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Male germ cell development includes mitotic and meiotic

cell divisions that are followed by dramatic morphological

changes resulting in the production of spermatozoa.

Genetic evidence has indicated that the DAZ family

genes are critical for successful male germ cell develop-

ment in diverse animals as well as humans. In the present

study, we investigated the cellular functions of Dazl in the

mouse male germ cells. We identified a specific interaction

of Dazl with the dynein light chain, a component of the

dynein–dynactin motor complex. The subcellular distribu-

tion of Dazl was microtubule-dependent and a selected

number of Dazl-bound mRNAs could accumulate in the

perinuclear area. Based on these results, we propose

that Dazl may play a role in transport of specific mRNAs

via dynein motor complex. The Dazl-bound mRNAs

may be stored at specific sites and would be available

for future developmental processes. Our study revealed the

presence of an active mRNA transport system in mouse

male germ cells.
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Introduction

A significant proportion of the azoospermic male infertility

patients have micro-deletions at specific loci called AZF in the

Y chromosome, suggesting that some genes located at these

loci are critical for spermatogenesis (Tiepolo and Zuffardi,

1976). Of all the genes located at the AZF loci, DAZ has been

considered to be a male infertility gene (Reijo et al, 1995).

Genetic evidence indicates that the DAZ family genes are

critical for germ cell development in diverse animals as

well as in humans. The disruption of the Dazl gene in

mice leads to loss of germ cells and complete absence of

gamete production (Ruggiu et al, 1997). A careful examina-

tion of the Dazl-deficient mice revealed that the leptotene–

zygotene stage of meiotic prophase I was the final

point reached in the male germ cell development (Saunders

et al, 2003). A study on the Drosophila boule mutant revealed

the primary defect in the meiotic cell division of male germ

cells (Eberhart et al, 1996). In Caenorhabditis elegans,

the loss of DAZ-1-function caused female sterility due to the

blockage of oogenesis at the pachytene stage of meiotic

prophase I (Karashima et al, 2000).

There are three DAZ family genes in the human genome.

Four copies of the DAZ gene are located at the AZFc locus in

the Y chromosome, and DAZL and BOULE are autosomal

genes (Reijo et al, 1996; Saxena et al, 2000; Kuroda-

Kawaguchi et al, 2001). The Y chromosomal DAZ is found

only in humans and Old World primates, while the autosomal

DAZ family genes are found to be present in all the tested

organisms (Xu et al, 2003). Genetic rescue experiments were

carried out to determine the functional redundancy among

the DAZ family proteins. Male germ cell development in the

Dazl-deficient mice was rescued partially by human DAZ or

DAZL genes (Slee et al, 1999; Vogel et al, 2002). Similarly, the

introduction of Xenopus Dazl or human BOULE into the boule

mutant fly led to the completion of meiosis in male germ cells

(Houston et al, 1998; Xu et al, 2003). These results suggest

that the DAZ family proteins play related, yet distinct roles

in male germ cell development.

The presence of an RNA-binding domain within the Dazl

protein suggested its involvement in the RNA metabolism.

Diverse strategies have been adopted to identify the mRNA

species that are specifically bound to Dazl. A consensus

sequence for the Dazl binding-element was defined and

from among the candidate mRNA species, Cdc25C was

confirmed to interact with Dazl (Venables et al, 2001). The

mRNA species that interact with the GST-Dazl fusion protein

was isolated and Cdc25A and Tpx1 from among candidate

mRNAs were suggested to specifically interact with Dazl (Jiao

et al, 2002). Fox et al (2005) identified the mRNAs to which

both Dazl and a Dazl-interacting protein Pum2 were bound

simultaneously, and Sdad1 was selected from the candidate

mRNAs to be characterized further. Finally, the mRNA

species that were coimmunoprecipitated with the endogen-

ous Dazl protein were identified, and Mvh from among the

candidate mRNAs was confirmed to interact with Dazl in vivo

(Reynolds et al, 2005). These results indicate that Dazl

interacts with a specific set of mRNA species and probably

controls their expression.

The active transport of mRNAs along the cytoskeletal

network has been described in selected model systems

(reviewed in St Johnston, 2005). Perhaps, the best under-

stood example of this process may be the transport of the

ASH1 mRNA to the bud tip in Saccharomyces cerevisiae,

thus repressing mating-type switching in daughter cells.

