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CLIP-170 is a microtubule “plus-end-tracking protein” implicated in the control of microtubule dynamics,
dynactin localization, and the linking of endosomes to microtubules. To investigate the function of mouse
CLIP-170, we generated CLIP-170 knockout and GFP-CLIP-170 knock-in alleles. Residual CLIP-170 is
detected in lungs and embryos of homozygous CLIP-170 knockout mice, but not in other tissues and cell
types, indicating that we have generated a hypomorphic mutant. Homozygous CLIP-170 knockout mice are
viable and appear normal. However, male knockout mice are subfertile and produce sperm with abnormal
heads. Using the knock-in mice, we followed GFP-CLIP-170 expression and behavior in dissected, live testis
tubules. We detect plus-end-tracking GFP-CLIP-170 in spermatogonia. As spermatogenesis proceeds,
GFP-CLIP-170 expression increases and the fusion protein strongly marks syncytia of differentiated
spermatogonia and early prophase spermatocytes. Subsequently GFP-CLIP-170 levels drop, but during
spermiogenesis (post-meiotic development), GFP-CLIP-170 accumulates again and is present on spermatid
manchettes and centrosomes. Bleaching studies show that, as spermatogenesis progresses, GFP-CLIP-170
converts from a mobile plus-end-tracking protein to a relatively immobile protein. We propose that CLIP-170
has a structural function in the male germline, in particular in spermatid differentiation and sperm head
shaping.
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CLIP-170 was originally identified as a microtubule
(MT)-binding protein from HeLa cells (Rickard and Kreis
1990). The name “CLIP-170” (cytoplasmic linker protein
of 170 kDa) was proposed after the discovery that this
protein linked endocytic vesicles to MTs in an in vitro
assay (Pierre et al. 1992). CLIP-170 was also indepen-
dently identified as restin (Bilbe et al. 1992), after its
increased expression level in Reed-Sternberg cells of

Hodgkin’s lymphoma. CLIP-170 consists of an N-termi-
nal, MT-binding region, an elongated, central �-helical
domain responsible for dimerization of the protein, and
C-terminal metal-binding motifs (Pierre et al. 1992). The
N terminus, which contains two MT-binding CAP-GLY
domains surrounded by basic serine-rich stretches, can
interact directly with the C terminus of the same mol-
ecule (Lansbergen et al. 2004). This capacity of CLIP-170
to fold on itself might serve to prevent unwanted inter-
actions. The closest mammalian relative of CLIP-170 is
CLIP-115, which contains N-terminal CAP-GLY do-
mains and a coiled-coil domain, but lacks the metal-
binding motifs (De Zeeuw et al. 1997).

At low levels of overexpression, CLIP-170, when fused
to GFP, was shown to associate specifically with the
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ends of growing MTs (Perez et al. 1999). This behavior,
which is visualized as movement of “comet-like”
dashes, has now been documented for a variety of other
proteins; it has been termed “plus-end tracking,” and the
proteins that show it are called “+TIPs” (Schuyler and
Pellman 2001). Different mechanisms account for plus-
end tracking (for recent review, see Akhmanova and
Hoogenraad 2005). In mammalian cells, CLIP-170 dis-
plays “treadmilling”; that is, it associates with the
freshly polymerized distal end of a growing MT and dis-
sociates from the “older” MT lattice, while it remains
immobile with respect to the MT (Perez et al. 1999).
However, the CLIP-170 homologs in budding and fission
yeast, called Bik1p and Tip1p, respectively, are deliver-
ed to MT ends by kinesin motors (Busch et al. 2004;
Carvalho et al. 2004).

The presence of CLIP-170 at the tips of growing MTs
has focused attention toward the role of this protein in
the regulation of MT dynamics. Budding yeast Bik1p has
a MT-stabilizing function (Carvalho et al. 2004), and fis-
sion yeast Tip1p acts as anti-catastrophe factor, prevent-
ing the premature conversion of MT growth to shrinkage
in regions other than the cell ends (Brunner and Nurse
2000). Using a dominant-negative approach, it was
shown that in CHO cells CLIP-115 and CLIP-170 have
redundant roles as MT rescue factors, that is, they pre-
vent MTs that have undergone catastrophe at the cell
periphery from shrinking back to the centrosome (Koma-
rova et al. 2002). This function is supported by in vitro
studies, in which the dimeric head domain of CLIP-170
promotes MT rescues and induces the formation of
curved oligomers of purified tubulin (Arnal et al. 2004).
Together these data underscore the role of CLIPs as
“positive” regulators of MT growth.

CLIP-170 interacts directly with the CLASPs, which
are also +TIPs (Akhmanova et al. 2001), and with
IQGAP1, a Rac1/Cdc42-binding protein (Fukata et al.
2002). These interactions may play a role in regulating
MT dynamics in specific cell areas, such as the leading
edge of motile fibroblasts. The Drosophila melanogaster
homolog of CLIP-170, D-CLIP-190 (Lantz and Miller
1998), was shown to associate with myosin VI, indicat-
ing that D-CLIP-190 might be involved in linking the
actin and MT networks. CLIP-170 is also involved in the
dynein–dynactin pathway: It binds to LIS1, which is a
regulator of dynein function (Coquelle et al. 2002; Tai et
al. 2002). In addition, it interacts directly with the dyn-
actin component p150Glued and contributes to targeting
of the dynactin complex to the growing MT ends (Good-
son et al. 2003; Lansbergen et al. 2004). In mitotic cells,
CLIP-170 was shown to accumulate at prometaphase ki-
netochores, where it colocalizes with dynein, dynactin,
and LIS1 (Dujardin et al. 1998; Coquelle et al. 2002; Tai
et al. 2002), suggesting a function for this protein in mi-
tosis as well as in interphase. Consistent with this dis-
tribution, a recent study using RNA interference (RNAi)
revealed an essential role for CLIP-170 during mitosis in
HEp-2 cells (Wieland et al. 2004).

While these studies have provided clues about cellular
functions of CLIP-170, the role of this protein in the

whole animal has never been addressed. In order to in-
vestigate the in vivo function of murine CLIP-170, we
generated CLIP-170 knockout (KO) and GFP-CLIP-170
knock-in (KI) mice. CLIP-170 KO mice are viable, yet
male KO mice produce abnormal sperm, which lack a
typical, hook-shaped head morphology. We therefore fo-
cused on the role of CLIP-170 in spermatogenesis and
discovered a novel, testis-specific isoform of CLIP-170.
Antibody staining reveals a differentiation-stage-depen-
dent distribution of CLIP-170 in germ cells of the testis.
Using GFP-CLIP-170 KI mice, we performed live analy-
sis in testis tubules. Dynamic, plus-end-tracking GFP-
CLIP-170 is detected in spermatogonia. During spermio-
genesis, GFP-CLIP-170 associates with centrosomes,
spermatid manchettes, and the manchette rings. Bleach-
ing studies reveal that at these later stages, GFP-CLIP-
170 is mainly detected in immobile structures. Thus,
CLIP-170 can act both as a +TIP and as a structural pro-
tein and is essential for normal spermatogenesis.

Results

A novel exon in the CLIP-170-encoding gene

In order to devise a gene-targeting strategy, we generated
a map of the murine CLIP-170 gene (gene symbol Rsn,
for restin), taking mouse cDNA clone BC007191 and hu-
man and mouse ENSEMBL genomic regions as refer-
ences (Fig. 1A). The Rsn gene spans ∼100 kb. Exon 1 is
noncoding and is separated from the first translated exon
(exon 2) by >25 kb. The restin-specific exon, encoding 35
amino acids (Bilbe et al. 1992), is located between exons
8 and 9 of clone BC007191, while a small “11 amino
acid” exon (Griparic and Keller 1998) is located just up-
stream of the exon “+35” (Fig. 1A). A brain-specific
splice form, represented by the rat brain cDNA AJ237670
(Akhmanova et al. 2001), lacks a part of exon 9 and the
whole exon 10 (Fig. 1A). All these splice variants encode
proteins with alterations within the central coiled-coil
region of CLIP-170.

