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Background: The mechanism underlying sperm flagellar development is unknown.
Results:MammalianMARCH10 is a microtubule-associated E3 ubiquitin ligase expressed in the tail of developing spermatids.
Conclusion:MARCH10 is suggested to have a role in the organization and maintenance of the sperm flagella.
Significance: This is additional evidence for the involvement of the ubiquitin-proteasome system in mammalian
spermatogenesis.

Spermiogenesis is a complex and dynamic process of themet-
amorphosis of spermatids into spermatozoa. There is a great
deal that is still unknown regarding the regulatory mechanisms
for the formation of the sperm flagellum. In this study, we deter-
mined that the membrane-associated RING-CH 10 (March10)
gene is predominantly expressed in rat testis. We isolated two
March10 isoforms encoding MARCH10a and MARCH10b,
which are generated by alternative splicing. MARCH10a is a
long RING finger protein, andMARCH10b is a short RING fin-
ger-less protein. Immunohistochemical staining revealed that
theMARCH10 proteins are specifically expressed in elongating
and elongated spermatids, and the expression is absent in epi-
didymal spermatozoa. MARCH10 immunoreactivity was
observed in the cytoplasmic lobes as well as the principal piece
and annulus of the flagella. When overexpressed in COS7 cells,
MARCH10a was localized along the microtubules, whereas
MARCH10b was distributed throughout the cytoplasm. An in
vitro microtubule cosedimentation assay showed that
MARCH10a is directly associatedwithmicrotubules.An in vitro
ubiquitination assaydemonstrated that theRING fingerdomain
ofMARCH10a exhibits anE3ubiquitin ligase activity alongwith
the E2 ubiquitin-conjugating enzyme UBE2B. Moreover,
MARCH10a undergoes proteasomal degradation by autoubiq-
uitination in transfected COS7 cells, but this activity was abol-
ished uponmicrotubule disassembly. These results suggest that
MARCH10 is involved in spermiogenesis by regulating the for-
mation and maintenance of the flagella in developing
spermatids.

Mammalian spermatozoa are composed of two major parts,
the head and the flagellum. Proper assembly of the flagellum is
essential for sperm motility and fertilization. Morphologically,
the flagellum is subdivided into the midpiece, the principal
piece, and the end piece (1, 2). Common to the three parts is the
central axoneme, which has a 9 � 2 arrangement of microtu-
bules (9 doublets and 2 central singlets). The force for flagellar
motility is driven by the active sliding of the doublet microtu-
bules powered by dynein ATPase motors. In the midpiece, the
axoneme is surrounded by nine longitudinal cytoskeletal struc-
tures, the outer dense fibers (ODF),2 on the outside of the dou-
blet microtubules. The ODF are tightly wrapped, with helically
arrangedmitochondria (themitochondrial sheath) that serve as
the sites of the ATP production required for flagellar move-
ment. In the principal piece, the ODF are extended, but two of
them are replaced by the longitudinal columns of the fibrous
sheath (FS) that are bridged by numerous circumferential ribs.
The ODF and FS have been proposed to provide the necessary
stiffness and elastic recoil for the flagellum, therebymodulating
its beating pattern. The end piece is a very short terminal seg-
ment, in which the axoneme is surrounded only by the plasma
membrane. Although a number of the components of the fla-
gellum have been identified and characterized (3–5), the
molecular mechanisms for the formation of the flagella remain
to be established.
Ubiquitination is a post-translational modification in which

the 76-amino acid polypeptide ubiquitin (Ub) is covalently
attached to lysine residues in target proteins. Ubiquitination is
catalyzed by the sequential actions of E1 Ub-activating, E2 Ub-
conjugating, and E3 Ub ligase enzymes. The E3 enzymes are
essential for specific substrate recognition. Ubiquitination is
not only required for proteasomal degradation but is also
involved in proteasome-independent functions such as protein
localization and signaling (6). Recent investigations have sug-
gested the involvement of the Ub-proteasome system in flagel-
lar assembly and function as follows. 1) Sperm mitochondria
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are highly ubiquitinated and thereby undergo degradation after
fertilization, which enables maternal mitochondrial inherit-
ance (7–9). 2) Spermatozoa in mice lacking the E2 enzyme
Ube2b or the E3 Ub ligase Herc4 display morphological abnor-
malities and impaired flagellum motility (10–13). 3) PSMC3
(also known as TBP-1), a subunit of the 26 S proteasome, is
present in the ODF of elongating spermatids and spermatozoa
(14–16). Therefore, the identification and characterization of
the flagellar Ub-proteasome system should provide novel
insight intomolecularmechanisms regulating the assembly and
function of the mammalian sperm flagella.
The membrane-associated RING-CH (MARCH) family is a