This transport is actin-dependent and requires Myo4-a type

V myosin-and additional coupling proteins such as She2 and

She3 (reviewed in Cosma, 2004). Microtubule-dependent
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transport of mRNAs has been reported in Drosophila oocytes

(Januschke et al, 2002). The oskar mRNA is transported from

nurse cells to the posterior end of the oocytes by kinesin,

a plus-end-directed microtubule motor protein (Brendza

et al, 2000). On the other hand, the bicoid mRNA is trans-

ported and anchored to the anterior end of the oocytes.

Dynein is responsible for bicoid transport, and a number

of additional proteins such as Exuperantia, Swallow,

g-tubulin37C, Grip75 and Staufen are also involved in the

transport and retention of bicoid at the anterior end of the

oocytes throughout oogenesis (Ferrandon et al, 1994;

Schnorrer et al, 2000, 2002; Cha et al, 2001). In particular,

Swallow was known to interact with the dynein light chain

(Dlc), suggesting its function as an adaptor for bicoid mRNA

to dynein (Schnorrer et al, 2000). Other examples may be

gurken mRNA that are moved within the oocytes in two

dynein-dependent steps (MacDougall et al, 2003), and a

group of pair-rule mRNAs that are transported in association

with dynein and accumulated in the apical region of the

syncytial blastoderm (Wilkie and Davis, 2001; Delanoue and

Davis, 2005). The active transport of mRNAs through micro-

tubules was also observed in Xenopus oocytes and mam-

malian neurons (reviewed in St Johnston, 2005; Carson and

Barbarese, 2005). The primary goal of the active mRNA

transport is the localization of mRNAs in a specific region

of the cell. Translational regulation is always coupled with

the active transport mechanisms.

The regulation of gene expression at translational levels

has been emphasized in germ cell development (reviewed in

Kuersten and Goodwin, 2003). In the present study, we report

that Dazl interacts with Dlc, thereby suggesting that Dazl

functions as an adaptor for a specific set of mRNAs on the

dynein motor complex. Our study revealed the presence of an

active mRNA transport system in mouse male germ cells.

Results

Dazl interacts with Dlc

In order to elucidate the biological functions of Dazl in male

germ cells, we carried out yeast two-hybrid screenings with

Dazl as the bait and isolated Dlc1 clones most predominantly.

In addition, multiple clones of DAZAP2 (Tsui et al, 2000a)

were also identified. The physical interaction of Dazl with

Dlc1 was examined by the GST pull-down assay (Figure 1A).

The results showed that the Flag-Dlc1 protein in the 293T cell

lysates was coprecipitated with GST-Dazl, and the HA-Dazl

protein was coprecipitated with GST-Dlc1. When the mouse

testicular lysates were incubated with GST-Dazl, the endo-

genous Dlc was coprecipitated (Figure 1A). The physical

association of endogenous Dazl and Dlc1 proteins was

also confirmed by coimmunoprecipitation experiments

(Figure 1B). When testicular lysates were incubated with

antibodies against Dazl or Dlc, both the proteins were im-

munoprecipitated, thereby indicating a physical interaction

between Dazl and Dlc in the mouse male germ cells.

In order to define the Dazl sequence that is responsible for

the interaction of Dazl with Dlc1, we performed GST pull-

down and coimmunoprecipitation assays with truncated Dazl

mutant proteins. The mouse Dazl protein contains an RNA

recognition motif and a so-called DAZ domain (Figure 1C).