A short, testis-specific CLIP-170 cDNA has been de-
scribed, which encodes a C-terminal isoform of CLIP-
170, called CLIP-50 (Tarsounas et al. 2001). The 5�-end of
this cDNA is located upstream of exon 16, and it is col-
linear with CLIP-170 clone BC007191 from exon 16 to
exon 24. The 5�-end of another mouse testis cDNA (ac-
cession no. BB616336) is located ∼14 kb downstream of
exon 1. These results suggest that in the testis, multiple
transcription initiation sites exist in the CLIP-170 gene.

Surprisingly, we found a sequence of >2 kb between
exons 15 and 16 (Fig. 1A) that is highly conserved be-
tween man and mouse and is surrounded by consensus
splice acceptor and donor sites. When translated, this
domain, which has a high potential to form coiled-coils,
does not interrupt the CLIP-170 coding sequence. We
called this putative novel exon LORF (long open reading
frame). By using RT–PCR, we confirmed that the LORF
exon is abundantly expressed in the testis, but it is also
present in other tissues (data not shown).

Northern blot analysis in various tissues from mouse,
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rat, and human revealed ubiquitous CLIP-170 expres-
sion, with varying mRNA levels (Fig. 1B–E). In all three
organisms, CLIP-170 transcripts in brain are somewhat
shorter than the common mRNAs in other tissues, con-
sistent with the smaller brain-specific splice variant
(Akhmanova et al. 2001). In rat and mouse testis, mul-
tiple mRNAs are present, ranging in size from ∼2 to ∼7
kb (Fig. 1B,D,E). The shortest testis transcript likely cor-
responds to the CLIP-50 mRNA (Tarsounas et al. 2001),
since it does not hybridize to the 5� part of CLIP-170
cDNA (Fig. 1E, upper panel). Hybridization of the mouse
Northern blot with a LORF-specific probe revealed that
the longest testis transcript contains the LORF exon (Fig.
1E, lower panel). Taken together, these data suggest that
several CLIP-170 isoforms are produced from the Rsn
gene. Most notably, inclusion of the LORF exon extends
the CLIP-170 coding sequence with ∼87 kDa.

Generation of two mutant CLIP-170 alleles

To generate a CLIP-170 KO allele, we inserted a GFP-
loxP–pMC1neo-loxP cassette in front of the ATG trans-
lation initiation codon in exon 2, using homologous re-
combination in embryonic stem (ES) cells (Fig. 2A). In
this allele, the transcription of the neomycin-resistance
gene (neo) is antisense with respect to the CLIP-170 gene
(Fig. 2A). To produce the GFP-CLIP-170 KI allele, we
used Cre-mediated recombination at the loxP sites to
remove pMC1neo and fuse GFP-loxP in frame to the
CLIP-170 coding sequences (Fig. 2A).

Targeting efficiency in ES cells with the GFP-loxP–
pMC1neo-loxP cassette and 5.5 kb of homologous up-
stream and downstream sequences was 2%. Targeted ES
cells were transfected with a plasmid expressing Cre re-
combinase, to delete pMC1neo. One targeted ES cell
clone, as well as one clone with correctly excised
PMC1neo, were injected into blastocysts to allow germ-
line transmission of the mutated alleles. Correct integra-

tion and excision were verified by Southern blotting and
PCR analysis, using upstream and downstream probes
(Fig. 2B; data not shown).

We bred the modified CLIP-170 alleles back to the
C57BL/6 background and generated heterozygous and
homozygous CLIP-170 KO and KI mice. Northern blot
analysis showed that the insertion of the GFP-loxP–
pMC1neo-loxP cassette results in absence of normal
CLIP-170 mRNA in several KO tissues (Supplementary
Fig. 1A,B; data not shown). These results were confirmed
by RT–PCR (Supplementary Fig. 1C,D). Consistent with
these data, we did not detect CLIP-170 by Western blot
in brain lysates from homozygous CLIP-170 KO mice
(Fig. 2C; Supplementary Fig. 1E).

Northern blot analysis further showed that expression
of the testis-specific CLIP-50 transcript was not affected
by the targeting procedure (Supplementary Fig. 1B).
Western blot analysis confirmed that CLIP-50 is, indeed,
expressed in testis extracts of wild-type, CLIP-170 KO,
and CLIP-170 KI mice (Supplementary Fig. 1E). Thus, the
targeting strategy does not perturb CLIP-50. In addition,
whereas in most KO tissues, including brain, heart, skel-
etal muscle, mouse embryonic fibroblasts (MEFs), and
testis, no CLIP-170 could be detected by Western blot
(Fig. 2C–F; Supplementary Fig. 1E,F), in lung and in em-
bryonic extracts residual CLIP-170 was observed with
two different CLIP-170-specific antibodies (Fig. 2D; data
not shown). We confirmed the existence of a CLIP-170
mRNA with a correctly sized 5�-end in KO lung using
RT–PCR (Supplementary Fig. 1D). Therefore, insertion
of the GFP-loxP–pMC1neo-loxP cassette into the CLIP-
170 gene does not result in ablation of protein expression
in all tissues. We conclude that the CLIP-170 KO allele is
a hypomorphic one.

In the GFP-CLIP-170 KI mice, a protein of ∼200 kDa
was produced instead of CLIP-170, which was present at
similar levels compared with wild-type protein (Fig.
2C,D; Supplementary Fig. 1E,F). Equal expression levels

Figure 1. Genomic organization and ex-
pression of the gene encoding CLIP-170.
(A) Genomic organization of the gene en-
coding CLIP-170. The position of common
(1–24) and alternatively spliced (+11, +35,
LORF) exons and transcription initiation
sites (1, alt1, te) is indicated. (Alt br spl)
Alternative splice event generating the
brain-specific mRNA. Scale in kilobase
pairs (K). (B–E) CLIP-170 mRNA expres-
sion. Northern blots from rat, human, and
mouse were hybridized with the indicated
probes. Size markers are indicated (kilo-
bases).

CLIP-170 organizes spermatid manchettes
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of CLIP-170 and GFP-CLIP-170 are particularly apparent
in heterozygous samples. CLIP-115 levels are not altered
in brain lysates from CLIP-170 KO or GFP-CLIP-170 KI
mice (Fig. 2C, left panel). Thus, reduction in the level of
CLIP-170 does not lead to increased CLIP-115 expres-
sion. Conversely, in CLIP-115 KO mice, CLIP-170 is not
up-regulated (Hoogenraad et al. 2002).

To characterize the novel ∼240-kDa LORF-containing
isoform of CLIP-170, we raised rabbit polyclonal anti-
bodies (LORF#00 and #01) against a bacterially produced
“LORF” protein. As shown in Figure 2E, the LORF an-
tibodies specifically recognize ∼240-kDa CLIP-170 and
∼270-kDa GFP-CLIP-170 isoforms in testis extracts from
wild-type and CLIP-170 KI mice, respectively. These

data demonstrate that the LORF exon is translated in the
testis. The LORF-CLIP-170-specific signal increases
upon maturation of the testis, in particular from week 3
to 4 of post-natal life (Fig. 2F). In this developmental
window, the testis becomes populated with spermatids,
indicating that this CLIP-170 isoform has a function in
spermiogenesis rather than (pre-)meiotic stages of sper-
matogenesis.

