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for the mouse spermiogenesis.10 MEIG1 is a protein with only 88 amino 
acids, and there is no conserved domain predicting its function. To 
identify potential binding proteins are interacting with MEIG1 protein, 
a yeast two‑hybrid screening was conducted, and several possible 
candidates were found such as PACRG10 and transcription factor‑like 5.11 
Membrane occupation and recognition nexus repeat‑containing protein 
3 (MORN3, GenBank accession number: NM_029112.1) was identified 
to be another potential binding partner in the same screen.

Membrane occupation and recognition nexus repeat‑containing 
domain were first identified as a plasma membrane‑binding module 
in junctophilin‑1 (JP‑1).12 In JP‑1, a motif (MORN motif) containing 
14 residues with consensus sequences “Tyr‑Gln/Glu‑Gly‑Glu/Gl
n‑Trp‑x‑Asn‑Gly‑Lys‑x‑His‑Gly‑Tyr‑Gly repeated 8  times in the 
amino‑terminal region. BLAST searches using the domain with MORN 
motif found additional hypothetical proteins carrying MORN motif 
sequences in Caenorhabditis elegans  (JP homologue), Arabidopsis 
thaliana (PIP 5‑kinase), and Cyanobacterium (hypothetical protein); 
thus, MORN motif is a novel protein‑folding module shared by 

INTRODUCTION
Spermatogenesis is a complex process, including mitotic renewal 
of spermatogonia, meiosis of spermatocytes, and spermiogenesis.1,2 
During the final stage, haploid round spermatids differentiate into 
spermatozoa with dramatic morphological changes, including nuclear 
condensation, acrosome and flagellum formation, and extrusion of 
residual cytoplasm to yield testicular spermatozoa.3–5 Although the 
list of proteins specifically expressed in spermiogenesis has grown 
in recent years, many remain uncharacterized, and their roles await 
further investigation.6

Mouse meiosis expressed gene 1 (MEIG1) was originally identified 
in the search for mammalian genes potentially involved in meiosis.7,8 
A bioinformatic analysis revealed that MEIG1 is most abundantly 
expressed in tissues rich in ciliated cells, such as testis, lung, olfactory 
sensory neurons; and is, therefore, predicted to be important for 
cilia/flagella function.9 MEIG1‑deficient mice have been generated in 
our laboratory, and our studies demonstrated that MEIG1 plays a critical 
role in maintaining manchette stability and functioning, and is essential 
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functionally different proteins, and might have a specific physiological 
role.12–14

Besides junctophilin, MORN domain has been reported to be 
present in several other proteins involved in membrane fission.15,16 In 
Arabidopsis, the only protein reported containing MORN motifs is 
ARC3.15 MORN1 is conserved across the Apicomplexa. Toxoplasma 
gondii has two MORN‑containing proteins (MORN1 and MORN2) 
that contain only multiple MORN motifs.16 MORN1 consists of 
14 MORN motifs of 23‑amino acids; it is present near the flagellar basal 
bodies and mitochondrion. It is associated with several structures that 
have a role in cell division.17 These observations suggest a conserved 
role for MORN1 in both asexual and sexual development across the 
Apicomplexa. MORN1 is also required for basal complex assembly 
and loss of MORN1 resulting in defects in the apicoplast division and 
daughter segregation.18 Recent proteomics studies demonstrated that 
it is associated with proteins in the cytoskeleton.19

Mouse MORN4 is the ortholog of Drosophila melanogaster 
retinophilin (rtp). Retinophilin encodes a MORN domain‑containing 
protein, which protects axons from degeneration in the presence of 
taxol.20 Similarly, MORN4 promotes axonal degeneration in mouse 
sensory axons following axotomy, illustrating the conservation of 
function.21 MORN5 was identified in a work analyzing the human 
chromosome 9.22

Several MORN‑motif proteins have been reported to be expressed 
in male germ cells, including mouse meichroacidin (MCA),23 its human 
ortholog, radial spoke protein 44 (previously testis specific gene A2, or 
TSGA2).24 Here we characterized the mouse Morn3 gene. We discovered 
that Morn3 mRNA is abundant in mouse testis, and is highly expressed 
in the spermiogenesis stage, the translated protein is localized in the 
acrosome in germ cells throughout spermiogenesis; it is also present in 
the manchette of elongating spermatids. The total MORN3 expression 
and acrosome localization were not changed in the Meig1‑deficient mice. 
However, its expression in manchette was dramatically reduced in the 
mutant mice. Our studies suggest that MORN3 is a novel regulator for 
spermatogenesis, probably together with MEIG1.

