shaped condensing nucleus. Although the man-
chette skirts the nucleus (arrows), there is an indentation of the
nucleus by a bundle of manchette MTs (*). (E) Step 16 hetero-
zygous control spermatids. Mitochondria in the midpiece of
spermatids (mi) are indicated. (F) Degenerating step 15 homo-
zygous mutant (−/−) spermatids. Abnormal (arrows) and devel-
opmentally arrested (arrowhead) nuclei are noted. In all sper-
matids, the cytoplasm (c) condensed during the degenerative
process. (G) Ultrastructural appearance of Sertoli cells in the
homozygous mutant (−/−). Extracellular vacuoles with a pro-
teinaceous content (v) are seen between Sertoli cells. Evidence
that the vacuoles are between Sertoli cells is the visualization of
the Sertoli cell plasma membranes opening to form the vacuoles
(arrows). Bars, 2 µm.
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peared normal by electron microscopy in the mutant
(not shown), in contrast to the machette.

Gradual germ cell loss in ROSA63 mutant testis

The second indication of testis effects was already evi-
dent at five weeks of age in many seminiferous tubule
sections (not shown), and the phenotype became more
severe as the mice grew older. At three months of age,
the diameter of the seminiferous tubule was signifi-
cantly shorter in the homozygous testis, and the lumen
of the tubules were filled with a mass of Sertoli cells (Fig.
5F,G). Extracellular vacuoles associated with the Sertoli
cells were observed frequently in the homozygous mu-
tant tubules (Fig. 5G). These vacuoles were found be-
tween Sertoli cells and were bounded by Sertoli–Sertoli
tight junctional complexes (Fig. 6G). In addition, Leydig
cell hyperproliferation was apparent (Fig. 5F,G). This is
likely a secondary defect owing to the shrinkage of sem-
iniferous tubules. In some of the homozygous mutant
tubules, germ cells were completely absent (Fig. 5I). In
other tubules, some spermatogonia and spermatocytes
(up to pachytene stage) were noticed (Fig. 5J). Round
spermatids were observed in very few tubules (not
shown) and elongated spermatids were never present.
Spermatogenesis was mostly blocked by midmeiosis at
this age. By 12 months of age, most of the cells in ho-
mozygous mutant tubule sections were Sertoli cells, al-
though occasional spermatogonia were still present in
some tubules (not shown). This gradual loss of germ cells
indicated that the loss is not germ-cell stage specific.
Such a pattern of loss suggests that it is due to a problem
of supporting Sertoli cells rather than a specific and di-
rect developmental arrest of germ cells (Russell et al.
1990).

The histology of the epididymis was normal in the
homozygous mutant except that they were smaller (not
shown). As expected from the testis phenotype, no sper-
matozoa were detected in the epididymis of $5-week-old
homozygous mutant mice (not shown).

Abnormal MT morphology in ROSA63 mutant
Sertoli cells

E-MAP-115 is implicated in stabilizing and reorganizing
MTs (Masson and Kreis 1993, 1995; Fabre-Jonca et al.
1999) and is expressed not only in germ cells but in Ser-
toli cells as well (Fabre-Jonca et al. 1998; Fig. 4D). To
examine whether defects in cellular architecture could
be observed in mutant Sertoli cells prior to the onset of
the germ cell loss (∼5 weeks of age), we observed the
morphology of the Sertoli cell MTs at 3 weeks of age
using immunofluorescence staining with an antibody
against an MT subunit, b-tubulin. In heterozygous con-
trol seminiferous tubules, Sertoli cell MT bundles were
detected as a spoke-like structure around the tubule (Fig.
7A). The arms of the spokes originated from around the
nuclei of Sertoli cells adjacent to the basement mem-
brane and extended toward the lumen. In the homozy-

gous mutant tubule, the MT bundles were thinner and
generally less well developed (Fig. 7B). Moreover, fewer
numbers of detectable MT bundles were evident when
observed at lower magnification (Fig. 7C,D). The num-
bers of Sertoli cell MT bundles per seminiferous tubule
were 11.1 ± 2.8 (n = 20) and 4.1 ± 2.9 (n = 20) for control
and homozygous mutant, respectively (Fig. 7E). Histol-
ogy of the other testes of these control and mutant mice
showed that at this age, the mutant testis was normal,
with similar numbers of Sertoli cell nuclei observed (Fig.
7F,G). Thus, the abnormal MT morphology in the mu-
tant is likely a primary defect. These results suggested
that E-MAP-115 is required for normal morphology and
function of the Sertoli cell MTs and that impaired MT
functions in the Sertoli cells in the absence of E-MAP-
115 led to depletion of germ cells in the mutant.

