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Testicular Sertoli cells highly express dynamin 2 and amphiphysin 1. Here we demonstrate that dyna-
min 2 is implicated in phosphatidylserine (PS)-dependent phagocytosis in Sertoli cells.
Immunofluorescence and dual-live imaging revealed that dynamin 2 and amphiphysin 1 accumulate
simultaneously at ruffles. These proteins are specifically bound in vitro. Over-expression of dominant
negative dynamin 2 (K44A) inhibits liposome-uptake and leads to the mis-localization of amphiphysin 1.
Thus, the cooperative function of dynamin 2 and amphiphysin 1 in PS-dependent phagocytosis is

strongly suggested.
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he family of dynamin GTPase is composed of 3

isoforms, dynamin 1-3 [1, 2]. All dynamins
contain 4 functional domains, the N-terminal GTPase
domain, the pleckstrin homology (PH) domain, the
GTPase effector domain, and the C-terminal proline/
arginine-rich domain (PRD). While the PH domain
serves as binding motif for phosphatidylinositol 4,
5-bisphosphate (PIP;), PRD mediates interaction with
various SH3 domain-containing proteins such as
amphiphysin 1. In neurons, dynamin 1 and amphiphy-
sin 1 cooperatively function in the fission process of
clathrin-mediated endocytosis [3].

Recent studies indicate that dynamins are impli-
cated in the formation of a wide variety of actin-based
cellular events, including the formation of growth
cones [4], podosomes [5], invadopodia [6], lamelli-
podia and dorsal membrane ruffles [7, 8], and phago-
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cytosis [9]. Ubiquitously expressed dynamin 2
directly interacts with cortactin, a F-actin binding
protein, which in turn modulates cell shape and
clathrin-mediated endocytosis [8, 10].

In testis, Sertoli cells participate in the maturation
of germ cells and the release of sperm [11]. Sertoli
cells have high phagocytic activity, by which the cells
eliminate residual cytoplasm of spermatids [12, 13]
or apoptotic germ cells [14]. Phagocytosis in Sertoli
cells is initiated by the recognition of phosphatidyl-
serine (PS) exposed at the germ cell surface by PS
receptors [14, 15].

Sertoli cells express high levels of dynamin 2,
dynamin 3, and amphiphysin 1 [16, 17]. Expression
of amphiphysin 1 and dynamin 2 in testis coinciden-
tally increase with the onset of spermatogenesis [16].
In addition, both proteins accumulate at tubulobulbar
complexes, transiently formed structures in Sertoli
cells prior to sperm release [18]. We have recently
reported that amphiphysin 1 participates in actin
polymerization during phagocytosis in Sertoli cells
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[19]. In response to stimulation with PS liposomes,
Sertoli cells form membrane ruffles, where amphiphy-
sin 1 is concentrated. The ruffle formation and phago-
cytosis, but not clathrin-mediated endocytosis, were
found to be abolished in an amphiphysin 1 siRNA-
treated Sertoli cell line, or Sertoli cells from amphi-
physin 1 (-/-) mice. Interestingly, the expression of
dynamin 2 was decreased by approximately 30% in
amphiphysin 1 siRNA-treated cells. These results
implied that dynamin 2 cooperates with amphiphysin 1
in Sertoli cells.

In the present study, we explored the possibility
that dynamins function in Sertoli cell function. Here
we demonstrate that dynamin 2 is implicated, at least
in part, in PS-dependent phagocytosis with amphiphy-
sin 1.

Materials and Methods

Cell culture.  Three-week-old male Wistar rats
purchased from Shimizu Laboratory Supplies Co
(Kyoto, Japan), were maintained in clean conditions
with free access to food and water. Sertoli cells were
isolated from 3-week-old rats, plated in mono-layers,
and cultured at 32°C under 5% CO, as previously
described [14]. Ser-W3 cells, a rat Sertoli cell line,
were cultured with DMEM containing 10% fetal
bovine serum at 37 C under 5% CO, [19].