Given that male factor infertility affects a large sector of the 
population, however, many of its etiologies are unknown. By 
elucidating the underlying genetic basis of infertile phenotypes, may 
be possible to discover the causes of infertility and determine effective 
treatments for patients. Our studies demonstrate that the dysfunction 
of MEIG1/MORN3 genes might be novel genetic factors for male 
infertility, and these genes might be targets for effective treatments 
for infertile males.

MATERIALS AND METHODS
Ethics statement
All rodent work was approved by Virginia Commonwealth 
University’s Institutional Animal Care and Use Committee (protocol 
permit #AM10297 and AD10000167) in concordance with all federal 
and local regulations regarding the use of nonprimate vertebrates in 
scientific research.

Identification of the membrane occupation and recognition nexus 
repeat containing 3 cDNA by yeast two‑hybrid screen
The mouse Morn3 cDNA (NM_029112.1) was identified from a yeast 
two‑hybrid screen using full‑length MEIG1 as bait; the clone appeared 
3 times in the screen.

Mammalian expression constructs
A complementary DNA covering the full‑length mouse Morn3 
cDNA was amplified by reverse transcription‑polymerase chain 

reaction  (RT‑PCR), in which the specific primers were designed 
for PCR amplification that is 5’‑gaattcagaggcagccagcatgccggtc‑3’ 
(forward) and 5’‑ggatccgtctgacctcagccctcctcttc‑3’  (reverse). After 
sequencing, the PCR products were cloned into EcoRI/BamHI sites of 
the p3 × FLAG‑CMV™‑7.1 vector (Sigma, St. Louis, MO, USA), creating 
the construct expressing full‑length MORN3/FLAG fusion protein.

To make the construct expressing MORN3/GFP protein, 
PCR was conducted using the following primer set: forward: 
5’‑gaattctatgccggtcactaagtgtccaag‑3’  (EcoRI) and reverse: 
5’‑ggtacctcagccctcctcttcctcgggctt‑3’  (BamHI). The correct PCR 
product was ligated into pEGFP‑C1 vector (Clontech, Mountain View, 
CA, USA).

Cell culture and transient transfection
Chinese hamster ovary (CHO) and COS‑1 cells were cultured with 
DMEM/F12 or DMEM  (with 10% fetal bovine serum) at 37°C. 
The cells were transfected with indicated plasmids using Fugene6 
transfection reagent  (Promega, Madison, WI, USA). Forty‑eight 
hours after transfection, the cells were processed either for 
co‑immunoprecipitation/Western blot analysis or immunofluorescence 
staining.

Co‑immunoprecipitation
Co‑immunoprecipitation experiments using transfected cells were 
performed as described in our previous study.11 Briefly, COS‑1 cells 
were co‑transfected with a total of 6 μg of indicated plasmids: 
MORN3/FLAG and MEIG1/pTarget plasmids. Forty‑eight hours after 
transfection, cells were washed twice with ice‑cold phosphate‑buffered 
saline  (PBS) following with harvesting into immunoprecipitation 
buffer. After centrifugation at 11 600 g for 5 min, the supernatants were 
precleaned with protein A beads mixture (50% v/v, GE Healthcare, 
Uppsala, Sweden) at 4°C for 30 min. Immunoprecipitate were then 
incubated with 1 μl (1 μg μl−1) of anti‑MEIG1 antibody, or preimmune 
rabbit serum as a control at 4°C for 2 h; protein A beads were added 
with a further incubation at 4°C overnight. The collected samples were 
used for Western blot with monoclonal anti‑FLAG antibody (Sigma, 
St. Louis, MO, USA). Co‑immunoprecipitation using testicular extracts 
of wild‑type mice was conducted with the same procedure as described 
above except that 1 mg of testicular protein was incubated with an 
anti‑MORN3 polyclonal antibody or preimmune rabbit serum, and 
Western blot was conducted using an anti‑MEIG1 antibody.