RING finger protein family of E3 Ub ligases, consisting of 11
members in mammals (17–19). Nine MARCH members (i.e.
MARCH1–6, -8, -9, and -11) contain hydrophobic transmem-
brane spans and are localized to the plasma membrane and
intracellular organelle membrane (20). Transmembrane
MARCH proteins mediate the ubiquitination and subsequent
down-regulation of cell-surface immune regulatory molecules,
such as major histocompatibility complex class II and CD86
(17, 18, 21). Other proposed functions include endoplasmic
reticulum-associated degradation (22), endosomal protein traf-
ficking (23, 24), mitochondrial dynamics (25, 26), and sper-
matogenesis (19). MARCH7 (also known as Axotrophin) and
MARCH10 are predicted to have no transmembrane spanning
region. Indeed, MARCH7 has been shown to localize to the
cytosol and nucleus in transfected cultured cells (27). Studies of
March7-null mice have suggested that MARCH7 has impor-
tant roles in T-cell proliferation and immune tolerance (28, 29).
However, the cellular localization and function of MARCH10
remain to be determined.
In this study, we identified and characterized rat MARCH10

as a novel E3 Ub ligase of developing spermatids.We show that
MARCH10 is localized to the principal piece of elongating sper-
matids and is associated withmicrotubules, which is important
for its E3 activity. These results suggest that MARCH10 may
play a role in the formation of the sperm flagellum.

EXPERIMENTAL PROCEDURES

Animals—MaleWistar rats and JapaneseWhite rabbits were
purchased from Tokyo Laboratory Animals (Tokyo, Japan).
The animal protocols and procedures were approved by the
Institutional Animal Care and Use Committee of the Tokyo
Institute of Technology (Yokohama, Japan).
Plasmids—The ratMarch10a cDNA was amplified from rat

testis by reverse transcription (RT)-PCR with the primers
5�-atcgatgttgcatgaagcaagggacaggca-3� and 5�-atcctagatgacccg-
gcctgggtaaacgtt-3� and then inserted into the EcoRV site of
pBluescript II SK� (Stratagene, La Jolla, CA) yielding pBS-
March10a. To generate FLAG-MARCH10a and enhanced
green fluorescent protein (EGFP)-MARCH10a, the EcoRV
fragment of pBS-March10awas inserted into the EcoRV site of
p3� FLAGCMV-10 (Sigma) and into the blunt-ended EcoRI
site of pEGFP-C2 (Clontech), respectively. FLAG-RINGmut
was generated by introducing C641S and C644S point muta-
tions into the FLAG-MARCH10a plasmid by site-directed
mutagenesis with the primers 5�-gggagacttgtctcggatctctca-
gatagc-3� and 5�-gctatctgagagatccgagacaagtctccc-3�. To gener-

ate FLAG-MARCH10b, a cDNA encoding MARCH10b was
amplified from rat testis by RT-PCRwith the primers 5�-atcgat-
gttgcatgaagcaagggacaggc-3� and 5�-atcttaccacatgaggtaaattt-
tactgg-3� and then inserted into the EcoRV site of p3�
FLAGCMV-10. To generate deletion mutants of EGFP fusion
constructs containing the residues 1–127, 1–370, 1–536, and
1–703 of MARCH10a, the following pairs of oligonucleotides
were annealed and then inserted into the EGFP-MARCH10a
plasmid digested with PstI, SmaI, SpeI, and SalI, respectively:
5�-gtgtgatatcggcagatcag-3� and 5�-gatcctgatctgccgatatcacact-
gca-3� for residues 1–127; 5�-gggtgatatcggcagatcag-3� and
5�-gatcctgatctgccgatatcaccc-3� for residues 1–370; 5�-ctagtt-
gatatcggcagatcag-3� and 5�-gatcctgatctgccgatatcaa-3� for resi-
dues 1–536; and 5�-tcgactgatatcggcagatcag-3� and 5�-gatcct-
gatctgccgatatcag-3� for residues 1–703. To generate EGFP
fusion constructs containing residues 482–790 ofMARCH10a,
the EGFP-MARCH10a plasmid was digested with HindIII and
then self-ligated. Prokaryote expression plasmids for glutathi-
one S-transferase (GST) fusion proteins containing residues
1–900 (GST-MAR10N) and 900–1701 (GST-MAR10M) were
constructed by cloning the corresponding cDNA fragments
into the BamHI and EcoRI sites of pGex4T2 (GE Healthcare).
GST-RINGmut was generated by site-directed mutagenesis as
described above. His6-tagged rat UBE2B was constructed by
inserting the corresponding cDNA fragment into the BamHI
and XhoI sites of pRSETA (Invitrogen). The cDNA sequences
of all of the constructs were verified by sequencing.
Northern Blot Analysis—Northen blot analysis was carried

out as described previously (30). The EcoRV-digested fragment
of pBS-March10awas used as a probe, as shown in Fig. 1B. The
cDNA fragments encompassing either exons 1–3, 4–5, 6–10,
or exon 4� were amplified by PCR and then used as probes, as
shown in Fig. 1C.
Preparation of Recombinant Proteins and Antibodies—Prep-

aration of the recombinant proteins and the immunization pro-
tocol for the production of rabbit antisera were performed as
described previously (19). Polyclonal anti-MAR10N (808) and
anti-MAR10M (810) antisera were obtained by immunizing
rabbits with GST-MAR10N and GST-MAR10M, respectively.
In Vitro Ubiquitination Assay—In vitro ubiquitination assays

were performed with GST-RING or GST-RINGmut (1 �g) as
described previously (19), with the exception that the reaction
mixtures were incubated for 24 h.
Cell Culture and Fluorescence Microscopy—Maintenance of