c¢DNA constructs and transfection.  Comple-
mentary DNAs encoding full-length rat dynamin 2 and
dynamin 2 K44 A were prepared by PCR amplification
using specific primers [7]. Full-length dynamin 2 and
dynamin 2 K44A were subcloned into the plasmid
pcDNA 4/V5-His A vector as EcoRI-Xhol fragments.
The plasmids for full-length rat dynamin 2-pEGEFP
and dynamin 2 K44A-pEGFP were donated by Dr.
McNiven (Mayo Clinic, Rochester, MN, USA). The
pmCherry N1 plasmid coding for mCherry was a kind
gift from Dr. Tsien (HHMI-UCSD, San Diego, CA,
USA). Full-length rat dynamin 2 was subcloned into
the pmCherry-N1 vector as a Hind III-EcoRI frag-
ment. The nucleotide sequences of the constructs
were verified using DNA sequence analysis. Sertoli
cells were transfected using a Lipofectamine 2000
transfection system (Invitrogen, Carlsbad, CA,
USA). The efficiency of the transfection, which was
determined by the expression of green fluorescence
protein (GFP), was approximately 90% in Ser-W3
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cells. Transfected cells were subjected to analysis
24h after the transfection.

Preparation for liposomes and assay of lipo-
some uptake. For PS-stimulation, small unila-
mellar liposomes containing 70% phosphatidylcholine
(PC) and 30% PS were prepared as described previ-
ously [14]. For the liposome uptake assay, large
multilamellar liposomes containing 0. 1% N-(lissamine
rhodamine B sulfonyl)-L-a-phosphatidylethanolamine
(Avanti Polar Lipids, Alabaster, AL, USA) were
prepared by vortexing. Liposomes at the indicated
concentrations were added to culture cells in serum-
free DMEM. After incubation at 32°C or 37 C for the
indicated times, the cells were extensively washed 5
times with PBS containing 1mM Ca* and 0. 5mM
Mg®* [PBS (+)].

Immunoprecipitation. Ser-W3 cells were
washed with ice-cold PBS (+), scraped, and resus-
pended in 2ml of SME (0. 2M sucrose, 20mM Mops,
1mM EDTA supplemented with 1mM PMSF, apro-
tinin, leupeptin, pepstatin, antipain at 5ug/ml, pH
7.4). The cells were homogenized for 10 strokes in a
glass-Teflon homogenizer. The particulate fraction
was isolated by low- and high-speed centrifugation,
and the resultant post-nuclear supernatant was centri-
fuged at 100, 000 g for 30min at 4°C. Two milligrams
of membrane fractions were cross-linked with 0.5mM
dithiobis(succinimidylpropionate) (DSP) (Pierce
Biotechnology, Rockford, IL, USA) for 1h at 4°C
[20]. Excess DSP was quenched by incubation with
50mM Tris for 15min at 4°C. Samples were solubi-
lized with 1% TX-100 and centrifuged at 20, 000g
for 30min at 4°C. Immunoprecipitation for amphiphy-
sin 1 was carried out as described previously [10]
using monoclonal antibodies, mab8, and mabl4 (kindly
donated by Dr. De Camilli, Yale University, New
Haven, CT, USA). The collected beads were washed
thoroughly and extracted with sample buffer. Western
blotting was performed using anti-dynamin 2 poly-
clonal antibodies (Santacruz Biotechnologies, Santa
Cruz, CA, USA) or mab8. A GST pull-down assay
was performed using full-length or the SH3 domain of
amphiphysin 1 fused to GST, as described [8, 21].

Microscopy. Immunofluorescence of Sertoli
cells was performed as described [20] using mab3
(kindly donated by Dr. De Camilli, Yale University)
or anti-dynamin 2 polyclonal antibodies (Santacruz
Biotechnologies). The samples were examined using
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an inverted microscope (IX-71, Olympus Optical Co.,
Ltd., Tokyo, Japan) equipped with a spinning disc
confocal microscope system (CSU10, Yokogawa
Electric Co., Kanazawa, Japan), a CoolSNAP-HQ
camera (Roper Industries, Sarasota, FL., USA), and
a Dual View (Roper Industries). The system was
steered by Metamorph Software (Molecular Devices
Corp., Downingtown, PA, USA). When necessary,
images were further processed using Adobe Photoshop
and Illustrator software. Live imaging was performed
as described previously [19].