Truncated Dazl mutants tagged with HA or GFP were trans-

fected into the 293T cells and subjected to GST pull-down
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Figure 1 Interaction of Dazl with Dlc (A) GST pull-down assay. The
cell lysates of the 293T cells in which the HA-Dazl or Flag-Dlc1
proteins were ectopically expressed were incubated with the GST-
Dlc1 or GST-Dazl fusion protein and the coprecipitated proteins were
detected using antibodies against the HA or Flag epitopes. Mouse
testicular lysates were incubated with GST-Dazl, and the coprecipi-
tated Dlc protein was detected using the Dlc antibody. (B)
Coimmunoprecipitation assay. The endogenous Dazl or Dlc protein
in the testicular lysates was immunoprecipitated, and the coimmu-
noprecipitated proteins were detected using the specific antibodies.
IgG was used as a control for immunoprecipitation. (C) Truncated
mutants of the mouse Dazl gene. The mouse Dazl protein contains an
RNA-recognition motif (RRM) for RNA binding and a DAZ repeat
(DAZ) that is characteristic to the DAZ family proteins. (D) The 293T
cells were transfected with the expression vectors of truncated Dazl
mutants tagged with HA (pHA-Dazl, pHA-Dazl39�298, pHA-
DazlD115�190 and pHA-Dazl1�190) or with GFP (pGFP-Dazl115�298,
pGFP-Dazl1�166 and pGFP-Dazl1�115) and were subjected to GST pull-
down assays (P) with the GST-Dlc1 fusion protein. Antibodies against
the HA or GFP epitopes were used for the detection of the Dazl
mutant proteins. The cell lysates (L) were simultaneously loaded on
the gels as the size markers of the Dazl mutant proteins. (E) The 293T
cells cotransfected with the pFLAG-Dlc1 and Dazl mutant vectors
were subjected to immunoprecipitation (IP) assays with the Flag
antibody. The Dazl proteins were detected using antibodies against
the HA or GFP epitopes. The cell lysates (L) were simultaneously
loaded on the gels as the size markers of the Dazl mutant proteins.
The Dazl protein bands are marked as white asterisks and the heavy
and light chains of IgG are indicated with arrow heads.
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assays using GST-Dlc1 fusion proteins. The results showed

that all the tested Dazl mutants, except Dazl1�115, were

coprecipitated with the GST-Dlc1 fusion protein (Figure 1D).

Coimmunoprecipitation assays conducted with the same set

of Dazl mutants also demonstrated positive physical interac-

tions with Dlc1, except in the case of the Dazl1�115 mutant

protein (Figure 1E). These results indicate that Dlc interacts

with the C-terminal end of the Dazl protein. This binding

activity is distinct from that of poly(A)-binding protein

(PABP), which interacted with neither Dazl1�115 nor

Dazl115�298 mutant proteins (Collier et al, 2005).

Dlc mediates the association of Dazl with the

dynein–dynactin complex

We examined the association of Dazl with the dynein–dy-

nactin complex. When the testicular lysates were immuno-

precipitated with the Dazl antibody, the dynein intermediate

chain (Dic) and p150Glued were coimmunoprecipitated, thus

indicating that Dazl is associated with the dynein–dynactin

complex in the mouse male germ cells (Figure 2A). A GST

pull-down assay was carried out with GST-Dazl and ectopi-

cally expressed Dic proteins. The results showed that HA-Dic1

was coprecipitated with GST-Dazl only in the presence of

Flag-Dlc1 (Figure 2B). The indirect interaction of Dic1 with

Dazl was also confirmed by the coimmunoprecipitation assay

using the 293T cells co-transfected with a combination of

pMyc-Dazl, pHA-Dic1 and pFlag-Dlc1. The HA-Dic1 proteins

were coimmunoprecipitated with Myc-Dazl only in the pre-

sence of Flag-Dlc1 (Figure 2C). Identical results were ob-

tained on the same set of experiments conducted with Dic2

(data not shown). These results strongly suggest that Dlc

mediates the association of Dazl with the dynein–dynactin

complex.

Dazl travels via the microtubule network

In vivo association of Dazl with dynein–dynactin complex

allowed us to propose that Dazl travels via the microtubule

network. In the COS7 cells, the ectopic Dazl proteins were

located in the perinuclear area in either a diffused or an

aggregated form and endogenous Dlc colocalized with the

Dazl proteins (Figure 3A). When nocodazole was added to

the culture medium to disrupt the microtubule network, it

caused the dispersion of both ectopic Dazl and endogenous

Dlc proteins throughout cytoplasm; this suggests that Dazl is

linked to the microtubule network in cells (Figure 3A). Little

change was observed in the subcellular distribution of Dazl in

the cytochalisin D-treated cells; this suggests that the Dazl

distribution is not actin-dependent (Figure 3A). The over-

expression of dynamintin, a component of the dynactin

complex, has been known to induce the disruption of the

dynein–dynactin complex from the microtubule network

(Echeverri et al, 1996). As expected, HA-Dazl had a scattered

distribution throughout the cytoplasm in the dynamitin-over-

expressed COS7 cells (Figure 3B). Finally, endogenous Dazl

coprecipitated with taxol-stabilized microtubules along with

Dic, while Rbm, another male infertility protein, did not

(Figure 3C). Taken together, these results indicate that Dazl

is associated with the microtubule network via the dynein–

dynactin complex.