COS7 cells, transfection with plasmids, and immunofluores-
cence staining were performed as described previously (23).
Immunoprecipitation—Immunoprecipitation of endoge-

nous MARCH10 proteins from the testis was performed as
described previously (19). In Fig. 9B, COS7 cells were trans-
fected with plasmids encoding hemagglutinin (HA)-tagged Ub
(0.5�g) alone or togetherwith FLAG-MARCH10a (1�g). After
incubation with or without 20 �M nocodazole for 12 h at 37 °C,
the cells were lysed in PBS containing 1% Triton X-100 and
protease inhibitors (10 mM leupeptin, 1 mM pepstatin, 5 mg/ml
aprotinin, and 1mMPMSF). The lysates were incubatedwith 15
�l of anti-FLAGantibody beads (Sigma) overnight at 4 °C.After
extensive washing with PBS containing 1% Triton X-100, the
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bound materials were eluted with 25 �l of 0.1 M glycine-HCl,
pH 2.5, and 1% Nonidet P-40.
Cycloheximide (CHX) Chase Assay—COS7 cells transfected

with either FLAG-MARCH10a or FLAG-RINGmut were
treated for different timeswith 1mg/mlCHX in the presence or
absence of 5 �M MG132. Whole cell lysates (5 �g of proteins)
were subjected to Western blotting with anti-FLAG antibody
and with anti-�-tubulin. The band intensity was quantified
using ImageJ software (rsbweb.nih.gov), and a graph was cre-
ated using GraphPad Prism (GraphPad Software, San Diego).
Student’s t test was performed to evaluate statistical
differences.
Immunohistochemistry—Preparation and staining of cryo-

sections (31) and smear samples (32) of rat testis and epididy-
mis were performed according to the previously reported
methods with the exception that rats were perfused with PBS
containing 2% paraformaldehyde. Dilutions of anti-MARCH10
antisera and preimmune serum were 1:500. The testicular sec-
tions were observed under Axiovert 200 M inverted fluores-
cence microscope (Carl Zeiss, Thornwood, NY) or Leica TCS
SPE confocal microscope (Leica Microsystems, Wetzlar, Ger-
many). For super resolution imaging, the immunostained
smear samples were imaged with a DeltaVision Optical Micro-
scope eXperimental (OMX; Applied Precision, Issaquah, WA).
Three-dimensional reconstructions were performed from 23
z-stack images at intervals of 0.125 �m using softWoRx
Explorer 2.0 software (Applied Precision).
Microtubule Cosedimentation Assay—MARCH10a was syn-

thesized by in vitro transcription and translation using the TNT
Quick-Coupled reticulocyte lysate system (Promega, Madison,
WI) according to the manufacturer’s instructions. After the
reaction, the lysate (20 �l) was added to 180 �l of PEM buffer
(80 mM PIPES-KOH, pH 6.9, 1 mM EGTA, and 2 mM MgCl2)
and then cleared of insoluble materials by centrifugation for 20
min at 50,000 rpm on a TLA100.3 rotor (Beckman Coulter,
Fullerton, CA). Ninety microliters of the resulting supernatant
or PEMbuffer containing 10�g of bovine serumalbumin (BSA)
were supplemented with purified tubulin (Cytoskeleton, Den-
ver, CO), GTP, Taxol (Sigma), and glycerol to final concentra-
tions of 0.3 mg/ml, 1 mM, 30 �M, and 5%, respectively. The
samples (100 �l) were layered on 900 �l of 1 M sucrose in PEM
buffer containing 0.1 mM GTP and 1 �M Taxol in a 1.5-ml
microcentrifuge tube (Beckman Coulter), and were then incu-
bated for 30 min at 37 °C. The polymerized microtubules were
separated by centrifugation at 50,000 rpm on a TLA100.3 rotor
for 30 min at 25 °C. The resulting supernatants (100 �l) and
pellets (dissolved in 100�l of Laemmli buffer) were subjected to
Coomassie Brilliant Blue staining orWestern blot analysis. The
control experimentswere performed in the absence ofGTP and
Taxol.

RESULTS

Expression of Two March10 Isoforms in the Rat Testis—The
nucleotide sequences of mammalian March10 were found in
theGenBankTM and Ensembl databases. Based on the sequence
information, we designed a set of primers and obtained the
entire open reading frame (ORF) of rat March10 by RT-PCR
amplification from testis cDNA. The ORF encodes a protein of