Discussion

Gene-trap mutagenesis in ES cells is a powerful forward
genetics approach in mice. Several groups have tried to
develop methods to preselect or prescreen gene traps of
interest. These genes included those induced by in vitro
differentiation of ES cells (Baker et al. 1997), induced or
repressed by RA (Forrester et al. 1996) and peptide
growth/differentiation factors (Bonaldo et al. 1998), or
encoding secretory and membrane proteins (Skarnes et
al. 1995) and nuclear proteins (Tate et al. 1998). We
screened for gene traps in RA-responsive genes. As the
identity of RA target genes in vivo is still poorly under-
stood, two lines of information which can be obtained
from this approach (e.g., RA inducibility and loss-of-
function phenotype) may help elucidate unknown tar-
gets or roles of RA in vivo. Characterization of other
RA-responsive gene-trap clones is in progress.

Is E-MAP-115 an RA target in the testis
and other tissues?

In animals fed a VAD diet after weaning, gradual degen-
eration and loss of germ cells occur in the seminiferous
tubule (Mason 1933; Thompson et al. 1964). The first
cell type to be lost is spermatids, which is followed by a
patchy loss of spermatocytes. During this time, vacuoles
associated with the Sertoli cells appear in the seminifer-
ous tubule. Later, most of the spermatids and spermato-
cytes are lost and the lumen of the tubules become filled
by apical extensions of Sertoli cells. At this stage, sper-
matogonia and a few preleptotene spermatocytes are the
only germ cells detected in the tubule. The defect in
VAD testis is reversed by administrating RA to VAD
animals although high dosage of RA is required, suggest-
ing that RA is the active derivative of vitamin A required
for spermatogenesis (van Pelt and de Rooij 1991). Similar
defects such as partial loss of germ cells and vacuolation
in the seminiferous tubule are observed in RARa knock-
out mice (Lufkin et al. 1993). No knockout mice with
single or double mutations in other RAR and RXR genes
exhibit a similar phenotype, suggesting that the effect of
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RA on spermatogenesis is mediated exclusively through
RARa.

Very little is known about RA target genes that are
required for maintaining spermatogenesis. Only a few
genes such as transferrin, sulfated glycoprotein-2, cyto-
chrome c oxidase, and RARa itself, have been reported
to be up- or down-regulated to severalfold in the VAD
testis and VAD testis replenished with retinoid (Hugly
and Griswold 1987; Akmal et al. 1998; Gaemers et al.
1998). E-MAP-115 expression was up-regulated by RA
both in tissue culture (ES cells) and in vivo (small intes-
tine). In addition, it is expressed in the same cell types
that express RARa in the seminiferous tubule (e.g., Ser-
toli cells and germ cells including spermatocytes and
round spermatids) (Akmal et al. 1997; Fabre-Jonca et al.
1998; Dufour and Kim 1999). Therefore, the phenotypic
similarity of ROSA63 mutant to VAD animals and
RARa mutant mice raised the possibility that E-MAP-
115 is an RA target through RARa in the testis and that
the defect in VAD testis is partly due to the lack of E-
MAP-115 expression. We tested this possibility by
Northern blot and in situ hybridization analyses. We
failed, however, to detect significant down-regulation of
E-MAP-115 expression in VAD testis and its up-regula-
tion by retinol administration (not shown). This might
indicate that E-MAP-115 expression is regulated by RA
in certain tissues but not in the testis, or that RA-respon-
sive cells are absent from the VAD testis. Consistent
with this hypothesis, spermatids and most of the sper-
matocytes, which normally express both RARa and E-
MAP-115, were absent in the VAD testes in which we
examined E-MAP-115 expression.