The real-time movement of the ectopic Dazl protein was

measured in the cultured cells. The CFP-Dazl protein moved

along straight or curvilinear tracks intermittently, whereas

the GFP-Dazl1�115 mutant protein remained stationary

(Figure 4A and Supplementary videos). The polarity and

speed of movement of Dazl and Dazl1�115 were quantitated.

Dazl moved in a retrograde direction more frequently, while

the Dazl1�115 mutant protein remained stationary and did not

have any directional preferences (Figure 4B). The median

speed of the CFP-Dazl particles was approximately 0.3 mm/s

(Figure 4C); this is comparable to that of the dynein motor

complex (Gross et al, 2000). These results are consistent with

the hypothesis that Dazl travels via the microtubule network

in association with the cytoplasmic dynein motor complex.

Dazl controls the subcellular distribution of a specific

set of mRNAs

Dazl was reported to bind to a specific set of mRNAs

(Venables et al, 2001; Jiao et al, 2002; Fox et al, 2005;
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Figure 2 Association of Dazl with the dynein–dynactin complex.
(A) In vivo interaction of Dazl with Dic and p150Glued in the testis.
The endogenous Dazl protein in the testicular lysates was immuno-
precipitated (IP), and the coimmunoprecipitated proteins were
detected using the specific antibodies against p150Glued and Dic.
IgG was used as a control for immunoprecipitation. Testicular
lysates were used for detection of the endogenous p150Glued, Dic
and Dazl proteins in the immunoblots. (B) Indirect interaction of
Dazl with Dic: GST pull-down assay. The 293T cell lysates trans-
fected with pFlag-Dlc1 and/or pHA-Dic1 were incubated with the
GST-Dazl fusion protein or with the GST protein as a control. The
precipitated Dlc1 and Dic1 proteins were detected using the Flag
and HA antibodies, respectively. The HA-Dic1 protein was precipi-
tated with GST-Dazl only in the presence of Flag-Dlc1. (C) Indirect
interaction of Dazl with Dic: immunoprecipitation assay. The 293T
cell lysates cotransfected with pFlag-Dlc1 and/or pHA-Dic1 along
with the Dazl expression vector (pMyc-Dazl) were immunoprecipi-
tated, followed by immunoblotting using the indicated antibodies.
The cell lysates were loaded on the gels to confirm the expression of
Myc-Dazl, HA-Dic1 and Flag-Dlc1 proteins in the cells. The HA-Dic1
protein was coimmunoprecipitated with Myc-Dazl only in the
presence of Flag-Dlc1.
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Reynolds et al, 2005). In order to examine whether Dazl

functions as an mRNA transporter in cells, we determined

the subcellular distribution of the target mRNAs by using

a system involving the MS2-GFP fusion protein (Fusco et al,

2003). This protein was located in the nucleus due to the

presence of a nuclear localization signal within the protein

(Figure 5A (a–d)). In the presence of an mRNA with the

MS2-binding sites, a fraction of the MS2-GFP fusion proteins

was transported to the cytoplasm, following the MS2-fusion

mRNA to which it bound (panels e, i, and m). In the presence

of Dazl, the fluorescent signals aggregated in the peri-

nuclear area of cells with the MS2-Tpx1 and MS2-Cdc25C

fusion mRNAs (panels f and n) but not in cells with the

MS2-Cdc25A fusion mRNA (panel j). The Dazl protein was

also colocalized in the MS2-Tpx1 and MS2-Cdc25C aggregates

(data not shown). Such perinuclear aggregates were absent

in cells with Dazl1�115 that does not bind to Dlc1 (panels g

and o) as well as in cells with Dazl115�298 that lacks the RNA-

binding motif (panels h and p). These results suggest that the

Dazl-bound mRNAs such as Tpx1 and Cdc25C are linked to

the cytoplasmic dynein motor complex and accumulate at

specific sites within a cell.