Analysis of CLIP-170 KO and GFP-CLIP-170 KI
cell lines

To examine the consequences of a CLIP-170 deletion at
the cellular level, we derived MEFs from embryonic day

Figure 2. Generation of CLIP-170 KO and
GFP-CLIP-170 KI in alleles. (A) Targeting
strategy of CLIP-170 KO and GFP-CLIP-
170 KI alleles. A segment of the murine
Rsn gene is shown, with the ATG-contain-
ing exon and diagnostic restriction en-
zyme sites. The 5�-end and 3�-end homolo-
gous arms of the targeting construct are
indicated by thick lines. The insertion cas-
sette in the targeting construct is shown
above the Rsn gene and contains GFP,
loxP sites (arrowheads), and a neomycin
resistance (neo) gene, driven by the pMC1
promoter and containing a polyadenyla-
tion sequence (An). The neo gene is tran-
scribed antisense (see arrow) to the Rsn
gene. Homologous recombination gener-
ates a CLIP-170 KO allele. Cre-mediated
excision at the targeted Rsn allele leaves
GFP and one loxP site. As these are in-
frame with CLIP-170-encoding sequences,
the GFP-CLIP-170 KI allele is generated.
(B) Southern blot and PCR analysis. The
Southern blot demonstrates the presence
of a homologously targeted CLIP-170 KO
allele in ES cells. The PCR analysis with
three primers allows detection of the wild-
type and CLIP-170 KO or GFP-CLIP-170
KI alleles. (C–F) Western blots of total pro-
tein lysates from brain (C), heart, skeletal
muscle, passage 30 MEFs, and lung (D) or
testis (E,F), incubated with antibodies rec-
ognizing both CLIP-115 and CLIP-170
(#2221), CLIP-170 only (#2360), or the
LORF-containing CLIP-170 isoform
(LORF#01), tubulin, EB3, and actin. (C)
The #2221 antibodies recognize GFP-
CLIP-170 less well (asterisks in lanes). For
each tissue, equal amounts of protein were
loaded in each lane. In F, testis lysates
were prepared from mice ranging in age
from 1 wk to adult. Size markers (M) are
indicated (kilodaltons).
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13.5 (E13.5) embryos. We found no evidence for a severe
mitotic defect in homozygous CLIP-170 KO MEFs, as
compared with wild-type cells (Supplementary Fig. 2).
We recently showed that depletion of CLIP-170 by RNAi
reduces the ability of p150Glued to associate with inter-
phase MT ends, but has no strong effect on the steady-
state organelle distribution (Lansbergen et al. 2004). In
line with these results, dynactin localization at MT ends
is reduced in CLIP-170 KO MEFs (Fig. 3E,F), as compared
with wild-type cells (Fig. 3B,C), while the level of CLIP-
115 at MT tips is not affected (Fig. 3A,D). The MT cyto-
skeleton appears normal in CLIP-170 KO cells (data not
shown), perhaps because CLIP-115 is still present in
these MEFs, substituting for CLIP-170. Thus, deletion of
CLIP-170 in MEFs has no obvious deleterious effects,
neither in interphase, nor in mitosis.

We next examined the distribution and behavior of
GFP-CLIP-170 in homozygous KI MEFs. We first per-
formed an immunoprecipitation with anti-GFP antise-
rum to pull down GFP-CLIP-170 and associated proteins
from cultured MEFs. Results of this experiment (pre-
sented in Supplementary Fig. 1G) showed that no other
GFP fusion protein is detected but full-length GFP-CLIP-
170 and that this protein interacts with CLASP2 and
p150Glued, as was previously shown for CLIP-170 (Akh-
manova et al. 2001; Lansbergen et al. 2004). In fixed cells
GFP-positive dashes are localized at the distal ends of
MTs and some staining is observed in the cytoplasm (Fig.
3G–I), in line with published data (Rickard and Kreis
1990; Perez et al. 1999). The GFP-positive signals over-
lapped with anti-CLIP-170 antibody patterns (Supple-
mentary Fig. 1H–J). We derived keratinocytes from ho-
mozygous CLIP-170 KO mice and transfected these with
Cre recombinase to generate a mixed culture of GFP-
CLIP-170 KI and CLIP-170 KO cells. Only in the KI ke-
ratinocytes did we detect significant levels of p150Glued

at MT tips (Fig. 3J,K), indicating that GFP-CLIP-170 is
able to direct the localization of the dynactin complex to
MT plus-ends.

The behavior of GFP-CLIP-170 was further analyzed in
living homozygous KI MEFs and glial cells. We observed
comet-like dashes in these cell types (Fig. 3L; Supple-
mentary Movie 1), which moved with an average veloc-
ity of 0.57 ± 0.11 µm/sec in glia (60 dashes analyzed in 10
cells) or 0.50 ± 0.08 µm/sec in MEFs (25 dashes analyzed
in three cells; in both cases the standard deviation is
indicated). This velocity is similar to the values obtained
by us in cells overexpressing low levels of various +TIPs
(Akhmanova et al. 2001; Stepanova et al. 2003). Treat-
ment of cells with low doses of nocodazole and taxol
immediately abolished the dynamic dashes in GFP-
CLIP-170 KI cells (data not shown). Taken together,
these data suggest that GFP-CLIP-170, expressed from
the modified Rsn allele, recapitulates the behavior and
functionality of CLIP-170 in cultured cells and can be
used as a tool to analyze the distribution and dynamics
of CLIP-170 in vivo. This conclusion is in line with pre-
vious observations, that an overexpressed GFP-CLIP-170
fusion protein is functional in cultured cells (Perez et al.
1999; Komarova et al. 2002; Stepanova et al. 2003).

Deletion of CLIP-170 affects spermatogenesis

Heterozygous and homozygous CLIP-170 KO and GFP-
CLIP-170 KI mice are born in Mendelian ratios, have
normal weights, and show no gross abnormalities (data
not shown). Therefore, modification of the Rsn allele
does not have a significant negative influence on mouse

Figure 3. Cellular analysis of the CLIP-170 deletion and GFP-
CLIP-170 insertion. (A–F) CLIP-115 and dynactin distribution in
wild-type (A–C) and CLIP-170 KO MEFs (D–F). CLIP-115 (green)
and dynactin (red) were detected with antibodies #2238 and an-
tibodies against dynamitin, respectively. Both CLIP-115 and dy-
nactin localize at the ends of MTs, but dynactin signal is di-
minished in KO MEFs. Bar, 2.5 µm. (G–I) GFP-CLIP-170 distri-
bution in KI MEFs. Direct GFP fluorescence (green) was
observed in combination with anti-tubulin staining (red). En-
larged MT plus-ends are shown in the inset. Bar, 10 µm. (J,K)
Dynactin distribution in keratinocytes. A mixed culture of
CLIP-170 KO and GFP-CLIP-170 KI keratinocytes was made by
transfecting a KO culture with Cre recombinase. GFP-CLIP-170
is shown in J (direct fluorescence) and dynactin in K. Notice the
decreased dynactin staining at MT ends in KO cells (see also
insets in K). Bar, 13 µm. (L–L�) Behavior of GFP-CLIP-170 in
cultured glial cells, derived from the GFP-CLIP-170 KI mice,
analyzed by time-lapse imaging. The movie of this analysis is
shown as Supplementary Movie 1. L–L� represent parts of the
images acquired after 6, 8, 10, and 12 sec. The arrows indicate
three examples of moving GFP-CLIP-170 dashes. Bar, 3 µm.
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development. However, homozygous CLIP-170 KO male
mice produce virtually no offspring. This points to a de-
fect in male germ cell development and/or functioning,
and we therefore investigated the testes of these mice.

Comparison of hematoxylin/eosin (H/E)-stained testis
sections of CLIP-170 KO, KI, and wild-type mice showed
no obvious morphological abnormalities in the size or
organization of the testis tubules or the interstitium (Fig.
4A–C). Detailed examination of these sections, however,
indicated that KO mice produce abnormal sperm. Analy-
sis of sperm from the epididymis demonstrated that the
CLIP-170 KO mice produce normal sperm numbers and
that spermatozoa are motile, but that all sperm have an
abnormal morphology; 100% display severe head abnor-
malities, whereas 20% of these show combined head and
tail defects (Table 1, two mice were analyzed per geno-
type; see also Fig. 4D–F). The main characteristic of the
abnormal head is a lack of the typical hook-shaped ap-
pearance (Fig. 4E), suggesting a defect in nuclear shaping

(Russell et al. 1991). This may explain the fertility prob-
lems of male homozygous CLIP-170 KO mice. The
sperm morphology was completely normal in GFP-CLIP-
170 KI animals (Fig. 4F), indicating that GFP-CLIP-170
can substitute for the function of endogenous CLIP-170
in vivo.