Results
Dynamin 2 is implicated in PS-stimulated

ruffle formation.  Dynamin 2, dynamin 3, and
amphiphysin 1 are highly expressed in Ser-W3 cells,
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a rat Sertoli cell line. We have previously demon-
strated that amphiphysin 1 is implicated in ruffle for-
mation in PS-dependent phagocytosis by Sertoli cells
[19]. As it was anticipated that dynamin 2 interacts
with of amphiphysin 1 in the cells [9], we first deter-
mined localization of dynamin 2 in the PS-stimulated
Sertoli cells. Cells with peripheral ruffles were char-
acterized by the presence of thick peripheral actin
filament accumulation [19]. Dynamin 2 accumulated
at ruffles, which were actin filament-rich structures
(Fig. 1A, arrowheads). Double immunofluorescence
demonstrated that dynamin 2 partially colocalized with
amphiphysin 1 at bright puncta throughout the cyto-
plasm. Notably, both proteins were highly enriched at
ruffles (Fig. 1B, arrowheads; ref. [19]). In con-
trast, dynamin 3 did not co-localize with amphiphysin
1 at either ruffles in PS-stimulated Sertoli cells (data
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Fig. 1

Both dynamin 2 and amphiphysin 1 accumulate at membrane ruffles.

A, Dynamin 2 accumulated at ruffles in PS-stimulated Sertoli cells. Ser-W3 cells treated with 0.25mM PS- or PC-liposomes were stained
with anti dynamin 2 antibodies and Rhodamine-phalloidin (F-Actin). Note that dynamin 2 is concentrated at actin-rich ruffles, (arrowheads).
Bar: 10 um. B, Immunofluorescent localization of dynamin 2 and amphiphysin 1 in PS-stimulated Sertoli cells. Ser-W3 cells treated with
0.25mM PS-liposomes were stained with anti dynamin 2 antibodies and monoclonal anti amphiphysin 1 antibodies. Note that both proteins

are concentrated at ruffles, (arrowheads). Bar: 10 um.
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Dynamin 2 but not dynamin 3 directly binds to amphiphysin 1 via its SH3 domain.

A, Pull-down assay demonstrating that both GST-amphiphysin 1 and GST-amph 1 (SH3) bind to dynamin 2 (upper lane) but not to dyna-
min 3 (lower lane). Four hundreds micrograms of GST-fusion proteins bound to glutathione beads was incubated with 1mg of Ser-W3 cell
lysates. Dynamin 2 or dynamin 3 bound to the resin beads were analyzed by Western blotting. Twenty micrograms of untreated lysates was
loaded as starting material (Input); B, Amphiphysin 1 is cross-linked with dynamin 2 in membrane of PS-stimulated Ser-W3 cells. Two
milligrams of DSP treated membranes of PS-stimulated cells was subjected to immunoprecipitation, as described in Materials and
Methods. Twenty micrograms of untreated membranes was loaded as starting material (Input).

not shown) or in seminiferous tubules [18].

We next determined the interactions between
dynamins and amphiphysin 1 by GST pull-down assay.
Consistent with the co-localization of dynamin 2 with
amphiphysin 1 (Fig. 1), dynamin 2 specifically bound
to both full-length and the SH3 domain of amphiphy-
sin 1 (Fig. 2A, right 2 lanes). The association of
endogenous amphiphysin 1 and dynamin 2 in Sertoli
cells was confirmed by cross-linking with DSP (Fig.
2B, right lane). It was therefore suggested that
dynamin 2 might also function with amphiphysin 1 in
the formation of ruffles.

Dynamin 2 may be involved in PS-dependent
phagocytosis together with amphiphysin
I. We next examined the dynamics of dynamin 2
during PS-dependent phagocytosis. For this purpose,
Ser-W3 cells expressing dynamin 2-GFP were stimu-
lated with rhodamine-labeled PS-liposomes and
observed by time-lapse. Dynamin 2-GFP began to
accumulate at the phagocytic sites soon after the PS
stimulation, and then soon later the accumulation
disappeared (Fig. 3A, arrowhead). A similar tran-
sient accumulation of dynamin at ruffles was observed,
as revealed by duallive imaging of dynamin
2-mCherry and GEFP-amphiphysin 1. Importantly,
amphiphysin 1 acted synchronously with dynamin 2
during ruffle formation (Fig. 3B).