Dazl-binding elements have been defined in selected

mRNAs. The (GUn)n stretch located between nucleotides

123–160 of the 50UTR of Cdc25C was designated as a possible

binding site of Dazl (Venables et al, 2001). Dazl-binding

elements were also defined in the first 300 nucleotide resi-

dues of the 30UTR of the Mvh mRNA (Reynolds et al, 2005). In

order to confirm that the perinuclear aggregation of mRNAs

depends on their specific recognition by Dazl, we prepared

MS2 mRNAs linked to the 50UTR of Cdc25C or the 30UTR of

the Mvh sequences and determined their distribution. The

results showed that only the mRNA species that possessed
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Dynamitin. Scale bar, 10 mm. (C) Association of Dazl with microtubules. The soluble fraction of the mouse testicular lysates (Lys) was treated
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Figure 4 Live cell images of the Dazl proteins in cultured cells.
(A) The COS7 cells were transfected with pCFP-Dazl or pGFP-Dazl1�115.
The movement of the CFP-Dazl and GFP-Dazl1�115 proteins was
recorded 24 h after the transfection. The Dazl particles are indicated
by arrowheads. The elapsed times of sequences was recorded (ms).
Scale bars, 5mm. (B) Directional movement of the Dazl proteins in
cultured cells. The directions of the Dazl protein movements were
analyzed using the COS7 cells transfected with pCFP-Dazl (blank
bar) or pGFP-Dazl1�115 (solid bar). Signals slower than 0.05 mm/s
were considered to be in pause. The number of signals that moved
toward the periphery (plus end) or nucleus (minus end) was
counted and indicated at the top of the bars. (C) Velocity distribu-
tion of the retrograde Dazl movements. The velocity distribution of
the CFP-Dazl protein was analyzed in the COS7 cells. The number
of particles counted was indicated on the top of the bar.
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the Dazl-binding elements could form perinuclear aggre-

gates (Figure 5B). These results confirmed that Dazl binding

is required for the specific accumulation of mRNAs in

perinuclear areas.

Ectopic Dazl accumulates at the stress granule

In response to an assortment of environmental stresses,

cells limit translation activity by accumulating mRNAs at

discrete cytoplasmic foci called stress granules (Anderson

and Kedersha, 2002; Kimball et al, 2003). The mRNAs in

the stress granules are not degraded; they are stored and

are available for re-initiation as soon as the cell recovers from

the stress. Since we observed that only specific mRNAs

formed granules in the perinuclear area along with ectopic

Dazl (Figure 5A (f and n)), we investigated whether the

Dazl-mRNA aggregates in cultured cells were indeed stress

granules. In HeLa cells with the dispersed Dazl proteins,

TIA1, a stress-granule marker, was detected mostly at the

nucleus (Figure 6A). However, in cells with Dazl aggregates,

TIA1 was found to be colocalized in the perinuclear area

along with Dazl (Figure 6A). When the cells were treated

with arsenite for the induction of the stress granule, most of

the intracellular Dazl formed aggregates along with TIA1

(Figure 6A). In fact, the ectopic expression of Dazl, but not

of Dazl1�115 or Dazl115�298, induced significant stress granule

formation (Figure 6B). These results suggest that Dazl trans-

ports specific mRNAs to a stress granule-like body in mouse

male germ cells.

Discussion

In the present study, we observed a specific interaction

between Dazl and Dlc in mouse male germ cells. Based on

the results, we propose that Dazl functions as an adaptor for

mRNAs located on the cytoplasmic dynein motor complex. In

other words, Dazl recognizes a specific set of mRNAs, links

them to the dynein–dynactin complex, and transports them
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GFP protein. The MS2–Tpx1 and MS2-Cdc25C fusion mRNAs
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linked to Cdc25C 50UTR of full-length (1–367) or truncated (1–207
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was stained with DAPI. Scale bar, 10mm. (B) The HeLa cells
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to an RNA granule that is analogous to the stress granules

in male germ cells (Figure 7). The Dazl-bound mRNAs in the

RNA granules may be stable but are translationally dormant.