Localization of CLIP-170 in the testis

As shown in Figure 2E and F, deletion of CLIP-170 has no
effect on the total testis levels of the major cytoskeletal
proteins actin and tubulin, or EB3, another +TIP. To un-
derstand the molecular mechanism underlying the ab-
normal sperm phenotype in CLIP-170 KO mice, we in-
vestigated CLIP-170 localization in the testis. Using two
different antibodies against CLIP-170 (#2221 and #2360),
we detected abundant staining in spermatids, starting
from step 8, as well as a weaker signal in subsets of
spermatogonia of wild-type testis (Fig. 4G–J). No CLIP-

Figure 4. Testicular analysis of the CLIP-170 dele-
tion and GFP-CLIP-170 insertion. (A–C) H/E-stained
7-µm sections of the testes from wild-type, CLIP-
170 KO, and GFP-CLIP-170 KI mice. Bar, 50 µm.
(D–F) Sperm preparations, isolated from the epididy-
mis of wild-type, CLIP-170 KO, and GFP-CLIP-170
KI mice. Bar, 10 µm. (G–R) Immunofluorescence
analysis. Wild-type (G–J), CLIP-170 KO (K–N), and
GFP-CLIP-170 KI (O–R) paraffin-embedded sections
were incubated with the indicated antibodies and
counterstained with DAPI to visualize nuclei. In the
overlay in Q, anti-GFP staining is shown in green,
and LORF#00 in red. Bar, 40 µm.

Akhmanova et al.

2506 GENES & DEVELOPMENT



170 staining was detected in Sertoli cells. In CLIP-170
KO sections, we observed weak staining with #2221 an-
tibodies (which recognize the N termini of CLIP-170 and
CLIP-115) in the interstitium and in the lumen of the
tubule, but not in germ cells (Fig. 4K). In contrast, stain-
ing with the #2360 antiserum (which recognizes the C
terminus of CLIP-170) revealed a weak staining in sper-
matids of the KO mice (Fig. 4M). Consistent with North-
ern and Western blot results (Supplementary Fig. 1),
these data suggest that CLIP-50 (which can be recognized
by #2360, but not by #2221) is produced in CLIP-170 KO
mice and associates with spermatids. DAPI images
showed that the arrangement of the cells in the testis
tubule appears normal despite the absence of CLIP-170
(Fig. 4L,N).

Anti-LORF antibodies produced no specific staining in
CLIP-170 KO sections (data not shown), while they re-
acted strongly with the elongating spermatids of the
wild-type and GFP-CLIP-170 KI mice (Fig. 4O–R; data
not shown). However, these antibodies did not stain
spermatogonia well, which was particularly obvious
when anti-GFP and anti-LORF signals were compared in
the same sections of GFP-CLIP-170 KI testes (Fig. 4O–Q).
Thus, the longest isoform of CLIP-170 preferentially lo-
calizes to post-meiotic germ cells, consistent with the
Western blot results of Figure 2F. Taken together, these
data suggest that CLIP-170 is an important component of
male germ cells, with a prominent localization in sper-
matids.

CLIP-170 is involved in spermatid
manchette formation

Cryosections from GFP-CLIP-170 KI testis showed a
GFP signal in spermatogonia and brighter staining as
dots and ring-like structures in elongating spermatids
(Fig. 5A,B). GFP-CLIP-170 dots colocalize with or are ad-
jacent to �-tubulin-positive structures (Fig. 5C–E), indi-
cating that CLIP-170 associates with one of the centri-
oles. The ring-like GFP-CLIP-170 signals colocalize with
tubulin (data not shown), dynactin (Fig. 5F–H), and EB3
(Fig. 5I–K). They correspond to spermatid manchettes—
parallel arrays of MTs that form a container around the
elongating spermatid nucleus (Wolosewick and Bryan

1977; Russell et al. 1991; Kierszenbaum 2001). Man-
chette MTs emanate from circular structures, called the
manchette rings. GFP-CLIP-170 signals are particularly
prominent at the manchette rings and are also present
along the MTs. Manchette localization of GFP-CLIP-170
in KI mice is consistent with the CLIP-170 antibody-
staining patterns in wild-type animals (Figs. 4G,I,O, 5L–
N,Q). High-resolution imaging with the anti-LORF anti-
sera also revealed specific association with the spermatid
manchette (Fig. 5O,P; see also Supplementary Movie 2,
which shows a 3D representation).

In normal mice, the manchette begins to form in step
8 spermatids, when the shape of the nucleus changes
from spherical to slightly elongated. In step 9 the
nucleus becomes even more elongated, and the man-
chette runs parallel to the nuclear envelope. Observa-
tions by fluorescent microscopy revealed that in CLIP-
170 KO mice, developing manchettes with EB3-positive
rings are present in step 8–9 spermatids (Fig. 6A–F). At
later stages (steps 11–13), when manchettes undergo a
transition from a relatively symmetric cylindrical MT
array to an asymmetric configuration (Fig. 5Q), striking
abnormalities were observed in the distribution of tubu-
lin, EB3 (Fig. 6G–I; see also Supplementary Movie 3,
which shows a 3D representation), and dynactin (Fig.
6J,K), which were often present only on one side of the
nucleus. This correlated with defects in the morphology
of the nuclei that failed to acquire their normal slender
shape with a curved rostral end, but instead had an ir-
regular, often club-like appearance (Fig. 6H,K).

Electron microscopy (EM) analysis showed that in
wild-type step 8 spermatids, the onset of manchette for-
mation was clearly demarcated by a narrow belt of MTs
that covered approximately half of the nucleus, with the
acrosome spanning the other half (Fig. 7A). In CLIP-170
KO mice, abnormal manchette features could be ob-
served already at this stage: The belt of MTs did not span
the nucleus properly, and MTs were present in aberrant
areas such as within the acrosome and the nucleus (Fig.
7B). Steps 9–13 in KO mice presented absent or greatly
reduced manchette MTs along the nuclear envelope, ec-
topic MTs along regions of the nucleus that normally do
not display manchettes, or MTs at one side of the
nucleus only (Supplementary Fig. 3A; data not shown).

Table 1. Reproductive organ weights and sperm counts of wild-type, CLIP-170 KO, and GFP-CLIP-170 KI mice

Genotype

Weight Sperm

Body
(g)

Testis
(mg)a

Epididymis
(mg)a

Seminal
vesicle (mg)a

Count per
epididymisb

Abnormal
morphology Motility

Wild type 25.1 173 59 56 19 15% (7H; 6T; 2HT)c 75%
22.7 171 50 40 21 20% (5H; 14T; 1HT) 68%

Knockout 29.8 194 71 62 18 100% (81H; 19HT) 63%
20.8 157 49 39 18 100% (80; 20HT) 65%

Knock-in 30.5 217 83 76 36 16% (7H; 7T; 2HT) 64%
20.2 157 42 33 12 13% (7H; 5T; 1HT) 71%

aCombined weight of left and right tissue.
bOnly right tissue counted, ×106.
c(H) Percent head abnormality; (T) percent tail abnormality; (HT) percent combined head and tail abnormality.
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In addition, manchette MTs from KO mice were fre-
quently localized in membrane-bound regions that
seemed to lie within spermatid nuclei (see arrows in Fig.
7B,D; Supplementary Fig. 3B). From step 11 onward,
MTs were organized in a regular fashion in elongating
spermatids from wild-type and GFP-CLIP-170 KI mice
(Fig. 7C,E; Supplementary Fig. 3C), but they were se-
verely disorganized in sections from KO mice (Fig. 7D,F).
This disturbed manchette formation seemed to influ-
ence the nuclear shaping, resulting in a more rounded

nucleus than in wild-type animals (Fig. 7, cf. C and D;
Supplementary Fig. 3B). In addition, MTs in CLIP-170
KO mice were often aggregated in large cytoplasmic
clusters (Supplementary Fig. 3D). Finally, in step 16 sper-
matids, the final stage before sperm release from Sertoli
cells, the nuclei in the CLIP-170 KO testis were highly
irregular in shape (Supplementary Fig. 3F).