Reverse transcription‑polymerase chain reaction
Membrane occupation and recognition nexus repeat containing 
3  transcript was analyzed by RT‑PCR. Mouse total RNAs from the 
indicated tissues  (testis, brain, liver, kidney, heart, skeletal muscle, 
spleen, and lung) were isolated using TRIzol reagent  (Invitrogen, 
Grand Island, NY, USA), and RT was performed using the first‑stand 
cDNA synthesis kit from Fermentas (Beijing, China). Briefly, the same 
amount of total RNA  (1 μg) from each tissue was pretreated with 
DNase I (Promega, Madison, WI, USA) and reverse transcribed with 
Moloney murine leukemia virus in the presence of random primers. 
To extract total RNAs from purified germ cells, germ cells were 
separated by the StaPut method.25 To purify populations of pachytene 
spermatocytes, round spermatids and condensing spermatids, the 
mixed germ cells were separated at unit gravity in a 2%–4% bovine 
serum albumin gradient in Eagle’s Minimum Essential Medium with 
Earle’s Salts. Examination of the purity of isolated fractions under 
Nomarski optics revealed that the pachytene spermatocyte, round 
spermatid, and condensing spermatid fractions were 85%, 90%, and 
60% respectively. One microliter of the RT product was used for 



Asian Journal of Andrology 

Characterization of MORN3 in mouse male germ cells 
L Zhang et al

88

PCR. PCR amplification with 35 or 40 cycles was conducted by using 
the PCR master Mix system (Thermo Scientific Fermentas, Beijing, 
China) to examine the expression of the MORN3 transcript using the 
following primers: 5’‑GGGGATTGGAAGTTTGGG‑3’ (forward) and 
5’‑CCTCGTAATACT CCTTGGGT‑3’ (reverse). Gapdh was served as 
a loading control.

Generation of the anti‑membrane occupation and recognition nexus 
repeat containing 3 specific antibody
The coding sequence of the N‑terminal portion from MORN3 was 
PCR‑amplified from a Morn3 cDNA clone. The two primers used were: 
5’‑GCTAGCGAGGCAGCCAGC ATGCCGGTC‑3’  (forward) and 
5’‑GAATTCGAAAAACTGGATCCCATAGCC‑3’  (reverse), adding 
an NdeI restriction site at the 5’ ends and an EcoRI at the 3’ end, 
respectively. The PCR product was inserted into NdeI/EcoRI restriction 
sites of the pET28a expression vector (Novagen, Madison, WI, USA). 
Notably, His6 tags at both the N and C termini were contained in 
the resulting fusion protein. The construct was transformed into 
Escherichia coli strain BL‑21 (DE3) cells, and the fusion protein was 
induced and subsequently purified as reported previously.26 As a control 
of expression, the plasmid pET28a was used without any insert. The 
purified recombinant protein was used to generate polyclonal antisera 
in rabbits by a commercial organization (Antibody Research Center, 
Shanghai Institutes for Biological Sciences, Chinese Academy of 
Sciences, China).

Western blot analysis
Equal amounts of protein (50 μg per lane) were heated to 95°C for 
10  min in sample buffer, samples were resolved on a 10% sodium 
dodecyl sulfate‑polyacrylamide gels and electrotransferred onto 
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). 
The membranes were then blocked in a Tris‑buffered saline (TBST) 
solution containing 5% nonfat dry milk powder and 0.05% Tween 
20 (TBST), and incubated with either rabbit anti‑MORN3 polyclonal 
antibody or anti‑His tag antibody at 4°C for 16 h. After washing 3 times 
with TBST, the blots were immersed in horseradish peroxidase‑labeled 
goat anti‑rabbit IgG with dilution of 1:10 000 at room temperature for 
1  h. Following by washing with TBST, the bound antibodies were 
detected with SuperSignal Chemiluminescent Substrate  (Pierce, 
Rockford, IL, USA). To examine the specificity of the antibody, 
the antibody was mixed with the purified protein that was used to 
generate the antibody, and Western blot was performed with the 
blocked antibody.