When the Dazl-bound mRNAs are released from the RNA

granules, they may become translationally active. We do not

rule out the possibility that some of these Dazl-bound mRNAs

may be directly transported to the ribosomes.

The presence of an active mRNA transport system was

rather unexpected in mouse male germ cells wherein the

polarized distribution of mRNAs has not yet been reported.

Rather, its significance may reside in the translational control

of the transported mRNAs. The Dazl-bound mRNAs may be

stored to prevent them from being degraded until a proper

developmental cue necessitates for their translation. Thus,

the spermatocytes can undergo complex and highly elaborate

developmental processes such as meiosis with precision.

It remains to be investigated where the Dazl-bound

mRNAs are stored within the mouse male germ cells. One

candidate site may be the nuage structure, which was initially

reported in the oocytes of selected organisms and also in the

cytoplasm of the mouse spermatocytes (Fawcett et al, 1970;

Russell and Frank 1978; reviewed in Ikenishi, 1998). It was

known that nuage is essentially an RNA granule with mRNAs

for the development and specification of early embryonic

cells and proteins for the regulation of mRNA translation

and decay (reviewed in Anderson and Kedersha, 2006).

The chromatoid body precursor may be the best character-

ized nuage structure in the mouse male germ cells (Noce

et al, 2001; Kotaja et al, 2006). However, the Dazl-bound

mRNAs may be accumulated not only in a single type of RNA

granules but also in other types of nuage structures present

in spermatocytes, such as Rnf17 granules (Pan et al,

2005). Further, we do not rule out the possibility that the

Dazl-bound mRNAs accumulate in structures other than RNA

granules in male germ cells. Therefore, a thorough investiga-

tion of the subcellular distribution of the Dazl-bound mRNAs

appears to be critical.

Previous reports in which the Dazl protein was cofractio-

nated with a polysome pool indicated that the Dazl-bound

mRNA may be translationally active (Tsui et al, 2000b;

Maegawa et al, 2002). Consistent with this viewpoint,

Collier et al (2005) reported that Dazl interacted with the

PABP and augmented the translation of target mRNAs in vivo.

On the other hand, the interaction of Dazl with Pum2, a

potential translation repressor, was also observed (Moore

et al, 2003). These results suggest that Dazl functions as a

platform for the translational regulation of the bound mRNA.

We think that Dazl can perform both functions for the bound

mRNAs, that is, active transport and translational regulation.

Both these functions may not be required in a competitive

situation, as suggested by the fact that the Dazl-binding sites

for Dlc are distinct from those for PABP (Collier et al, 2005;

Figure 1D and E). Therefore, we propose that the translation

activity of the Dazl-bound mRNAs may be affected by sub-

cellular location as well as by the translational regulators. For

example, the Dazl-bound mRNAs may be translationally

active only when a translational activator is in association

with Dazl outside the RNA storage granule. Further studies

are required to define the physiological role of Dazl in the

active transport and translational regulation of mRNA during

male germ cell development.

Materials and methods

Yeast two-hybrid screening
The Matchmaker Two-Hybrid System (Clontech, Palo Alto, CA) was
used to isolate the genes that encode the Dazl-interacting proteins.
Full-length or truncated mutants of the Dazl proteins were used
as baits for screening the mouse testis and HeLa cDNA libraries.
Approximately 5�106 colonies were screened with a cotrans-
formation efficiency of approximately 5�103 CFU/mg. The trans-
formants were grown at 301C for 3–6 days on a medium with the
following composition: SD/�His/�Leu/�Trpþ 5 mM 3-amino-
1,2,4-triazole. Further, the specificity of interaction was tested by
a b-galactosidase assay.