Previous EM studies demonstrated that manchette
MTs are connected by cross-bridges (Wolosewick and
Bryan 1977; see also Fig. 7E; Supplementary Fig. 3C). We
measured the distance between MTs at sites of cross-
bridges in transverse sections from wild-type, KO, and KI
mice (Table 2). We restricted our analysis to regions
where regularly spaced MTs could be detected. Since MT
organization is severely affected in CLIP-170 KO sper-
matids (Fig. 7), such sites are rarely seen, compared with
wild-type or GFP-CLIP-170 KI sections. The data in
Table 2 show that average cross-bridge size is very simi-
lar in wild-type and CLIP-170 KO spermatids; this dis-
tance correlates well with previous results (Wolosewick
and Bryan 1977). Surprisingly, cross-bridges in GFP-
CLIP-170 KI spermatids are slightly smaller, the size dif-

Figure 6. Immunofluorescent analysis of CLIP-170 KO testis.
(A–I) Paraffin-embedded testis sections from CLIP-170 KO mice
were incubated with antibodies against �-tubulin (red) (A–C), or
�-tubulin (red) and EB3 (green) (D–I) and counterstained with
DAPI (blue). A 3D representation of EB3 and MT distribution is
shown in Supplementary Movie 3. Bars: C, 8 µm; F, 2.5 µm; I, 4
µm. (J,K) Cryosections of the testis from CLIP-170 KO mice
were incubated with antibodies against dynactin subunit
p150Glued (red) and counterstained with DAPI (blue). Bar, 1 µm.

Figure 5. CLIP-170 and GFP-CLIP-170 distribution in wild-type
and KI testis. (A,B) Unstained cryosections from GFP-CLIP-170
KI mice. Bars: A, 40 µm; B, 8 µm. (C–K) Localization of GFP-
CLIP-170 to the centrosomes and the spermatid manchette. Tes-
tis cryosections from GFP-CLIP-170 KI mice were incubated with
antibodies against �-tubulin (C–E), dynactin subunit p150Glued

(F–H), or EB3 (I–K). GFP was detected by its direct fluorescence.
Bars: E, 1.5 µm; K, 2.5 µm. (L–Q) Paraffin-embedded testis sec-
tions from wild-type mice were incubated with #2360, or LORF
antibodies (green), �-tubulin antisera (red), and counterstained
with DAPI (blue). In L–N, images were acquired with a confocal
microscope and deconvolved. Notice how CLIP-170 colocalizes
with tubulin. In O and P, images were acquired with an epifluo-
rescent microscope and deconvolved. A 3D representation of the
LORF-CLIP-170 distribution is shown in Supplementary Movie 2.
In Q, the image was acquired with an epifluorescent microscope
and is only shown merged. Bars: N,P, 5 µm; Q, 1.4 µm.
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ference being highly significant (P < 0.005; ANOVA,
single-factor analysis). We also counted more cross-bridges
per MT in cross-sections in the GFP-CLIP-170 KI sperma-
tids, than in wild-type and KO mice (Table 2). Together,
these results indicate that CLIP-170 is not an essential
cross-bridge component; however, given the disorganized
manchettes in the CLIP-170 KO and the smaller size and
increased number of cross-bridges in GFP-CLIP-170 KI
mice, we propose that CLIP-170 influences the forma-
tion of cross-bridges between manchette MTs.

GFP-CLIP-170 distribution in live testis tubules

To visualize GFP-CLIP-170 in live germ cells, we dis-
sected testis tubules (with or without Hoechst) and ex-
amined these at 33°C with a confocal/multiphoton
setup. Propidium iodide staining revealed that hardly
any cells died using this procedure (data not shown).
Moreover, sperm tails kept beating for several hours, and
we could observe dynamic GFP-CLIP-170 (see below).
Thus, this procedure appears suitable to follow the be-
havior of GFP-CLIP-170 in testis tubules.

The distribution of GFP-CLIP-170 was examined by
scanning tubules longitudinally and acquiring optical
sections through the tubule. Bright signals were ob-
served in the cytoplasm of cells that formed syncytia
close to the basal lamina. The number of positive cells
within a syncytium differed (e.g., Fig. 8, cf. A and B). The
GFP-CLIP-170-positive cells in Figure 8A and B (which
are still images of Supplementary Movies 4, 5) have oval
nuclei with a diameter of ∼7 µm (18 nuclei counted). In
combination with Hoechst nuclear staining and num-
bers of cells in syncytia, we identified these cells as type
B spermatogonia and pre-leptotene primary spermato-
cytes (Vigodner et al. 2002). In addition, we detected
strong GFP signals closer to the lumen of the tubule, in
elongating spermatids (Fig. 8C,D; Supplementary Mov-
ies 6, 7). We did not observe any GFP-CLIP-170 in Sertoli
cells.

Cells that expressed somewhat lower levels of GFP-
CLIP-170 were located very near to the basal lamina.
Nuclear sizes in these cells ranged from 9 × 10 µm to
12 × 15 µm. Based on these observations and Hoechst
staining, these cells were identified as undifferentiated
(e.g., Fig. 8F) and differentiated (e.g., Fig. 8E) type A sper-
matogonia (see also Supplementary Movies 8, 9). Starting
at undifferentiated A-paired spermatogonia (Fig. 8F), the
male germline cells form syncytia, connected by inter-
cellular cytoplasmic bridges. GFP-CLIP-170 nicely visu-
alizes these bridges.

All signals were specific and not due to autofluores-
cence, since imaging of wild-type testis tubules with the
same settings revealed no green fluorescent signal (data
not shown). Thus, GFP-CLIP-170 is expressed in a highly
specific pattern in germ cells at different steps of sper-
matogenesis.

Dynamic behavior of GFP-CLIP-170 in the testis

To examine the dynamics of GFP-CLIP-170 movement
in the testis, we performed time-lapse imaging studies

Table 2. Size and number of MT cross-bridges in
spermatid manchettes

Genotype
Cross-bridge size

(nm ± SD)
Cross-bridges/

MTs (%)

Wild type 13.46 ± 4.48 (n = 107) 106/907 (11.6)
CLIP-170 knockout 13.38 ± 4.37 (n = 94) 97/603 (16)
GFP-CLIP-170 knock-in 11.64 ± 3.57 (n = 131) 165/662 (25)

(SD) Standard deviation.