790 amino acids with no characteristic structure other than the
C-terminal RING finger domain (accession numberAB552845;
Fig. 1A). The overall structural features ofMARCH10 resemble
those ofMARCH7 (27), but sequence homology is only present
in the RING finger domains (64% identity). Data base searches
indicated that the March10 gene is limited to mammals,
whereas theMarch7 gene is present in vertebrates ranging from
fish to humans. These facts suggest thatMARCH10may have a
distinct function from that of MARCH7. By utilizing the
Ensemble exon definitions, there are at least twoMarch10 iso-
forms in the rat (designated here asMarch10a andMarch10b).
March10a is identical to the isolatedMarch10 sequence that is
comprised of 10 exons (Ensemble transcript ID ENSR-
NOT0000009316; Fig. 1B). March10b is a shorter transcript
that shares the first three exons but has a different exon
between exons 3 and 4 (exon 4�; Ensemble transcript ID ENSR-
NOT00000055136; Fig. 1B). This variant transcript encodes a
237-amino acid protein, in which the first 126 amino acid resi-
dues are identical to MARCH10a, but the following 111 resi-
dues are a nonrelated proline-rich (accession number,
AB552846; Fig. 1A).
To determine the tissue expression pattern of rat March10

mRNA, Northern blot analysis of rat tissue total RNA was per-

FIGURE 1. Structural features and tissue expression of rat MARCH10a and
MARCH10b. A, schematic representations of MARCH10a and MARCH10b
protein structures. The RING finger domain and the proline-rich region are
indicated in black and gray, respectively. B, schematic representation of alter-
native splicing of the rat March10 gene. Exons are indicated by the vertical
lines and boxes and are numbered. The introns and flanking regions are indi-
cated by horizontal lines. March10b is generated through alternative usage of
exon 4�. C, Northern blot of 20 �g of total RNA prepared from the indicated rat
tissues and that was hybridized with specific probes for March10 (top) and
Actb (bottom). D, Northern blots of 20 �g of total RNA prepared from rat testis
were hybridized with specific probes for exons 1–3 (lane 1), exons 4 –5 (lane 2),
exons 6 –10 (lane 3), and exon 4� (lane 4). E, lysates of rat testis (400 �g of
protein) were immunoprecipitated (IP) with anti-MAR10N (lane 1) or preim-
mune serum (lane 2). The immunoprecipitates were analyzed by Western
blotting (WB) with anti-MAR10N antiserum. Arrowhead and double arrowhead
indicate the bands corresponding to MARCH10a and MARCH10b,
respectively.
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formed using theMarch10ORF as a probe. TwomRNA species
of 1.3 and 3.0 kb were detected predominantly in the testis and
to a much lesser extent in the heart and lung (Fig. 1C). We
expected that the upper and lower bands correspond to
March10a andMarch10b, respectively. To verify the identity of
the two bands, Northern blot analysis of rat testis was per-
formed with four different March10 cDNA probes for exons
1–3, 4–5, 6–10, or 4�. As shown in Fig. 1D, the two bands were
detected again with the common exon probe (exons 1–3; lane
1). The 3.0-kb band was detected with the March10a-specific
probes (exons 4–5 and 6–10; lanes 2 and 3), whereas the 1.3-kb
band was detected with theMarch10b-specific probe (exon 4�;
lane 4). These results indicate that at least two March10 iso-
forms are generated by alternative splicing and are predomi-
nantly expressed in the rat testis.
Protein Expression of MARCH10 in Testis—To analyze

MARCH10 protein expression in the testis, we prepared rabbit
polyclonal antisera as follows: one against the N-terminal
region common to both MARCH10a and MARCH10b (anti-
MAR10N) and the other against the middle portion of
MARCH10a (anti-MAR10M). We were unable to produce
antiserum specific toMARCH10b. To confirm their specificity,
COS7 cells were transfected with either FLAG-tagged
MARCH10a orMARCH10b andwere then doubly stainedwith
each of the anti-MARCH10 antisera and anti-FLAGantibodies.
Anti-MAR10N antiserum detected both constructs, whereas
anti-MAR10M antiserum recognized only FLAG-MARCH10a
(supplemental Fig. S1). FLAG-MARCH10a staining showed a
filamentous pattern within the cytoplasm in contrast to a dif-
fuse cytoplasmic distribution of FLAG-MARCH10b, as
described in detail below. To confirm the expression of
MARCH10a andMARCH10b, the soluble fraction of rat testic-
ular lysates was subjected to immunoprecipitation with anti-
MAR10N antiserum or the preimmune serum. When the
immunoprecipitates were analyzed by Western blotting with
the anti-MAR10N antiserum, two immunoreactive bands were
detected at 90 and 30 kDa, which were close to the estimated
molecular masses of MARCH10a and MARCH10b, respec-
tively (Fig. 1E, lane 1, arrowheads). Next, we determined the cell
types expressing MARCH10 proteins by immunohistochemis-
try on rat testicular sections. As shown in Fig. 2, the anti-
MAR10N antiserum reacted with the inner layers and luminal
contents of a subset of seminiferous tubules where the sperma-
tidswere present. The signalswere detected in the seminiferous
tubules at stages I–III and XI–XIV. Negative control experi-
ments with preimmune serum detected no such signal (supple-
mental Fig. S2).
Localization of MARCH10 in Elongating Spermatids—To

further analyze the developmental expression profile in detail,
we stained smear preparations of rat testis with anti-MAR10N
antiserum.As shown in Fig. 3,A–D, the staining becamedetect-
able in the cytoplasmic lobe of spermatids at step 11 and was
also steadily observed in the posterior portion of the tail. The
staining was prominent at steps 13–15 and then gradually
decreased. When the smear samples were stained with anti-
MAR10M antiserum, signals were also detected in the cyto-
plasm and tail of elongating spermatids in steps 11–16, but the
cytoplasmic staining was weaker than that with anti-MAR10N

antiserum (Fig. 3,E andF). To analyzeMARCH10 expression in
mature spermatozoa, smear preparations of rat epididymis
were stained with anti-MAR10N antiserum. No specific signal
was observed in epididymal spermatozoa (Fig. 3G). Because the
mammalian sperm tail consists of two different segments, the
midpiece and the principal piece, the tail staining was most
likely to be detected in the principal piece. To evaluate this, the
smear samples were doubly stained with anti-MAR10N antise-
rum and antibodies against either cytochrome c oxidase sub-
unit 1 (COX-1; a midpiece marker), protein kinase A-anchor-