Plasmid construction
Mouse Dazl, Dic1 and Dic2 genes were subcloned into the
pcDNA3.1-HA vector (Invitrogen) and the mouse Dlc1 gene was
subcloned into the p3XFLAG-CMV-10 vector (Sigma). Truncated
Dazl mutants were subcloned into pGEM-T, pCMV-Tag3B and
pcDNA3.1-HA, or pEGFP-C1 (Clontech). The mouse Dynamitin
gene was subcloned into pEGFP-C1 (Clontech). The Cdc25A 30UTR,
Cdc25C 50UTR, Tpx1 30UTR and Mvh 30UTR sequences were
subcloned into the pSL-MS2-6X and pSL-MS2-12X plasmids (Fusco
et al, 2003). The pMS2-GFP and pSL-MS2 plasmids were generously
provided by Dr R Singer (Albert Einstein College of Medicine, USA).

Antibodies
The Dazl polyclonal rabbit antibody was raised against the GST-
Dazl fusion protein and was affinity-purified. Monoclonal Dlc
antibodies were purchased from Alexis (Lausanne, Switzerland)
and BD Transduction Laboratories (NJ, USA). Monoclonal anti-
bodies against the Flag and HA epitopes were purchased from
Sigma (St Louis, MO, USA) and the Berkeley Antibody Company
(Richmond, CA, USA), respectively. Antibodies against GFP, Dic,
a-tubulin, Myc, TIA1 and p150Glued were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture and transfection
HeLa, 293T and COS7 cells were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and maintained
in 5% CO2 at 371C. The plasmids were transfected into the 293T
cells by the calcium phosphate method and into the COS7 and HeLa
cells by using the LipofectAMINE PlusTM reagent in accordance
with the manufacturer’s instruction (Invitrogen).

Immunoprecipitation, GST pulldown and microtubule
precipitation analyses
For immunoprecipitation, the cells were lysed in the RIPA buffer
and centrifuged at 5000 g for 30 min at 41C. Next, 1 mg protein from
the supernatant was incubated with the indicated antibodies and
precipitated with protein A-Sepharose (Amersham Pharmacia,
Buckinghamshire, UK), as recommended by the manufacturer.

For GST pull-down analysis, 5mg of the GST fusion proteins were
incubated with the cell lysates for up to 3 h at 41C and precipitated
with glutathione-Sepharose beads. The beads were washed three
times with the lysis buffer (50 mM HEPES (pH 7.4), 150 mM NaCl,
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RNA
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Dazl
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Figure 7 Model. Dazl recognizes a specific set of mRNAs, links
them to the cytoplasmic dynein motor complex and transports them
to an RNA granule within the cytoplasm of male germ cells. Some of
the Dazl-bound mRNAs may be directly transported to ribosomes.
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1% NP-40, 25 mM NaF, 2 mM EDTA, 1 mM Na3VO4, 10% glycerol,
100 mM PMSF and protease inhibitor cocktails). The precipitated
proteins were resolved by 10–15% SDS–PAGE and immunoblotted
using the indicated antibodies.

The microtubule precipitation assay was carried out by a
previously described method (Tavares et al, 1996).

Immunocytochemistry and stress granule formation
The cells were fixed with methanol at �201C and washed with
phosphate-buffered saline. The samples were then incubated with
the primary antibodies in 3% BSA for 1 h, washed three times,
incubated with fluorescein- or rhodamine-conjugated secondary
antibodies, mounted with a mounting solution with DAPI, and
observed under a fluorescence microscope (Olympus IX51). The
images were photographed using a CoolSnap-Hq CCD camera
(Roper Scientific).

In order to induce stress granule formation, HeLa cells were
treated with 0.5 mM sodium arsenite for 45 min. The cells were
fixed with 3% paraformaldehyde followed by �201C methanol for
10 min each and immunostained as described.

Live cell imaging of the minus-end-directed proteins
The COS7 cells containing CFP-Dazl or GFP-Dazl1�115 were
immersed in a phenol red-free medium and imaged on an Olympus
IX71 inverted microscope equipped with differential interference

contrast optics, a � 60 fluorite objective (NA 1.2) and a 100 W
mercury lamp. Images were acquired at every 2- or 3-s interval
using the CoolSnap-Hq CCD camera driven by the MetaMorph
imaging software (Universal Imaging, West Chester, PA, USA). The
imaging chambers were prepared on glass slides with a border of
silicone grease; the slides were sealed with nail polish. The samples
were maintained at 371C by a heater that directed the heat flow
across the microscope stage. Image analysis and generation of video
clips were performed using the MetaMorph software.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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