En z y me ‑ di ss o c i ate d  te s t i c u l ar  ce l l  pre p arat i on s  and 
immunofluorescence
Enzyme‑dissociated testicular cells were prepared using a previously 
described method.27 Briefly, a pair of testes from an adult, wild‑type 
mouse were decapsulated and pretreated with 5 ml DMEM (containing 
0.5 mg ml−1 collagenase IV and 1.0 mg ml−1 DNase I) for 30 min at 32°C. 
After centrifuging for 5 min at 200 g, the dispersed mixture of testicular 
cells were fixed with 4% paraformaldehyde/PBS solution (containing 
4% sucrose) for 15  min; then washed 3  times with PBS. After 
re‑suspending in 12.5 ml PBS, 100 μL of mixed germ cells were loaded 
on SuperFrost/Plus microscope slides, (Fisher Scientific, Pittsburgh, 
PA, USA) allowing to natural withering. The cells were permeabilized 
with 1% Triton X‑100 for 5  min at 37°C; blocked 1  h at room 
temperature with 10% goat serum in PBS. After the cells were incubated 
overnight with the primary antibodies against MORN3 or α‑tubulin at 
a final dilution as 1:100 at 4°C in a moist chamber, cells were washed 
3  times 0.05% Tween 20 in PBS and incubated 1  h with the same 

secondary antibodies as used for the tissue sections. Some cells were 
double‑stained with an acrosome marker, peanut‑lectin (Invitrogen, 
Grand Island, NY, USA. Cat number: L21409).28 Briefly, after the 
cells were stained with secondary antibody, the cells were washed 
3  times in PBS, and incubated with peanut‑lectin  (20 µg ml−1 final 
concentration) at room temperature for 15 min, washed again 3 times in 
PBS, mounted with VectaMount (Vector laboratories, Burlingame, CA, 
USA), and sealed with a cover slip. Images were captured by confocal 
laser‑scanning microscopy as before.

RESULTS
Membrane occupation and recognition nexus repeat containing 
3 associates with meiosis expressed gene 1
Meiosis  expressed gene 1 was used as  bait  for  a  yeast 
two‑hybrid screening, MORN3 was identified to be a potential 
binding partner. After generation of expression plasmids for 
MORN3 (MORN3/FLAG) and MEIG1 (MEIG1/pTarget), a potential 
interaction of both proteins was investigated in co‑transfected 
COS‑1 cells. The MORN3/FLAG was transfected into COS‑1 cells, 
and the protein was expressed  (Figure  1a). In order to test the 
interaction of MORN3 and MEIG1 in the transfected COS‑1 cells, 
MORN3/FLAG and MEIG1/pTarget plasmids were co‑transfected, 
and Co‑IP was performed, an anti‑MEIG1 antibody was used for a 
pull‑down experiment, MORN3/FLAG protein was co‑precipitated 
from the lysate (Figure 1b). To further investigate if the two proteins 
interacts in vivo, testicular extracts from adult wild‑type mice was 
pulled down using an anti‑MORN3 polyclonal antibody generated, 
and Western blot was conducted with the anti‑MEIG1 polyclonal 
antibody, MEIG1 protein was co‑precipitated by the MORN3 
antibody (Supplementary Figure 1).

Membrane occupation and recognition nexus repeat containing 
3 mRNA is highly expressed in the mouse testis
The tissue‑specific expression pattern of was analyzed by RT‑PCR 
analyses of total RNA derived from different mouse tissues. Mouse 
Morn3 mRNA was abundantly expressed in the testis, and to much 

Figure  1: Membrane occupation and recognition nexus repeat containing 
3  (MORN3) associates with meiosis expressed gene 1  (MEIG1) in  vitro, 
(a) Western blot analysis of MORN3/FLAG fusion protein expressed in 
COS‑1  cells transfected with Flag‑tagged mouse MORN3 expression 
plasmid using an anti‑FLAG antibody  (upper panel). The membrane was 
re‑probed with an anti‑β‑actin antibody as a loading control (lower panel). 
(b) Co‑immunoprecipitation using cell lysates from COS‑1cells co‑transfected 
by MEIG1/pTarget and MORN3/FLAG plasmids.

b
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weaker extent expressed in the brain and in the oviduct (Figures 2 
and 3).