FIGURE 2. Immunofluorescence staining of MARCH10 in testis. Sections (5
�m) from 16-week-old rat testis were stained with anti-MAR10N antiserum
(green). Nuclei were visualized using Hoechst 33342 (blue). Stages IX–X (A), XI
(B), XIII–XIV (C), I–III (D), IV–VI (E), and VII–VIII (F) of the seminiferous tubules are
shown. Bars, 50 and 20 �m in insets.

FIGURE 3. Immunofluorescence staining of MARCH10 in elongating sper-
matids and epididymal spermatozoa. Smear preparations of rat testis (A–F)
and epididymis (G) were stained with anti-MAR10N (A–D and G, green) or
anti-MAR10M antiserum (E and F, green). Right panels show the correspond-
ing differential interference contrast images. Bars, 20 and 2 �m in insets.
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ing protein 4 (AKAP4; a principal piece marker (33)), or �- and
�-tubulin. As shown in Fig. 4, the signal for MARCH10 over-
lapped with that of AKAP4 (left panels), but it was clearly sep-
arated from COX-1 (middle panels), confirming MARCH10
localization in the principal piece. TheMARCH10 staining was
observed along the flagellar microtubules but not in the man-
chette, a spermatid-specific microtubule structure (Fig. 4, right
panels). Taken together, these results suggest that the
MARCH10 proteins are specifically expressed in the cytoplas-
mic lobes and the principal piece of elongating spermatids.
Super-resolution Imaging of MARCH10 Localization with

Three-dimensional Structured Illumination Microscopy (SIM)—
To analyze the MARCH10 localization at a higher resolution,
we employed the three-dimensional SIM system, which pro-
vides twice the resolution of conventional confocal microscopy
(i.e. �100 nm on the x and y axes and 220 nm on the z axis) (34,
35). A series of three-dimensional SIM, z-stack images of the
fluorescent-labeled elongating spermatids, was captured and
used to generate three-dimensional projections of the staining
of MARCH10, COX-1, and AKAP4. In the confocal images of
the elongating spermatids, the signal for the MARCH10 pro-
teins has the appearance of a single longitudinal configuration
in the principal piece (Fig. 4). Using three-dimensional SIM, we
were able to resolve the MARCH10 signal, and it was detected
as two dotted strands running parallel to each other (Fig. 5A).
Although the AKAP4 signal appeared to have a spatial pattern
similar to that ofMARCH10, it was found to be located outside
the area of MARCH10 staining (Fig. 5A and supplemental
movie 1). We confirmed that the MARCH10 staining is clearly
separated from that of COX-1 (Fig. 5, B and C). Moreover, a
ring-shaped MARCH10 staining pattern was observed at the
boundary of the midpiece and the principal piece, consistent
with the staining in the annulus (Fig. 5C and supplemental
movie 2).
Microtubule Association of MARCH10a—As described

above, exogenously expressed FLAG-MARCH10a was local-
ized to cytoplasmic filamentous structures in COS7 cells,
whereas FLAG-MARCH10b was distributed throughout the
cytoplasm (supplemental Fig. S1). We found that the filamen-
tous distribution of FLAG-MARCH10a was abolished by treat-
ment with the microtubule-depolymerizing agent nocodazole
(Fig. 6A). Moreover, when overexpressed in COS7 cells, an
EGFP fusion protein of MARCH10a (EGFP-MARCH10a) was
colocalized with the microtubules (Fig. 6B). Thus, the

MARCH10a-associated structures are likely to be microtu-
bules. The E3 activity of several of the MARCH proteins has
been shown to contribute to their subcellular localization (17,
24, 27). To test if the E3 activity of MARCH10a has such an
effect, amutant FLAG-MARCH10a containing serine substitu-
tions at the conserved catalytic cysteine residues (C641S and
C644S; FLAG-RINGmut) was transfected into COS7 cells, and
the localization was determined by immunofluorescence
microscopy. As shown in Fig. 6C, FLAG-RINGmut exhibited a
filamentous pattern similar to that of FLAG-MARCH10a, sug-
gesting that the E3 activity ofMARCH10a is not essential for its
subcellular localization. Next, to investigate the region respon-
sible for the microtubule localization, we performed deletion
analysis of MARCH10a. The localization of a series of
MARCH10a fragments fused to EGFPwas determined inCOS7
cells by immunofluorescence microscopy (Fig. 7A). As shown
in Fig. 7B, none of the deletion constructs tested exhibited
microtubule localization; the N-terminal deletion mutants
were preferably localized in the nucleus (top 4 panels) and the

FIGURE 4. Double immunofluorescence staining of MARCH10 in elongating spermatids. Rat elongating spermatids in smear preparations were stained
with anti-MAR10N antiserum (green) followed by mouse monoclonal antibodies to AKAP4 (left panels, red), COX-1 (middle panels, red), or �- and �-tubulin (right
panels, red). Nuclei were visualized using Hoechst 33342 (blue). Images were obtained by confocal microscopy. Bottom panels show high magnification images
of the boundary region of the midpiece and the principal piece. Bars, 20 �m in the 3 top panels and 2 �m in bottom panel.