RA generally plays a key role in the differentiation of
epithelia (Wolbach and Howe 1925). As E-MAP-115 is
expressed in epithelial cell types of many tissues, its ex-
pression may also be regulated by RA in tissues other
than testis. Indeed, its up-regulation was observed in the
small intestine of VAD mice after retinol administra-
tion. In small intestine of VAD animals, morphological
and functional maturation of enterocytes and goblet
cells, both of which are columnar epithelial cells, is at-
tenuated (Rojanapo et al. 1980; Warden et al. 1996). As
E-MAP-115 is implicated in MT functions of differenti-
ated epithelial cells, the defect in VAD small intestine
may partly be due to down-regulation of E-MAP-115 ex-
pression. It is, however, not solely due to the down-regu-
lation because null mutation in E-MAP-115 by itself did
not affect the morphology of the tissue. This might also
be true for some but not all of other E-MAP-115-express-
ing epithelia which are impaired in VAD animals, con-
sidering that regulation of E-MAP-115 expression by RA
is tissue-specific.

Role for E-MAP-115 in MT functions
in spermatogenesis

E-MAP-115 is a MAP implicated in stabilizing and reor-
ganizing MTs. It is expressed both in Sertoli cells and
germ cells in the seminiferous tubule of the testis (Fabre-
Jonca et al. 1998). Both Sertoli cells and germ cells ap-

peared to be affected in the mutant, and our observations
suggested a primary MT defect in each cell type. First,
MTs failed to form normal manchette, leading to failure
for the spermatids to elongate at the first wave of sper-
matogenesis. Second, Sertoli cells exhibited an abnormal
MT network starting by three weeks of age, leading to
eventual depletion of germ cells in subsequent waves of
spermatogenesis. Why the first wave of spermatogenesis
is completed is not known. It is, however, not unusual in
spermatogenic mutants that the first wave of spermato-
genesis occurs but is followed by massive depletion of
germ cells in subsequent waves (Russell and Gardner
1974; Beamer et al. 1988).

The first defect to be observed in the mutant testis was
in elongating spermatids. This phenotype suggested that
the absence of E-MAP-115 is related to the failure of the
manchette to develop and/or organize as the spermatid
nuclei elongate and take on their characteristic configu-
ration. Deformation of spermatid nuclei from the normal
stage-related configuration is always correlated with the
presence or absence of the manchette in genetic mutants
such as the azh (abnormal spermatozoon head) mutant
(Cole et al. 1988; Meistrich et al. 1990) and in animals
treated with MT-disrupting agents such as colchicine
and carbendazim (Handel 1979; Nakai et al. 1998), im-
plicating the manchette MTs in the shaping of sperm
nuclei. For example, in regions where the manchette is
absent, the nuclear contour is rounded; in regions where
there is ectopic manchette, the nuclear envelope is dis-
torted and lies parallel to the manchette MTs. The man-
chette first appears in step eight spermatids. As the man-
chette abnormality and nuclear deformation of sperma-
tids were observed at the same stages of spermiogenesis
as soon as the manchette formed in the ROSA63 mutant,
it is unlikely that the manchette abnormality is caused
by the nuclear deformation. Thus, the ROSA63 mutant
phenotype further illustrates the importance of the man-
chette in caudal nuclear shaping (Russell et al. 1991), and
suggests an important role for E-MAP-115 in the func-
tion of manchette MTs. The possibility that the defor-
mation of spermatid nuclei is due to a Sertoli cell defect
but not to an intrinsic defect of spermatids, however, can
not be completely ruled out because in one case, a defect
in Sertoli cells appears to affect the morphology of elon-
gated spermatids (Kastner et al. 1996).