Membrane occupation and recognition nexus repeat containing 
3 mRNA is abundant in the late stage of spermatogenesis
Expression of the mouse Morn3 gene was examined in the testis 
during the first wave of spermatogenesis by RT‑PCR. The message 
was undetectable from day 6 to day 16 after birth. Morn3 mRNA was 
detectable at day 20 after birth; the expression strongly increased at 
day 30 and day 42 after birth (Figure 3a).

To further examine Morn3  mRNA abundance during 
spermatogenesis stages, mixed germ cells were isolated from adult 
mouse testes, and pachytene spermatocytes, round spermatids, and 
condensing spermatids were separated from the isolated mixed 
germ cells by StaPut method. Morn3 mRNA was abundant in 
the round and condensing spermatids, but not in the pachytene 
spermatocytes (Figure 3b).

Membrane occupation and recognition nexus repeat containing 3 is 
present in the cytoplasm of transfected mammalian cells
A polyclonal antibody was generated against N‑terminus of the 
full‑length MORN3 protein. To test the antibody, Western blot 
was conducted using lysates from COS‑1  cells transfected with 
MORN3/Flag and MORN3/pEGFP‑C1 plasmids. The antibody 
cross‑reacted with the MORN3 fusion proteins  (Supplementary 
Figure  2a). Localization of MORN3/FLAG in the transfected 
mammalian cells was examined by immunofluorescence staining; 
the protein is present throughout the cytoplasm (Supplementary 
Figure 2b).

Tissue distribution of membrane occupation and recognition nexus 
repeat containing 3 protein and its expression during the first wave 
of spermatogenesis
With the anti‑MORN3 antibody generated, Western blotting was 
performed using tissue lysates prepared from multiple tissues, including 
brain, heart, lung, liver, spleen, muscle, kidney, oviduct and testis. In 
tissues, it was examined that the antibody cross‑reacted with about 
25 kDa protein only in the testis (Figure 4a).

To further examine expression of MORN3 protein in the testis 
during the first wave of spermatogenesis, Western blotting was 
conducted using testicular extracts from mice at day 6, 8, 12, 16, 20, 30 

and 42 after birth. The 25 kDa protein was expressed at day 30 through 
today 42 after birth (Figure 4b).

Membrane occupation and recognition nexus repeat containing 
3  is localized in the acrosome and manchette of spermatids, and 
the manchette localization is dependent on meiosis expressed gene 
1 protein
Localization of endogenous MORN3 protein was examined by 
using mixed testicular cells prepared as described in the method. 
No specific signal was detected in the germ cells by the preimmune 
serum (Supplementary Figure 3). In primary spermatocytes of the 
pachytene stage, no specific signal was detected (Figure 5a). However, 
the specific signal was observed to be largely restricted on the apical 
region surrounding the nuclear membrane in round spermatids and 
elongating spermatids, and co‑localized with lectin, an acrosome 
marker (Figure 5b–5d).

Besides in the acrosome, MORN3 signal was also detected in 
the cauda region that closely associates with a nuclear membrane of 
elongating spermatids (arrows in Figure 5c and 5d). Since this region 
represents a unique structure of elongating spermatids, the manchette, 
thus double staining was conducted with anti‑MORN3 antibody and 
a monoclonal anti‑α‑tubulin antibody; which specifically decorates 
manchette. In the elongating spermatids, MORN3 protein that 
associates with a nuclear membrane in the cauda region co‑localizes 
with α‑tubulin (Figure 6a and 6b).