FIGURE 5. Super resolution imaging of MARCH10 staining in elongating
spermatids. A–C, three-dimensional SIM images of the flagella of the rat
elongating spermatids labeled with anti-MAR10N antiserum (green) and
either anti-AKAP4 (red in A) or anti-COX-1 (red in B and C) antibody. Arrow
indicates the ring-like staining corresponding to the annulus. Bars, 5 �m in A
and B and 2 �m in C. D, schematic illustration of the principal piece of the
flagellum. MARCH10 (green) is likely to be expressed in the inner parts of the
longitudinal columns (LC) of the fibrous sheath (FS).
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C-terminal deletion resulted in a cytosolic distribution pattern
(bottom). These results suggest that the entire region of
MARCH10a is required for its microtubule localization. To
confirm the microtubule association of MARCH10a, we per-
formed an in vitromicrotubule cosedimentation assay. Purified
tubulin and in vitro translated MARCH10a or BSA (used as a
nonbinding control protein) were incubated at 37 °C in the
presence or absence of GTP and Taxol, a microtubule-stabiliz-
ing reagent. The polymerized microtubules were then allowed
to sediment through a sucrose cushion, after which the result-
ing supernatants and pellets were analyzed by Coomassie Bril-
liant Blue staining and Western blotting with anti-MAR10N
antiserum. As shown in Fig. 8, MARCH10a was detected in the
pellets in the presence of polymerized microtubules, whereas
BSA was not found to be cosedimented. Taken together, these
results suggest that MARCH10a directly associates with
microtubules.
Microtubule-dependent E3Ub Ligase Activity ofMARCH10a—

To assess the E3Ub ligase activity of the RING finger domain of
MARCH10a, we performed an in vitro ubiquitination assay
with E1, E2, andUb in the presence or absence of a recombinant
GST fusion protein of the RING finger (GST-RING). We used
recombinant UBE2B as an E2 enzyme, because UBE2B is
known to be expressed in spermatids (36, 37).Western blotting
of the reaction samples revealed that the GST-RING catalyzed
dense, polyubiquitinated products (Fig. 9A, lane 2). This polyu-
biquitin formation was abolished by the C641S and C644S
mutations (GST-RINGmut; Fig. 9A, lane 3). Various MARCH
members have been shown to mediate self-ubiquitination in
transfected cultured cells (25, 27, 38). To obtain evidence on the
in vivo E3 activity of MARCH10a, FLAG-MARCH10a was
transfected into COS7 cells along with HA-tagged Ub. After
cells were treatedwith the proteasome inhibitorMG132 for 3 h,
the whole cell lysates were immunoprecipitated with anti-
FLAG antibody followed by Western blotting with anti-HA
antibody. As shown in Fig. 9B, a smear signal was detected in
the anti-FLAG immunoprecipitates with the anti-HA antibody

(lane 2), indicating that MARCH10a undergoes self-ubiquiti-
nation. Interestingly, when the cells were treated with nocoda-
zole, this self-ubiquitination activity was strongly repressed
(Fig. 9B, lane 3). These results suggest that the E3 activity of
MARCH10a is dependent on intact microtubules. To deter-
mine whether the self-ubiquitination has the capacity to cata-
lyze protein degradation, we compared the stability of FLAG-
MARCH10a with FLAG-RINGmut using the protein synthesis
inhibitor cycloheximide (CHX). COS7 cells transiently trans-
fected with FLAG-MARCH10a or FLAG-RINGmut were
treated with CHX, and their expression levels were analyzed by
Western blotting with the anti-FLAG antibody. As shown in
Fig. 9C, �50% of the FLAG-MARCH10a proteins were
degraded within 12 h (lanes 1–3), whereas FLAG-RINGmut

FIGURE 6. Microtubule localization of MARCH10a in COS7 cells. A, COS7
cells transiently transfected with FLAG-MARCH10a were treated with DMSO
(left) or 20 �M nocodazole (right) for 30 min and then processed for immuno-
fluorescence microscopy with anti-FLAG antibodies. B, COS7 cells transiently
transfected with EGFP-MARCH10a were processed for immunofluorescence
microscopy with anti-�-tubulin antibodies. Signals for EGFP and �-tubulin are
shown in green and magenta, respectively. C, COS7 cells transiently trans-
fected with FLAG-RINGmut were processed for immunofluorescence micros-
copy with anti-FLAG antibodies. Bars, 10 �m.