Figure 7. Ultrastructural morphology of the testis of wild-type
and CLIP-170 KO mice. (A) Step 8 spermatid from a wild-type
mouse with manchette MTs (indicated by arrowheads) located
in close apposition to the nucleus in the area not occupied by
the acrosome (indicated by arrows). (B) Step 8 spermatid from a
CLIP-170 KO mouse. Some manchette MTs appear to be prop-
erly positioned (arrowhead). However, they do not completely
cover the area of the nucleus that is free of the acrosome. More-
over, bundles of MTs show ectopic expression and are posi-
tioned within the nucleus (arrows). (C,D) Transverse sections
from wild-type (C) or CLIP-170 KO (D) step 14 spermatids,
showing portions of the manchette and nucleus. In the wild-
type spermatid, the nucleus is surrounded by highly regularly
organized MT bundles, which form a well-developed man-
chette. The CLIP-170 KO nucleus is almost round, and the man-
chette shows ectopic expression with MTs detached from the
nucleus (arrowhead) and within the nucleus (arrow). (E) Higher
magnification of a part of the wild-type manchette shown in C.
The cross-sectioned microtubules can be seen arranged in a
regular pattern, with prominent cross-bridges (arrowheads). (F)
High magnification of a part of the KO manchette shown in D.
Cross-sectioned MTs in KO mice display a highly irregular ar-
rangement. Not all MTs are truly cross-sectioned, indicating
that they do not run in parallel arrays. Bars, 0.5 µm.
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on the types of cells described above. Only in cells near
the basal lamina, which express relatively low levels of
GFP-CLIP-170, did we detect comet-like dashes, typical
of GFP-CLIP-170 in cultured cells (Fig. 8E; Supplemen-
tary Movies 8, 9). The speed of movement of GFP-posi-
tive dashes was 0.16 ± 0.04 µm/sec (55 dashes counted in
12 cells), which is lower than the speed observed in cul-
tured glia or MEFs, because of lower observation tem-
perature (Akhmanova et al. 2001; Stepanova et al. 2003).
In a few cells, we observed both moving dashes and im-
mobile signal (Fig. 8F; Supplementary Movie 9). How-
ever, in the majority of germ cells in the testis, we did
not detect any movement of GFP-CLIP-170.

We used fluorescence recovery after photobleaching
(FRAP) and fluorescence loss in photobleaching (FLIP) to
further examine the dynamic properties of GFP-CLIP-
170. In cells with predominantly plus-end-tracking GFP-

CLIP-170, a fast recovery of fluorescence in the bleached
area was observed, which was complete after ∼1 min (Fig.
8F,H; Supplementary Fig. 4A,B). Fluorescence recovery
was accompanied by fluorescence loss in nonbleached
areas of the same cell. When cells with dynamic GFP-
CLIP-170 were completely bleached, very slow fluores-
cence recovery was observed (data not shown), indicating
that GFP-CLIP-170 can pass through intercellular
bridges from one cell of the syncytium to another.

In pre-leptotene spermatocytes with high GFP-CLIP-
170 signal, FRAP–FLIP analysis revealed recovery of
fluorescent signal in the bleached area in ∼5 min, which
was accompanied by loss in fluorescent signal in non-
bleached regions of the same cell (data not shown). In
contrast, analysis in elongating spermatids showed rela-
tively immobile GFP-CLIP-170 during the course of the
experiment (Fig. 8G,I; Supplementary Fig. 4C–F; Supple-

Figure 8. Behavior of GFP-CLIP-170 in live testis
tubules. Testis tubules were dissected from GFP-
CLIP-170 KI mice (in some cases treated with
Hoechst) and analyzed with a confocal/multiphoton
microscope. (A) Low-magnification view of GFP-
CLIP-170 distribution. The panel shows an image
from Supplementary Movie 4. Notice the accumu-
lation of GFP-CLIP-170 in pre-leptotene spermato-
cytes. Bar, 30 µm. (B) Low-magnification view of
GFP-CLIP-170 and Hoechst distribution. The panel
shows an image from Supplementary Movie 5. No-
tice the accumulation of GFP-CLIP-170 in type B
spermatogonia and the absence of signal in Sertoli
cells. Bar, 25 µm. (C) High-magnification view of
GFP-CLIP-170 distribution in elongating sperma-
tids. Analysis was as in A. Notice the accumulation
of GFP-CLIP-170 on manchettes, the manchette
ring, and on centrosomes. Bar, 5 µm. (D) High-mag-
nification view of GFP-CLIP-170 and Hoechst distri-
bution in elongating spermatids. Analysis was as in
B. This panel shows one plane from Supplementary
Movie 7. Notice the accumulation of GFP-CLIP-170
in elongating but not in the round spermatids. Bar, 6
µm. (E–E��) Time-lapse analysis of GFP-CLIP-170.
Analysis was as in B. In E, a combined GFP and
Hoechst image is shown to identify the germ cell as
a differentiated type A spermatogonium. Subse-
quent time-lapse analysis was done with the 488-nm
laser only and is shown in Supplementary Movie 8.
E�–E�� show part of the images (see rectangle in E)
acquired after 3, 6, 9, 12, and 15 sec, respectively.
Arrows indicate GFP-CLIP-170-positive dashes. Bar,
6 µm. (F–I) FRAP/FLIP analysis of GFP-CLIP-170 be-
havior. Live images of a portion of a testis tubule
were taken, and after a number of frames, the rect-
angular regions indicated with the number 1 were
bleached and time-lapse analysis was resumed. In F
and H, undifferentiated spermatogonia (A-paired)
were analyzed, whereas in G and I, elongating sper-
matids were analyzed. H and I show the relative
fluorescent intensity (percentage) of the indicated
regions of interest (ROIs) during the experiment.
Whereas GFP-CLIP-170 is largely mobile in sper-
matogonia, it is largely immobile in spermatids.
Bars: F, 9 µm; G, 6 µm.
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mentary Movies 10, 11). These data indicate that GFP-
CLIP-170 becomes immobile as male germ cells differ-
entiate.

Discussion

CLIP-170 is the founding member of the +TIP group of
MT-associated factors (Perez et al. 1999). Since nothing
is known about the in vivo function of mammalian
CLIP-170, we wished to address this using gene-targeting
technology. The documentation of dominant-negative
properties of a C-terminal CLIP-170 mutant (Komarova
et al. 2002) and the finding of CLIP-50 (Tarsounas et al.
2001) suggest that complete inactivation of CLIP-170
function can only be achieved by deleting the whole
gene. However, since the Rsn gene spans ∼100 kb, dele-
tion carries the risk of removing (regulatory regions of)
other genes. We therefore devised a strategy, whereby we
first generated a CLIP-170 KO allele by inserting a GFP-
loxP–neo-loxP cassette in front of the first ATG codon.
Subsequently, Cre-mediated excision of the neo-gene
(via the loxP sites) generated the GFP-CLIP-170 KI allele.

The CLIP-170 KO allele turned out to be leaky in the
adult lung and the embryo. It is possible that residual
amounts of CLIP-170 are sufficient to carry KO mice
through life. However, we emphasize that in the major-
ity of the tissues investigated, including MEFs, we did
not detect any CLIP-170, although there could exist
small quantities of CLIP-170 that are below our levels of
detection. Consistent with a mild phenotype in mice,
cultured CLIP-170 KO MEFs do not show any obvious
abnormalities under normal culture conditions. This is
in line with RNAi studies that we performed in HeLa
cells (Lansbergen et al. 2004). CLIP-115 might take over
part of the function of CLIP-170 in cultured fibroblasts,
since this protein can act as a MT rescue factor in CHO
cells (Komarova et al. 2002). Our results in CLIP-170 KO
MEFs do not concur with the mitotic phenotype of CLIP-
170 knock-down reported in HEp-2 cells (Wieland et al.
2004). One explanation, which may account for these
apparently contradictory results, is that redundant path-
ways normally exist in mammalian mitosis, one of
which requires CLIP-170. In HEp-2 cells, only this path-
way would be operative and hence, knock-down of CLIP-
170 causes a severe defect. In cultured CLIP-170 KO
MEFs (and perhaps in mice), redundant pathway(s) would
still be functional and guide cells through mitosis. Inter-
estingly, treatment of cultured ovarian cells with anti-
sense oligonucleotides against restin revealed differen-
tial effects on cell proliferation in different cell types (Ho
et al. 2003). More studies are required to address this
issue.

The fact that male CLIP-170 KO mice are subfertile
focused our attention on CLIP-170 function in male
germ-cell development. We show that CLIP-170 is ex-
pressed in two waves during spermatogenesis, the first
beginning in undifferentiated spermatogonia and lasting
until the primary spermatocyte stage. Future studies will
address possible role(s) of CLIP-170 at this stage, for ex-

ample, in the maintenance of large syncytia capable of
migration through the blood–testis barrier. The second
wave of CLIP-170 expression occurs in spermiogenesis.
We detected CLIP-170 very conspicuously on the sper-
matid manchette and the manchette ring. Consistent
with this distribution, absence of CLIP-170 severely af-
fects formation and/or maintenance of the spermatid
manchette in KO mice.