Figure 2: Mouse membrane occupation and recognition nexus repeat containing 
3 (Morn3) mRNA is abundant in the testis. Reverse transcription‑polymerase 
chain reaction (RT‑PCR) was conducted using cDNAs from indicated mouse 
tissues; Morn3 cDNA was amplified from testicular cDNA using 40 cycles. 
Beside in the testis, Morn3 cDNA was also detected in the brain (arrow) (upper 
panel). Gapdh cDNA was examined as a control (lower panel). Notice that 
in the testis, beside the major band at the correct size, several other PCR 
products were also co‑amplified, they may represent nonspecific PCR products, 
or other Morn3 isoforms.

Figure 3: Mouse membrane occupation and recognition nexus repeat containing 
3 (Morn3) mRNA is expressed in the late stage of spermatogenesis, (a) Reverse 
transcription‑polymerase chain reaction (RT‑PCR) was conducted for 35 cycles 
using cDNAs prepared from testes of wild‑type mice at indicated ages. Notice 
that Morn3 mRNA is highly expressed at day 30 and 42 after birth. (b) RT‑PCR 
for 35 cycles was conducted using cDNAs prepared from mixed germ cells 
and indicated purified male germ cells. Notice that Morn3 mRNA is highly 
expressed in round and condensing spermatids. The weak signal in pachytene 
spermatocytes might be from other cell populations co‑purified with pachytene 
spermatocytes during germ cell separation.
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Membrane occupation and recognition nexus repeat containing 
3 associates with MEIG1 in  vivo, its protein expression level and 
localization were examined in the MEIG1‑deficient mice. Testicular 
MORN3 protein expression level was examined in adult wild‑type 
and MEIG1 knockout mice by Western blot analysis. There was no 
obvious difference in MORN3 protein expression level between 
wild‑type and MEIG1 mutant mice (Supplementary Figure 4). Even 
though, MORN3 was present in the elongating spermatids of wild‑type 
mice, MORN3 signal appeared to be missing from the manchette of 
MEIG1‑deficient mice (Figure 6c). However, localization of MORN3 
in the acrosome remains unchanged in all steps of spermatids of 
MEIG1‑deficient mice (Figure 7a–7d).

DISCUSSION
We characterized Morn3 gene in mouse. Both Morn3 messenger 
RNA and protein are highly expressed in the testis, and it is expressed 
postmeiotically, suggesting that the gene might be involved in 
morphological changes of male germ cells. MORN3 protein was not 
expressed in somatic testicular cells in our studies (data not shown), 
indicating that it only executes roles in germ cells.

Even though Morn3 mRNA is highly abundant in the testis, the 
message was also detectable in the brain and oviduct. Given that these 
tissues have motile flagella and cilia respectively, we hypothesize that 
MORN3 might not only be involved in spermiogenesis, it might play a 
general role in ciliogenesis, particularly for motile cilia; this hypothesis 
is supported by the following published observations: (1) MORN3 is 
enriched in the ciliated tissues;9 (2) MORN3 is present in the proteomic 
database derived from cilia;29 and (3) Morn3 mRNA is significantly 
up‑regulated by multicilin during ciliogenesis.30

The potential role of MORN3 in ciliogenesis is not only supported 
by its tissue distribution and stage when it is activated during 
spermatogenesis, but also by its cellular localization. Even though 
exogenous MORN3 is present throughout the cytoplasm in the 
transfected CHO cells, endogenous MORN3 protein is localized in the 

Figure 5: Co‑localization of membrane occupation and recognition nexus repeat 
containing 3 (MORN3) with acrosome marker, lectin in round and elongating 
spermatids of wild‑type mice. Isolated, mixed germ cells were double stained 
with anti‑MORN3 antibody and an acrosome marker, lectin. MORN3 was 
not present in spermatocytes (a), but was co‑localized with lectin in round 
spermatids and elongating spermatids (b-d). Notice that in the elongating 
spermatids, MORN was also present in the cauda region that closely associated 
with a nuclear membrane (arrows in c and d). PL‑488: peanut‑lectin‑488 
labeled. The arrowhead in A points to a round spermatid that appears 
to express MORN3 at low level. The red signals were absent when the 
anti‑MORN3 antibody was blocked with purified MORN3 protein, indicating 
that these red signals were specific for MORN3 (data not shown).