FIGURE 7. Deletion analysis of EGFP-MARCH10a localization. A, schematic
representation of EGFP-MARCH10a and its deletion mutants used to analyze
the subcellular localization. All constructs contained an N-terminal EGFP tag
(not depicted). B, COS7 cells were transiently transfected with the indicated
EGFP fusion MARCH10a constructs. The cells were labeled with Hoechst
33342 to visualize nuclei and then processed for immunofluorescence
microscopy with anti-�-tubulin antibodies. Right panels show the merged
signals for EGFP (green), �-tubulin (magenta), and nuclei (blue). Bars, 10 �m.
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was much more stable (lanes 7–9). The degradation of FLAG-
MARCH10a was blocked by MG132 (Fig. 9C, lanes 4–6). The
protein quantification data is shown in Fig. 9D. These results
indicate that self-ubiquitination of MARCH10a accelerates its
proteasomal degradation.

DISCUSSION

In this study, we identified two isoforms of theMarch10 gene
products that are predominantly expressed in the testis.
March10a encodes a long RING finger protein having E3 Ub
ligase activity, andMarch10b encodes a short proline-rich pro-
tein lacking the RING finger domain. The following observa-
tions suggest thatMARCH10a is amicrotubule-associated pro-
tein. First, when overexpressed in COS7 cells, MARCH10a was
localized along the microtubules, and this pattern of distribu-
tion was dispersed by microtubule depolymerization. Second,
MARCH10a formed a complex with microtubules in vitro.
Deletion analysis failed to identify the region responsible for the
microtubule binding but suggested that the tertiary structure of
MARCH10a would likely be important. In this regard, it seems
reasonable that MARCH10b exhibited diffuse cytoplasmic dis-
tribution in COS7 cells.We demonstrated that the E3Ub ligase
activity of MARCH10a is not essential for its subcellular local-
ization, but the microtubule association does appear to be
important to the E3 activity. Therefore, it is plausible that
MARCH10a is a microtubule-associated E3 Ub ligase that is
active on microtubule structures. The cytoplasmic localization
and lack of the E3 activity of MARCH10b suggest that it has a
function that is distinct from MARCH10a. Proline-rich
sequences, which are found in the C-terminal region of
MARCH10b, have been shown to mediate protein-protein
interactions with, for example, the Src homology 3, WW, and
EVH1 domains (39).MARCH10bmay thus act as an adaptor or
scaffold protein.
Immunohistochemical studies demonstrated that MARCH10

proteins are abundantly expressed in elongating and elongated
spermatids and disappear in epididymal spermatozoa, suggest-
ing that MARCH10 is required for spermatid maturation.
Immunostaining of the smear samples of rat testis revealed that
the signals for MARCH10 were detected in the cytoplasmic

lobes and the principal piece of the flagella. In this experiment,
two polyclonal antisera, which stained the same regions of the
spermatids with different degrees of immunoreactivity, were
used as follows: anti-MAR10N antiserum stained the cyto-
plasm and the principal piece quite evenly, whereas anti-
MAR10M antiserum stained the principal piece more heavily.
Therefore, MARCH10a and MARCH10b are preferentially
localized in the tail and the cytoplasmic lobe, respectively.
MARCH10 expression was initially observed in the cytoplasm
at step 10, followed by the tail region. The delayed localization
to the flagella suggests that theMARCH10 proteins are synthe-
sized in the cytoplasm and then transported to the developing
flagella via the intraflagellar transport system (40).Microscopic
studies provided detailed information on the morphological
development of the spermatid flagella, which takes place during
the early stages of spermiogenesis (i.e. steps 1–3) and continues

FIGURE 8. Microtubule association of MARCH10a in vitro. Porcine brain
tubulin proteins were mixed with either in vitro translated MARCH10a or BSA
in PEM buffer. The mixtures were incubated at 37 °C for 30 min in the absence
(lanes 1 and 2) or presence (lanes 3 and 4) of GTP and Taxol, after which polym-
erized microtubules were then sedimented through a 1 M sucrose cushion by
ultracentrifugation. The resulting supernatants (100 �l) were recovered, and
the pellets were dissolved with 100 �l of sample buffer. The supernatant (20
�l; S, lanes 1 and 3) and pellet samples (20 �l; P, lanes 2 and 4) were separated
by SDS-PAGE followed by Western blotting with anti-MAR10N antiserum
(top) and Coomassie Brilliant Blue staining to visualize BSA and tubulin
(bottom).