It has been reported that expression of the dyna-
min 2 dominant negative mutant (K44A) results in a

decrease in phagocytosis by inhibiting extension of the
plasma membrane [9], and contraction of the cells
[22]. We confirmed in Sertoli cells that liposome
uptake is inhibited by expression of dynamin K44A
mutant, and the expression-induced contraction of cell
shape (Fig. 4). Under these conditions, the dynamin
2 K44 A mutant led to mis-localization of amphiphysin
1, which appeared as large dots, and inhibited forma-
tion of ruffles in PS-stimulated rat cultured Sertoli
cells (Fig. 3C upper right). These results suggest
cooperative functions of dynamin 2 with amphiphysin
1 in PS-dependent phagocytosis.

Discussion

We have demonstrated in the present study that
dynamin 2 but not dynamin 3 associates with amphi-
physin 1, and that dynamin 2 may be implicated in
PS-dependent phagocytosis in Sertoli cells.

Sertoli cells highly express dynamin 2, dynamin 3,
and amphiphysin 1 [16-19]. However, the physiolog-
ical function of these proteins in the cell remains to be
elucidated. We have recently reported that amphiphy-
sin 1 stimulates actin assembly and participates in
both ruffle formation and phagocytosis in Sertoli cells.
Interestingly, RNAi for amphiphysin 1 in cells
decreases expression of dynamin 2 to up to 30% of
control [19]. These observations strongly suggest
that dynamin 2 functions in phagocytosis together with
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Fig. 3  Dynamin 2 may cooperate with amphiphysin 1 in PS-dependent phagocytosis.

A, Dual-live imaging of dynamin 2-GFP (green) and rhodamine-labeled PS-liposome (red) in Ser-W3 cells. Cells expressing dynamin
2-GFP were stimulated with rhodamine-PS-liposomes, and images were taken every 20sec. Note that dynamin 2-GFP transiently accumu-
lated at the phagocytic site. Bar: 5um. B, Dual-live imaging of dynamin 2-mCherry (red) and GFP-amphiphysin 1 (green) in PS-stimulated
Ser-W3 cells. Images of area surrounded by a rectangle in the top panel were taken every 60sec. Both GFP and mCherry fluorescence
simultaneously appear at ruffles (arrowheads). The scale bar represents 10um in upper panels, 5um in lower panels; C, Mutant dynamin
2 (K44A) induces mis-localization of amphiphysin 1 in PS-stimulated Sertoli cells. Wild-type or mutant dynamin were co-transfected with
EGFP (dynamin : EGFP =10 : 1 in cDNA ratio) in primary cultured rat Sertoli cells. The cells were stimulated with PS-liposomes, as
described in Fig. 1A, and stained for amphiphysin 1. Note that immuno-reactivity for amphiphysin1 is represented as large dots in dynamin
K44A expressing cells (upper right), which can be identified by GFP expression (lower right). Bar: 10um.
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Uptake of PS-liposomes is inhibited by over-expression of dynamin 2 K44A.

PS-dependent liposome uptake by Ser-W3 cells expressing wild-type dynamin 2 (upper panels) or K44A mutant (lower panels). Wild-type
(WT) or K44A mutant dynamin 2 (K44A) were transiently co-transfected with EGFP (dynamin : EGFP =10 : 1 in cDNA ratio) in Ser-W3
cells. After 24 h transfection, the cells were incubated at 37 °C for 120 min with 0.25mM rhodamine-labeled PS-liposomes. Note that cells
expressing the mutant showed a small cell shape and could not uptake the liposomes. Bar: 10 um.

amphiphysin 1.