Figure  4: Analysis of membrane occupation and recognition nexus repeat 
containing 3 (MORN3) protein expression by Western blot in multiple mouse 
tissues and testes at first wave of spermatogenesis. MORN3 protein expression 
in the indicated mouse tissues from an adult wild‑type mouse (a) and testes of 
wild‑type mice at indicated ages (b) was examined by Western blot analysis. 
Notice that the antibody cross‑reacted to a 25 kDa protein only in the testis, 
and that MORN3 is only present in the testes of the mice at day 30 and 
42 after birth, but not in early stage. The 25 kDa signal was absent when 
the antibody was blocked with purified MORN3 protein, indicating that the 
25 kDa protein was specific for MORN3 (data not shown).
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acrosome and manchette; both structures are unique in male germ cells 
and are essential for spermiogenesis/flagellogenesis.31,32

The anterior part of the sperm nucleus is highly conserved through 
evolution, where the acrosome, which forms during the beginning of 
spermiogenesis, as a unique membranous organelle located over it.33 
Early studies established that the acrosome is a Golgi derived secretory 
vesicle. During acrosome and maturation phase, spermatids appear to 
possess an extra‑Golgi pathway, permitting direct protein transport 
from the endoplasmic reticulum to the acrosome;34 recent studies also 
suggested that the acrosome is a novel lysosome‑related organelle,33 
which has many Rab family proteins, small GTPases critical for vesicle 
fusion and transport.35–37

We have previously reported that RC/BTB2, another MEIG1 
associated protein, is also localized in the acrosome of spermatids.38 
However, endogenous RC/BTB2 is also expressed in spermatocytes 
and localized in the Golgi (unpublished observation). In transfected 
CHO cells, RC/BTB2 was present as small vesicles in the beginning, 

Figure  7: Membrane occupation and recognition nexus repeat containing 
3 (MORN3) remained in the acrosome of spermatids in the meiosis expressed 
gene 1  (Meig1)‑deficient mice. MORN3 localization was examined in the 
isolated mixed germ cells of MEIG1‑deficient mice. MEIG1 remained 
in the acrosome of round  (a) and elongating spermatids  (b-d). PL‑488: 
peanut‑lectin‑488 labeled.

d

c

b
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Figure  6: Membrane occupation and recognition nexus repeat containing 
3 (MORN3) is localized on the manchette of the elongating spermatids and 
is dependent on meiosis expressed gene 1 (MEIG1). Isolated mixed germ 
cells were double stained with anti‑MORN3 antibody and a manchette marker, 
α‑tubulin. Notice that MORN3 that was in the cauda region of the nuclear 
membrane and co‑localized with α‑tubulin (arrows in a and b). Arrowheads 
point to the acrosome.  (a) an elongating spermatid at earlier stage of a 
wild‑type mouse; (b) an elongating spermatid at later stage of a wild‑type 
mouse; (c) MORN3 localization in a remaining elongating spermatid of an 
MEIG1‑deficient mouse. Notice that MORN3 is no longer present in the 
manchette. The red signals were absent when the anti‑MORN3 antibody was 
blocked with purified MORN3 protein, indicating that these red signals were 
specific for MORN3 (data not shown).
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and then fused to form a large one and attached to the nuclear 
membrane. These suggest that the RC/BTB2 might be involved in 
acrosome biosynthesis. This is different from MORN3. Even though 
weak Morn3 message is detected in spermatocytes  (Figure  3b), 
the signal might be from other cell populations co‑purified with 
pachytene spermatocytes during germ cell separation as no specific 
signal was detected in spermatocytes by immunofluorescent 
experiment using specific anti‑MORN3 antibody  (Figure  5a). 
RT‑PCR using testicular cDNAs from mouse testes at different ages 
during the first wave of spermatogenesis also suggests that Morn3 
mRNA is only abundant in spermatids (Figure 3a). MORN3 is not 
expressed in spermatocytes, and in transfected cells, it is localized in 
the whole cytoplasm. However, it is not yet known whether MORN3 
is also located in the Golgi and if any other protein (s) are involved 
in MORN3 acrosomal enrichment. Our own data suggest that this 
is not depended on MEIG1, as MORN3 acrosome localization was 
not changed in MEIG1‑deficient mice. Even though the anti‑MORN3 
antibody is highly specific, it only works for isolated mixed testicular 
cells for immunofluorescent staining, not for testicular sections 
and immunogold electron microscopy. A better quality antibody is 
required to conduct these experiments.