The second defect, gradual germ cell loss, was likely
associated with an impaired Sertoli cell function because
there was no stage specificity in lost germ cells. Sperma-
tids were first lost by three months of age, followed by
the loss of spermatocytes and spermatogonia by 12
months. Consistent with this, changes in the morphol-
ogy and distribution of MTs were also observed in the
mutant Sertoli cells. The Sertoli cell MTs are known to
play important roles in supporting spermatogenesis.
First, Sertoli cells secrete the seminiferous fluid to the
adluminal space of the seminiferous tubule (for review,
see Griswold 1993). This fluid contains transport and
carrier proteins, proteases and protease inhibitors, extra-
cellular matrix proteins, hormones, and growth factors.
These proteins are required for maintaining the nutri-
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tional and hormonal microenvironment of spermato-
cytes and spermatids that are inaccessible to proteins in
the blood by the blood-testis barrier. MTs serve as a plat-
form for the movement of secretory vesicles via MT-
motor systems and are thus important in Sertoli cells for
secreting the seminiferous fluid (Johnson et al. 1991).
Second, the MTs are implicated in the movement or
translocation of elongated spermatids that are tightly as-
sociated with the ectoplasmic specializations of Sertoli
cells, along the axis of the MTs (Redenbach and Vogl
1991; Redenbach et al. 1992). Finally, Sertoli cell MTs
are implicated in the structural integrity of the seminif-
erous tubule because disruption of MTs in Sertoli cells
by MT-disrupting agents causes cleavage of the cells and
sloughing of germ cells that are attached to the apical
portion of the Sertoli cells to the lumen (Russell et al.
1981; Vogl et al. 1983). Depletion of germ cells in the
ROSA63 mutant suggests that E-MAP-115 may be re-
quired in the Sertoli cells for secreting proteins that are
necessary for survival and differentiation of germ cells.
Vacuolation between Sertoli cells at the level of the tight
junctions is an indication that the secretory system has
gone astray as it suggests that the fluid secretion appar-
ently is directed laterally, but not apically toward the
lumen. We propose that MT disruption in the Sertoli
cells probably leads to a constellation of events that dis-
rupt Sertoli cell activity and result in the progressive
depletion of germ cells less mature than elongating sper-
matids. Our results provide direct evidence for essential
roles of both germ cell- and Sertoli cell-specific MTs in
spermatogenesis and demonstrate an indispensable func-
tion of E-MAP-115 as a MAP for these MTs.

Materials and methods

Screening for RA-responsive gene traps

The retroviral gene trap vector ROSAbgeo* was provided by
Jeffrey Hildebrand (Fred Hutchinson Cancer Research Center,
Seattle, WA). The vector is similar to ROSAbgeo (Friedrich and
Soriano 1991) and includes, in reverse orientation with respect
to the retroviral vector pGen−, the adenovirus major late tran-
script splice acceptor (intron 1/exon 2 boundary), bgeo*, and the
bovine growth hormone poly(A) signal, flanked by loxP sites.
bgeo* has a higher neomycin phosphotransferase II activity
than bgeo because of a glutamic to aspartic acid conversion at
residue 182 in the neo moiety (Yenofsky et al. 1990).

Retroviral infection of AK7 mouse ES cells was performed as
described previously (Friedrich and Soriano 1991). Following se-
lection with G418 for 10 days, G418-resistant colonies were
picked, trypsinized, and grown on feeder cells in 96-well plates
for several days. On reaching confluency, the cells were tryp-
sinized and one sixth were plated in duplicate in gelatinized
96-well plates. One third of the cells were frozen as a master
stock. When the cells in duplicate 96-well plates became ∼50%
confluent, they were cultured in the low-serum medium (Dul-
becco’s modified Eagle’s medium supplemented with 0.1% fetal
calf serum and 2% bovine serum albumin) for 24 hr, and incu-
bated with or without 1 µM all-trans RA (Sigma) in the same
medium for an additional 24 hr. Afterwards, the cells were
stained with X-gal as described (Friedrich and Soriano 1991) and
b-gal activity was observed under a light microscope.

Derivation, genotyping, and X-gal staining of mice

Blastocyst injections of ES cells were performed using standard
procedures. Genotyping was performed by Southern blot analy-
sis of DNAs from tail biopsies as described (Friedrich and Sori-
ano 1991). DNAs were digested with EcoRI and hybridized with
a neo probe. Heterozygous and homozygous mutant mice were
distinguished by the intensity of the neo-positive band. A wnt1
genomic probe was used as an internal standard. X-gal staining
of embryos and tissues was performed as described (Friedrich
and Soriano 1991). Prior to staining, E14.5 embryos were em-
bedded in 3% low-melting agarose in phosphate-buffered saline
and cut at 400 µm using a vibratome. Sex of embryos was de-
termined by PCR for Y chromosome genes, Sry and Zfy, using
yolk sac DNAs as described (Hogan et al. 1994).