FIGURE 9. Characterization of E3 activity of MARCH10a. A, GST (lane 1),
GST-RING (lane 2), and GST-RINGmut (lane 3) were incubated in reaction mix-
tures containing Ub, E1, and His6-UBE2B for 24 h at 30 °C. Ubiquitinated mate-
rials were analyzed by Western blotting with anti-Ub antibody. B, COS7 cells
were transfected with HA-tagged Ub alone (lanes 1 and 4) or together with
FLAG-MARCH10a (lanes 2, 3, 5, and 6). The cells were incubated in the absence
(lanes 1, 2, 4, and 5) or presence (lanes 3 and 6) of nocodazole for 12 h. To the
cells were added 25 �M MG132, and they were then further incubated for 3 h.
Whole cell lysates (300 �g of proteins) were then subjected to immunopre-
cipitation (IP) with anti-FLAG antibody beads. The immunoprecipitates (lanes
1–3) and cell lysates (5 �g of proteins; lanes 4 – 6) were analyzed by Western
blotting (WB) with anti-HA and anti-FLAG antibodies, respectively. C, COS7
cells transfected with FLAG-MARCH10a (lanes 1– 6) or FLAG-RINGmut (lanes
7–9) were treated with 1 mg/ml CHX in the presence (lanes 4 – 6) or absence
(lanes 1–3 and 7–9) of 5 �M MG132. At the indicated time points, the cells were
lysed, and the lysates (5 �g of proteins) were analyzed by Western blotting
(WB) with anti-FLAG and anti-�-tubulin antibodies. D, graph shows the rela-
tive expression levels of FLAG-MARCH10a (WT) and FLAG-RINGmut (RING-
mut) at 0 –24 h post-CHX treatments. Data are expressed as the mean � S.E. of
three independent experiments. *, p � 0.002 compared with the levels of
FLAG-MARCH10a (filled circle) at the same time points.
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until step 19 (1). The longitudinal columns of the FS are depos-
ited along the axoneme from the distal end to the proximal end
of the principal piece at steps 2–10, and the ribs are assembled
at steps 11–17 (41, 42). The ODF first appear in the most prox-
imal portion of the axoneme at step 9 and continue to extend to
the end of the principal piece until step 19 (42, 43). MARCH10
proteins are unlikely to be essential structural components of
the flagellum, because their expression is considerably reduced
in the late stages of spermiogenesis. Rather, they may help reg-
ulate the organization of the ODF and FS. In this context, it is
interesting thatMARCH10a exerted the E3 activity with the E2
enzymeUBE2B (also known asHR6B). It has been reported that
mouse Ube2b mRNA is expressed during meiosis and spermi-
ogenesis, and its disruption causes structural abnormalities in
both the sperm head and flagella, in which the longitudinal
columns are assembled in an incorrect manner (10–12). Our
data thus suggest that MARCH10a might be an as-yet-uniden-
tified E3 partner of the spermatid UBE2B in the course of FS
formation.
Given the microtubule association of MARCH10a, its E3

substrate protein(s) may be present in proximity to the axon-
eme and/or the inner sides of theODF and FS. In support of this
notion, our three-dimensional SIM imaging suggests that
MARCH10 seems to be present in the inner part of the longi-
tudinal columns of the FS (Fig. 5D). E3 Ub ligases have been
shown to bind tomicrotubules and to regulate the function and
maintenance of microtubules in somatic cells. For example,
MID1, which is associated with Opitz syndrome, controls the
phosphorylation of microtubule-associated proteins by target-
ing the catalytic subunit of protein phosphatase 2A (PPP2CA)
for ubiquitination and subsequent degradation (44). PARK2
(also known as Parkin), which is mutated in Parkinson disease,
participates in the quality control of microtubules by promot-
ing tubulin ubiquitination (45, 46). MARCH10a may partici-
pate in this quality control activity by targeting damaged and
defective flagellar proteins for Ub-mediated degradation,
thereby ensuring proper flagellar assembly. Recent work by
Huang et al. (47) has reported a role for ubiquitination in the
resorption of the flagella of Chlamydomonas reinhardtii.
Before cell division starts, ubiquitination occurs on flagellar
proteins, including �-tubulin, a subunit of the outer dynein
arm, and also on signaling molecules, which likely gives the cue
for disassembly of the flagella without any need of proteasomal
degradation. This ubiquitination has been hypothesized to
facilitate the retrograde transport of disassembled flagellar pro-
teins to the cell body. It is important to determine whether this
activity is conserved in other species, including mammals.
Another role of flagellar ubiquitination is known to prevent the
paternal inheritance of mitochondrial DNA; sperm mitochon-
dria are highly ubiquitinated, which takes place during the late
stages of spermiogenesis, and thus undergo degradation after
fertilization (7–9). The ODF and FS are also destroyed in fertil-
ized eggs (48), but their ubiquitination has not been observed in
spermatids or spermatozoa. Nevertheless, we cannot exclude
the possibility that MARCH10a and/or other E3 Ub ligases
might tagODF/FS proteins, even if to amuch lesser extent than
mitochondria, for degradation after fertilization. Self-ubiquiti-
nation of MARCH10a promotes its turnover by proteasomal

degradation. Thus, the elimination of MARCH10 expression
before sperm maturation may be regulated by the Ub-protea-
some system. If so, it is possible that the MARCH10a activity is
suppressed during spermiogenesis in a manner dependent on
microtubule binding.
Three-dimensional SIM imaging revealed the localization of

MARCH10 in the annulus, an electron-dense structure sur-
rounding the axoneme between the midpiece and the principal
piece. The annulus is assembled from septins, which are polym-
erizing GTP-binding proteins, and serves as a physical barrier
to prevent the diffusion of the components of themidpiece and
principal piece (33, 49–53). This structure is essential for sperm
flagellar morphology and motility (33, 49). Although less is
known about the involvement of the Ub-proteasome system,
MARCH10may contribute to the assembly and integrity of the
annulus.
These results provide supporting evidence for the impor-

tance of theUb-proteasomal system in spermiogenesis. To clar-
ify the exact mechanisms underlying the formation of the fla-
gella, it will be necessary to determine the detailed subcellular
localization and substrate protein(s) of MARCH10.
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