The manchette is a transient structure constituted by microtubular 
proteins, which forms at early stage of spermatid elongation, and 
it dissolves with the elongation and condensation processes being 
completed.39,40 The timing of manchette development is extremely 
precise. Several findings suggest that some structural proteins can be 
sorted and transported to the centrosome and the developing sperm 
flagella by the manchette through the mechanism of intramanchette 
transport.31,41 Increasing literatures demonstrated that the disruption 
of manchette components resulted in failure of spermiogenesis; one 
example is mice lacking MEIG1.10 Our recent studies demonstrated that 
MEIG1 is present throughout the whole cells of spermatocytes, but is 
translocated to the manchette of elongating spermatids (unpublished 
observation). It appears that MEIG1 determines MORN3 manchette 
localization in the elongating spermatids, as MORN3 is present in 
the manchette of elongating spermatids of wild‑type mice, but in 
the elongating spermatids of MEIG1‑deficient mice, MORN3 is no 
longer present in the manchette, even if localization of the manchette 
backbone, α‑tubulin remains intact. Given that MORN3 protein 
expression level was not changed in the MEIG1‑deficient mice, MEIG1 
might not regulate MORN3 protein expression.

As described previously, two MORN‑motif proteins were 
identified in mouse testis,23,42 and both are essential for spermiogenesis. 
MSAP (MRON motif‑containing sperm‑specific axonemal protein) is 
a male‑specific homolog of the meichroacidin gene in carp (Cyprinus 
carpio). It is expressed during late spermiogenesis and accumulated 
in basal body and flagellum of spermatids. Another MORN‑motif 
protein, MOPT (MORN2), was identified in mouse testis, transcript 
of MOPT was highly and specifically expressed in the testis and the 
skeletal muscle. Furthermore, MOPT transcript and protein were 
confined mainly to round and elongated spermatids. It first appeared 
in the proacrosomic vesicles of the early Golgi phase spermatids, and 
was involved in endosomal trafficking between the plasma membrane 
and the apex of the acrosome of round spermatids; these suggest that 
MOPT may play an important role in a dynamic regulation of acrosome 
biogenesis during late spermiogenesis.5

Although MORN3 and these testis MORN‑motif proteins contain 
MORN motif, their overall homologue is very low, and protein blast 
using the MORN3 domain for MORN3 antibody production did 
not identify other proteins, this rules out the possibility that our 

anti‑MORN3 antibody cross‑reacted with other MORN‑motif proteins; 
thus, localization reported here is specific for MORN3 protein. Many 
acrosomal proteins have a short signal peptide in the end; this peptide 
is usually removed, and the mature protein is usually smaller than the 
full‑length protein. This might explain the reason why MORN3 is slightly 
smaller than the predicted full‑length size in the testis. Interestingly, 
MORN3 protein expressed in transfected mammalian cells has the 
predicted molecular mass, indicating that posttranslational of MORN3 
occurs only in the testis where specific posttranslational system is present.

In summary, we characterized another MORN‑motif protein, 
MORN3 in mouse, and discovered that the gene is highly expressed in 
spermiogenic germ cells, where MORN3 is localized in the acrosome 
and manchette, two male germ cell specific structures that are essential 
for spermiogenesis, and the manchette localization is dependent on 
MEIG1. Given that MEIG1 plays an essential role in sperm flagella 
assembling, MORN3 might form a complex with MEIG1 in the 
manchette and conducts a similar function as MEIG1, and MORN3/
MEIG1 complex might regulate spermiogenesis through a unique 
pathway in the manchette. Genetic factors for male infertility remain 
largely unknown, MEIG1/MORN3 genes might be novel genetic 
factors for male infertility and these genes might be targets for effective 
treatments for infertile males.
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