Dynamin 2 in the present study accumulated at
ruffles together with amphiphysin 1, as revealed by
double immunofluorescence and live-imaging (Figs. 1
and 3). The association between dynamin 2 and
amphiphysin 1 was mediated via the SH3 domain of
amphiphysin 1, as shown by pull-down and cross-link-
ing experiments. The interaction between dynamin 2
and amphiphysin 1 might be rather weak and/or tenta-
tive in Sertoli cells, because the association could not
be detected without a cross-linker (data not shown).
This result is consistent with transient accumulation
of these proteins at ruffles (Fig. 3B). Over-
expression of dynamin 2 K44A in Sertoli cells
resulted in not only the inhibition of PS-dependent
liposome uptake (Fig. 4), but also mis-localization of
amphiphysin 1 (Fig. 3C). The immunoreactivity of
amphiphysin 1 in dynamin 2 K44A-expressed cells
appeared as distinct puncta compared to that in dyna-
min 2 WT-expressed cells (Fig. 3C). These results
suggest that dynamin 2 may participate in
PS-dependent phagocytosis together with amphiphysin

1. Dynamin 3 is unlikely to be involved in Sertoli cell
phagocytosis because dynamin 3 neither binds to
amphiphysin 1 (Fig. 2A) nor localizes at ruffles (data
not shown). In addition, dynamin 3 does not co-local-
ize with amphiphysin 1 in seminiferous tubules [18].
The proline arginine-rich domain (PRD) of dynamin 3
has <60% of identity with that of dynamin 2. Thus,
it may be possible that dynamin 3 PRD has different
characteristics, and therefore it is possible that the
functions of dynamin 3 are different than those of
dynamin 2.

Dynamin 2 is involved in actin dynamics during
ruffle formation in fibroblasts [10, 23, 24] and in
phagocytosis in macrophages [9]. Dynamin 2 at the
plasma membrane associates with cortactin, which
specifically binds to F-actin [10, 29]. Furthermore,
dynamin 2 interacts with Racl and regulates the
localization with Racl, and both proteins are impli-
cated in the formation of ruffles [25]. Thus, dynamin
2 as well as amphiphysin 1 may cooperate with these
molecules that regulate actin dynamics.

In conclusion, we have demonstrated that dynamin
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2 associates with amphiphysin 1, and participates in
PS-dependent phagocytosis in Sertoli cells.

Acknowledgments.

This work was supported by a Grant-in-Aid for

Scientific Research from the Ministry of Education, Science, Sports,
and Culture of Japan (to K. Takei), and by the Okayama Medical
Foundation (to H. Yamada).

10.

1.

References

McNiven MA: Dynamin: a molecular motor with pinchase action.
Cell (1998) 24: 151-154.

Praefcke GJ and McMahon HT: The dynamin superfamily: univer-
sal membrane tubulation and fission molecules? Nat Rev Mol Cell
Biol (2004) 5: 133-147.

Takei K, Slepnev VI, Haucke V and De Camilli P: Functional
partnership between amphiphysin and dynamin in clathrin-mediated
endocytosis. Nat Cell Biol (1999) 1: 33-39.

Torre E, McNiven MA and Urrutia R: Dynamin 1 antisense oligo-
nucleotide treatment prevents neurite formation in cultured hippo-
campal neurons. J Biol Chem (1994) 269: 32411-32417.

Ochoa GC, Slepnev VI, Neff L, Ringstad L, Takei K, Daniell L,
Kim W, Cao H, McNiven MA, Baron R and De Camilli P: A func-
tional link between dynamin and the actin cytoskeleton at podo-
somes. J Cell Biol (2000) 150: 377-389.

Baldassarre M, Pompeo A, Beznoussenko G, Castaldi C,
Cortellino S, McNiven MA, Luini A and Buccione R: Dynamin
participates in focal extracellular matrix degradation by invasive
cells. Mol Biol Cell (2003) 14: 1074-1084.

Cao H, Garcia F and McNiven MA: Differential distribution of
dynamin isoforms in mammalian cells. Mol Biol Cell (1998)
9: 2595-2609.

Cao H, Orth JD, Chen J, Weller SG, Heuser JE and McNiven
MA: Cortactin is a component of clathrin-coated pits and partici-
pates in receptor-mediated endocytosis. Mol Cell Biol (2003)
23: 2162-2170.

Gold ES, Underhill DM, Morrissette NS, Guo J, McNiven MA and
Aderem A: Dynamin 2 is required for phagocytosis in macro-
phages. J Exp Med (1999) 190: 1849-1856.