Cloning of cDNA

The E-MAP-115/bgeo* fusion cDNA was amplified from
poly(A)+ RNA of ROSA63 ES cells by 58 RACE as described
(Hildebrand and Soriano 1999). Mouse E-MAP-115 cDNAs cor-
responding to the amino acid residues 229–571 (nucleotide 686–
1712) and 574–694 (nucleotide 1720–2080) (EMBL/GenBank/
DDBJ accession no. Y15197) were amplified from wild-type ES
cell poly(A)+ RNA by RT–PCR using the following pairs of prim-
ers: 58-TTCTGACGCCCACACATTCG-38 and 58-TGCTTCT-
CTCGTTCCTGCCG-38, and 58-AAAGAAGAGCAGGAACG-
GCTGG-38 and 58-CATTGGTGACATCTAATCTGGACG-38.

Northern blotting

ES cells were lysed in 4 M urea, 2 M LiCl, and 1 mM EDTA, and
incubated overnight at 4°C. RNA was precipitated by centrifu-
gation at 10,000 ×g for 30 min at 4°C. The pellet was suspended
in 0.1% SDS, extracted with phenol/chloroform, precipitated
with ethanol, and resuspended in H2O. RNA from tissues was
isolated using a Trizol reagent (GIBCO BRL) according to the
manufacturer’s instructions. RNA (10 µg) was run on a formal-
dehyde-denaturing gel, transferred to a nylon membrane (Hy-
bond-N+, Amersham), and hybridized with labeled probes using
standard procedures. The intensity of bands were quantified us-
ing a PhosphorImager (Molecular Dynamics).

Generation of VAD mice and retinol administration

Breeding pairs of C57BL/6J and 129/Sv mice were fed a VAD
diet (Teklad Trucking) for three weeks. Male pups from these
pairs received the same diet until they became VAD. At the age
of 14–16 weeks when body weight decreased, mice were con-
sidered VAD. Each mouse was administered subcutaneously
with 0.5 mg of all-trans retinol (Sigma) in 50 µl of ethanol, and
received a normal vitamin A-containing diet (Animal Special-
ties) afterwards. Mice were sacrificed at 0, 24, and 48 hr after
retinol administration.

Chromosome mapping

Chromosome mapping was performed using the Jackson Labo-
ratory BSS backcross panel with progeny from matings of
(C57BL/6JEi × SPRET/Ei)F1 × SPRET/Ei mice (Rowe et al.
1994). Southern blot analysis of SacI-digested C57BL/6JEi and
SPRET/Ei genomic DNAs with mouse E-MAP-115 cDNA
(nucleotides 1720–2080) detected single 2.0-kb and >12-kb
bands, respectively. DNAs of the progeny were therefore di-
gested with SacI and hybridized with the probe to examine the
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presence or absence of these bands. The data were analyzed by
the Jackson Laboratory.

Histology and immunofluorescence staining

Testes were fixed overnight with Bouin’s fixative at 4°C, gradu-
ally dehydrated in ethanol, cleared with HistoClear, and em-
bedded in paraffin. Sections were cut at 5 µm and stained by
periodic acid-Shiff’s (PAS) and hematoxylin staining. For immu-
nofluorescence staining, testes were fixed overnight with 100%
methanol, cleared with xylene, and sectioned as above. After
removal of paraffin with xylene and rehydration, sections were
stained with anti-b-tubulin antibody E7 (1:2 dilution; Develop-
mental Studies Hybridoma Bank at University of Iowa) as de-
scribed previously (Komada and Soriano 1999). The secondary
antibody was a rhodamine-conjugated anti-mouse immuno-
globulin G antibody (1:100; Jackson Immunoresearch). Sections
were costained with DAPI. Fluorescent images were captured
and processed using a Deltavision microscope (Applied Preci-
sion).

Electron microscopy

Mice were perfused with glutaraldehyde via the heart (Sparando
1990). Testes were post-fixed with osmium tetroxide and pro-
cessed for plastic embedment. Thin sections were examined
with a high resolution electron microscope. Staging of the sper-
matogenic cycle was performed according to Russell et al.
(1990).
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