The manchette consists of regularly spaced MTs that
are, on one side, embedded in the manchette ring (Rus-
sell et al. 1991). It is likely that the MT-binding proper-
ties of CLIP-170 are relevant for its function in shaping
the manchette. On the other hand, CLIP-170 interacts
with the dynactin complex through p150Glued (Lansber-
gen et al. 2004). Arp1, which is another dynactin com-
ponent, was shown to be associated with the fuzzy ma-
terial that links manchette MTs to the nuclear envelope
(Fouquet et al. 2000). A similar localization has been
described for dynein (Yoshida et al. 1994). In CLIP-170
KO mice, dynactin distribution is perturbed. In EM mi-
crographs from CLIP-170 KO mice, where we observed
manchette MTs close to the nucleus, these MTs ap-
peared to be linked to the nuclear envelope and the fuzzy
material was present. Still, it could be that lack of CLIP-
170 mislocalizes the dynein–dynactin complex and that
this is an underlying cause for the dissociation of man-
chette MTs from the nucleus.

Nuclear transformation into the characteristic hook-
like shape depends on a functional manchette (Russell et
al. 1991), and manchette abnormalities, such as those
observed in the azh (abnormal spermatozoon head shape)
mutant, correlate with sperm head deformities (Hugen-
holtz et al. 1984). The results in CLIP-170 KO mice,
which produce sperm with abnormally shaped heads,
confirm this conclusion. Interestingly, the azh mutation
is due to a deletion in the Hook1 gene, which encodes a
protein resembling CLIP-170: Hook1 is a dimer with an
N-terminal MT-binding domain, which is separated by a
coiled-coil region from an organelle interaction domain
(Mendoza-Lujambio et al. 2002).

CLIP-50 is a short testis-enriched C-terminal isoform
of CLIP-170 (Tarsounas et al. 2001). Antisera raised
against this protein should recognize CLIP-170, LORF-
CLIP-170, and CLIP-50 and cannot distinguish between
these proteins in immunocytochemistry studies in wild-
type mice (Tarsounas et al. 2001). We show that in our
CLIP-170 KO mice, the expression of CLIP-50 is not af-
fected. We observe weak staining with #2360 antibodies
in spermatids of these mice, while spermatids of wild-
type mice are brightly stained by the same antibodies.
These results indicate that CLIP-50 is a minor CLIP-170
isoform localized to spermatid manchettes. The func-
tional relevance of CLIP-50 remains unclear.

Present and previous (Perez et al. 1999) results strongly
suggest that GFP-CLIP-170 and CLIP-170 have very
similar properties. In KI mice, GFP-CLIP-170 is ex-
pressed at similar levels compared with CLIP-170 in all
tissues examined. Although tagged with GFP, the same
isoforms are detected in homozygous KI mice as in wild-
type animals. In addition, GFP-CLIP-170 can substitute
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for CLIP-170 in cultured cells, and the GFP-CLIP-170 KI
mice are fertile, their spermatozoa have a normal hook-
shaped appearance, and, with the exception of cross-
bridge size and number, spermatid manchettes appear
completely normal. In sections from KI testis, we de-
tected GFP-CLIP-170 with anti-CLIP-170 and anti-LORF
antisera, and the distribution of p150Glued and EB3 was
normal. Taken together, these data strongly suggest that
GFP-CLIP-170 can functionally replace CLIP-170 in vivo
in the testis. Thus, the dynamic behavior of GFP-CLIP-
170 in live testis tubules likely recapitulates that of
CLIP-170.

Time-lapse imaging in testis tubules shows plus-end-
tracking GFP-CLIP-170 in spermatogonia. Bleaching
studies in spermatogonia show that GFP-CLIP-170 is
mobile, in line with the dynamic behavior of the protein.
As the spermatogonia differentiate, GFP-CLIP-170 signal
becomes initially more intense, and a gradual loss of
plus-end-tracking GFP-CLIP-170 is observed. Bleaching
studies confirm that GFP-CLIP-170 becomes less mo-
bile. However, it is not completely immobile, and the
protein even appears to pass from one cell of the syncy-
tium to another.

In elongating spermatids, CLIP-170 is localized to the
centrosomes and manchettes. The presence of �-tubulin
at the spermatid centrosome (Fouquet et al. 1998) sug-
gests that the minus-ends of MTs may be nucleated at
this location. Consequently, MT plus-ends could be lo-
cated near the manchette ring, consistent with a promi-
nent localization of +TIPs (CLIP-170, EB3, and dynactin)
at this site. However, the manchette appears to be a
stable structure; it lasts several days and is made of sta-
bilized MTs, which contain detyrosinated �-tubulin
(Fouquet et al. 1997) and which are interconnected by
cross-bridges. In agreement with manchette stability,
both the time-lapse imaging and bleaching studies dem-
onstrate that GFP-CLIP-170 is largely immobile in sper-
matids. It is therefore possible that CLIP-170 is involved
in stabilization of manchette MTs.

Interestingly, high levels of overexpressed CLIP-170
induce the formation of stable MT bundles in cultured
cells, with MT plus-ends assembled as patches in the cell
periphery (e.g., Pierre et al. 1994). This was considered to
be an artifact of overexpression, but it is noteworthy that
relatively high levels of GFP-CLIP-170 in testis correlate
with immobile protein and the presence of stable MTs. A
structural, rather than a dynamic, function of CLIP-170
in spermatids correlates with the expression of a longer
isoform, strongly extended in the coiled-coil region by
inclusion of the LORF exon. LORF-encoded sequences
could allow new protein–protein interactions of CLIP-
170. Alternatively, LORF could alter the folding proper-
ties of CLIP-170, thereby generating a protein with dif-
ferent MT-binding and/or other protein-binding charac-
teristics.

Although manchettes are stable structures, injection
of the MT-stabilizing agent taxol in rat testis disorga-
nizes the MTs of the manchette (they are occasionally
even enveloped by the nucleus) (Russell et al. 1991).
Therefore, proper control of MT dynamics seems essen-

tial for normal manchette formation and sperm head
shaping. Our data emphasize a role for CLIP-170 in for-
mation and/or maintenance of the spermatid manchette.
This function may be more static and structural than
would be expected on the basis of studies of the dynam-
ics of CLIP-170 in cultured somatic cells. This might
reflect an exceptional organization of MT dynamics dur-
ing spermatogenesis, which, with the use of GFP-CLIP-
170, has been visualized for the first time.

Materials and methods

Generation of CLIP-170 KO and GFP-CLIP-170 KI mice

Rat CLIP-170 cDNA was used to screen a mouse PAC library
(RPCI-21), which was prepared from female 129S6/SvevTac
mouse spleen genomic DNA (Osoegawa et al. 2000). A PAC
clone, which hybridized with the 5� part of the CLIP-170 cDNA,
was used to isolate ∼7-kb XbaI and ∼6-kB BamHI genomic DNA
fragments, encompassing exons 2 and 3 of the CLIP-170 gene
(Fig. 2A). These fragments were used to generate the targeting
vector and the external probe (Fig. 2A), which were verified by
sequencing. Targeting of E14 mouse embryonic stem (ES) cells,
selection, and identification of the positive clones was per-
formed as described previously (Hoogenraad et al. 2002). One
targeted ES cell clone with the correct karyotype was chosen to
convert the KO allele into a KI allele by Cre-mediated recom-
bination in ES cells. Heterozygous CLIP-170 KO and KI ES cells
were injected into C57Bl/6 blastocysts. Chimeric males were
mated to C57Bl/6 females to obtain germline transmission of
the modified CLIP-170 alleles. Mouse genotyping was per-
formed by PCR (Fig. 2B).