McNiven MA, Kim L, Krueger EW, Orth JD, Cao H and Wong
TW: Regulated interactions between dynamin and the actin-bind-
ing protein cortactin modulate cell shape. J Cell Biol (2000)
151: 187-198.

Russell LD, Ren HP, Sinha Hikim I, Schulze W and Sinha Hikim
AP: A comparative study in twelve mammalian species of volume
densities, volumes, and numerical densities of selected testis
components, emphasizing those related to the Sertoli cell. Am J
Anat 188 (1990): 21-30.

20.

21.

22.

23.

24.

25.

Role of dynamin 2 and amphiphysin 1 in testis 391

Chemes H: The phagocytic function of Sertoli cells: a morphologi-
cal, biochemical, and endocrinological study of lysosomes and
acid phosphatase localization in the rat testis. Endocrinology
(1986) 119: 1673-1681.

Morales CR and Clemont Y: Phagocytosis and endocytosis in
Sertoli cells of the rat.  Assoc Anat (1991) 75: 157-162.
Shiratsuchi A, Umeda M, Ohba Y and Nakanishi Y: Recognition
of phosphatidylserine on the surface of apoptotic spermatogenic
cells and subsequent phagocytosis by Sertoli cells of the rat. J
Biol Chem (1997) 272: 2354-2358.

Blanco-Rodriguez J and Martinez-Garcia C: Apoptosis is physio-
logically restricted to a specialized cytoplasmic compartment in rat
spermatids. Biol Reprod (1999) 61: 1541-1547.

Watanabe M, Tsutsui K, Hosoya O, Tsutsui K, Kumon H and
Tokunaga A: Expression of amphiphysin | in Sertoli cells and its
implication in spermatogenesis. Biochem Biophys Res Commun
(2001) 287: 739-745.

Kamitani A, Yamada H, Kinuta M, Watanabe M, Li SA,
Matsukawa T, McNiven MA, Kumon H and Takei K: Distribution
of dynamins in testis and their possible relation to spermatogene-
sis. Biochem Biophys Res Commun (2002) 294: 261-267.

Kusumi N, Watanabe M, Yamada H, Li SA, Kashiwakura Y,
Matsukawa T, Nagai A, Nasu Y, Kumon H and Takei K:
Implication of amphiphysin 1 and dynamin 2 in tubulobulbar com-
plex formation and spermatid release. Cell Struct Funct (2007)
32: 101-113.

Yamada H, Ohashi E, Abe T, Kusumi N, Li SA, Yoshida Y,
Watanabe M, Tomizawa K, Kashiwakura Y, Kumon H, Matsui H
and Takei K: Amphiphysin 1 is important for actin polymerization
during phagocytosis. Mol Biol Cell (2007) 18: 4669-4680.

Krauss M, Kinuta M, Wenk MR, De Camilli P, Takei K and
Haucke V: ARF6 stimulates clathrin/AP-2 recruitment to synaptic
membranes by activating phosphatidylinositol phosphate kinase
type ly. J Cell Biol (2003) 162: 113-124.

Yoshida Y, Kinuta M, Abe T, Liang S, Araki K, Cremona O, Di
Paolo G, Moriyama Y, Yasuda T, De Camilli P and Takei K: The
stimulatory action of amphiphysin on dynamin function is depen-
dent on lipid bilayer curvature. EMBO J (2004) 23: 3483-3491.
Damke H, Baba T, Warnock DE and Schmid SL: Induction of
mutant dynamin specifically blocks endocytic coated vesicle forma-
tion. J Cell Biol (1994) 127: 915-934.

Schafer DA: Regulating actin dynamics at membranes: a focus on
dynamin. Traffic (2004) 5: 463-469.

Kruchten AE and McNiven MA: Dynamin as a mover and pincher
during cell migration and invasion. J Cell Sci (2006) 119: 1683—
1690.

Schlunck G, Damke H, Kiosses WB, Rusk N, Symons MH,
Waterman-Storer CM, Schmid SL and Schwartz MA: Modulation
of Rac localization and function by dynamin. Mol Biol Cell (2004)
15: 256-267.