Molecular biology and antibodies

DNA, RNA, and protein isolations were performed according to
standard procedures (Sambrook et al. 1989), with modifications
(Hoogenraad et al. 2002). Southern, Northern, and Western blot
analyses were performed as described (Hoogenraad et al. 2002).
Multiple tissue Northern blots (mouse and human) were pur-
chased from Clontech. RT–PCR analysis was performed accord-
ing to the protocol of the manufacturer (Bio-Rad).

Antibodies against the CLIP-170 LORF exon (nucleotides
122672290–122670023 on mouse chromosome 5, version NCBI
m32) were prepared as described (Hoogenraad et al. 2000), using
a GST-fusion protein approach. We also used rabbit polyclonal
antibodies #2360 against CLIP-170 (Coquelle et al. 2002), #2221
against CLIP-115 and CLIP-170, #2238 against CLIP-115
(Hoogenraad et al. 2000), #02-1005-07 against EB3 (Stepanova et
al. 2003), and anti-GFP antibodies (Abcam). Mouse monoclonal
antibodies were against �-tubulin (Sigma), p150Glued and p50
(BD Biosciences), actin (Chemicon), and GFP (Santa Cruz,
Roche). Secondary antisera were alkaline phosphatase-labeled
anti-rabbit and anti-mouse antibodies (Sigma), FITC-labeled
goat anti-rabbit antibody (Nordic Laboratories), and Alexa 594-
labeled anti-mouse antibody (Molecular Probes).

Immunofluorescence and immunhistochemistry

MEF, keratinocyte, and glial cell cultures were prepared as de-
scribed (de Hoop et al. 1998; Hoogenraad et al. 2002). Fixation of
cultured cells, incubation with antisera, and image acquisitions
were performed as published (Akhmanova et al. 2001). For 3D
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representations, Z-stacks were imported into Volocity (Impro-
vision), rendered, and exported as QuickTime movies.

For H/E staining, we fixed testis from adult mice in Bouin
solution (overnight at 4°C), washed and dehydrated material
using ethanol and xylene, and embedded the testis in paraffin.
Sections of 7 µm were cut, mounted on SuperFrost Plus slides
(Menzel-gläser), rehydrated, and stained with H/E.

For immunofluorescence analyses, testes were fixed in 4%
paraformaldehyde in PBS overnight at 4°C, and treated as above.
Before immunostaining, sections were treated with the micro-
wave (three times for 5 min, 750 W) in 10 mM NaCitrate buffer
(pH 6.0) to expose antigens and then stained using standard
procedures. Alternatively, testis cryosections were fixed in 4%
paraformaldehyde in PBS for 20 min and used directly for im-
munofluorescent staining.

Analysis of mature sperm

Animals were killed by cervical dislocation, and the epididymi-
des were dissected. To obtain sperm for assessment of motility
and morphology, the epididymis from one side was transferred
into a Petri dish containing 0.5 mL of Dulbecco’s medium
(GIBCO) with 0.5% (w/v) BSA. The cauda epididymis was cut,
and sperm were allowed to swim out for 20 min. The medium
was carefully mixed, and aliquots were taken for analysis. Mo-
tility was evaluated by scoring the movement of 200 sperm in
two different samples per mouse using phase contrast micros-
copy (400× magnification). Sperm morphology was assessed in
smears stained with H/E by viewing 200 sperm two times using
phase-contrast microscopy (1000× magnification). The epididy-
mis from the other side was used for sperm counting. The organ
was transferred into a small conical glass grinder and homog-
enized by hand. The total number of sperm present in the epi-
didymis was counted using a Neubauer haemocytometer and a
phase contrast microscope (magnification 400×). At least 200
sperm in two different samples were counted.

Time-lapse imaging and FRAP analysis

For analysis of mitotic defects, dishes were transferred to a
heated culture chamber (37°C, 5% CO2) on a Zeiss Axiovert
200M microscope equipped with a 40× Plan-Neo DIC objective.
We captured 12-bit phase contrast images using a Photometrics
Coolsnap HQ charged-coupled device camera. Images were pro-
cessed using MetaMorph software (Universal Imaging).

The fluorescence live imaging of cultured somatic cells was
performed as described (Stepanova et al. 2003). For imaging and
FRAP analysis of testis tubules, testes were decapsulated and
the tissue was immersed in 20 mL of Dulbecco’s phosphate-
buffered saline (PBS) containing 0.9 mM Ca2+, 0.5 mM Mg2+, 8
mM DL-lactic acid, and 5.6 mM glucose (PBS+), in the presence
of collagenase (1 µg/µL; Roche) and hyaluronidase (0.5 µg/µL;
Roche) in a siliconated 100-mL Erlenmeyer flask. This flask was
incubated in a 33°C waterbath, in air, and shaken at 90 cycles/
min for 15–20 min with an amplitude of 20 mm. The incubation
was terminated when the mild enzymatic digestion had re-
sulted in dissociation of the interstitial tissue and disengage-
ment of testis tubules. The tubules were separated from the
interstitial cells by washing in PBS+ twice. Next, several tubules
were placed in a 30-mm Petri dish, in PBS+ supplemented with
0.2% bovine serum albumin (BSA). When required, 5 µg/µL
Hoechst 33342 (Molecular Probes) was added. In this incubation
system, the Hoechst stain is taken up only by nuclei on the
basal side of the Sertoli cell barrier (also called “blood–testis
barrier”). This allows for identification of all cells on the basal
side of this barrier: peritubular cells, Sertoli cells, spermatogo-

nia, and pre-leptotene spermatocytes. Selected tubules of ∼1 cm
length were transferred into a drop of 30 µL of PBS+ with 0.2%
BSA on a 24-mm coverslip in a live cell chamber. A 16-mm
coverslip was placed on top, and this was overlaid with PBS-
saturated mineral oil.

When applicable, the testis was injected through the rete tes-
tis with Hoechst 33342 and Trypan blue (Sigma) in 3–5 µL of
PBS, 1 h prior to testis dissection, to allow spreading of the vital
DNA stain throughout the adluminal compartment of the testis
tubules and uptake by nuclei on the adluminal side of the Ser-
toli cell barrier. Trypan blue served as a marker for injected
tubules. This method makes it possible to identify the germ cell
types that have migrated through the Sertoli cell barrier.

The testis tubules were examined at 33°C, using a Zeiss
LSM510NLO confocal/multiphoton set up, to allow simulta-
neous acquisition of phase-contrast, GFP, and Hoechst images.
GFP-CLIP-170 movement ex vivo was analyzed as published
(Stepanova et al. 2003). FRAP analysis was carried out with the
63× planapochromat (1.4 NA) oil immersion lens. Bleaching of
an outlined region of interest (ROI) was done with four itera-
tions of the 488-nm laser at full transmission (2.6 mW). Prior to
and after bleaching, the laser was set at 2% transmission (55
µW). The Zeiss LSM software was used to measure pixel inten-
sities inside different ROIs. Recovery values were normalized to
the prebleach values for each ROI. Values were imported into
Aabel (Gigawiz) for graphical representation and statistical
analysis.

EM analysis

After total body perfusion with 1.5% glutaraldehyde in 0.14 M
cacodylate buffer for 10 min, testes were removed and trans-
ferred immediately into the same fixative. After 2 h of fixation
at room temperature the testes were post-fixed in 1% OsO4 for
1 h at 4°C. The samples were dehydrated in a graded ethanol
series and embedded in an epoxy resin. Ultrathin sections were
stained with uranyl acetate and lead salts.

Quantification of cross-bridges was performed on electron mi-
crographs with a final magnification of 160,000×. The numbers
of cross-sectioned MTs and cross-bridges were established by
counting them on 10 electron micrographs of each condition
(wild type, KI, and KO). Subsequently, the size of all cross-
bridges was measured. Statistical analysis was performed in Ex-
cel (Microsoft).
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