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A single amino acid mutation in the mouse MEIG1 protein
disrupts a cargo transport system necessary for sperm

formation
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Mammalian spermatogenesis is a highly coordinated process
that requires cooperation between specific proteins to coordi-
nate diverse biological functions. For example, mouse Parkin
coregulated gene (PACRG) recruits meiosis-expressed gene 1
(MEIG1) to the manchette during normal spermiogenesis. Here
we mutated Y68 of MEIG1 using the CRISPR/cas9 system and
examined the biological and physiological consequences in
mice. All homozygous mutant males examined were completely
infertile, and sperm count was dramatically reduced. The few
developed sperm were immotile and displayed multiple ab-
normalities. Histological staining showed impaired spermio-
genesis in these mutant mice. Immunofluorescent staining
further revealed that this mutant MEIG1 was still present in the
cell body of spermatocytes, but also that more MEIG1 accu-
mulated in the acrosome region of round spermatids. The
mutant MEIG1 and a cargo protein of the MEIG1/PACRG
complex, sperm-associated antigen 16L (SPAGI16L), were no
longer found to be present in the manchette; however, locali-
zation of the PACRG component was not changed in the mu-
tants. These findings demonstrate that Y68 of MEIGL1 is a key
amino acid required for PACRG to recruit MEIG1 to the
manchette to transport cargo proteins during sperm flagella
formation. Given that MEIG1 and PACRG are conserved in
humans, small molecules that block MEIG1/PACRG interaction
are likely ideal targets for the development of male contra-
conception drugs.

Mouse Meigl was originally cloned in a screen for genes
essential for meiosis (1). Multiple Meigl transcripts are present
in different tissues encoding the same protein but differing in
their 5’- or 3'-UTRs (1, 2). MEIG1 protein is found in other
species, and the amino acid sequences are highly conserved
(2, 3). Even though Meigl is expressed in multiple tissues, it is
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most abundantly expressed in tissues rich in ciliated cells.
Therefore, it is predicted to be important for cilia formation. In
mouse testis, Meigl message is present in germ cells and
Sertoli cells (4—8). Global Meigl knockout mice showed pure
male infertility due to impaired spermiogenesis, but no meiosis
defect was found (2, 3). Our laboratory further discovered
that MEIG1’s primary function is in germ cells, not in Sertoli
cells (9).

The mechanism of MEIG1’s function was further studied in
our laboratory. MEIG1 is present in cell bodies of spermato-
cytes and round spermatids, but it is translocated to the man-
chette in elongating spermatids (10). The manchette is a
transient structure only present in elongating spermatids. The
timing of manchette development is very precise (11, 12). Two
major functions of the manchette have been proposed: shaping
spermatid heads and sorting structural proteins to the centro-
some and the developing sperm tail through intra-manchette
transport (IMT) (13, 14). These proposed functions are sup-
ported by the characteristics of its structural proteins and
mutant mouse models. The manchette contains molecular
motor proteins and proteins used to build sperm tails (15, 16).
Disruption of motor proteins in male germ cells results in
spermiogenesis failure associated with a manchette defect (17).
Proteins that regulate motor protein function and localization
are also present in the manchette, and some of them have been
shown to be essential for spermatogenesis (18—36).

A yeast two-hybrid screen was conducted using full-length
mouse MEIG1 as bait to identify binding partners, and
PACRG was identified to be its major binding partner (10, 37,
38). Pacrg mutant mice showed a similar phenotype as the
Meigl mutants (39-43). In germ cells, PACRG protein is not
translated until day 28 after birth when germ cells start to
elongate, and the translated protein becomes localized in the
manchette (10). Using mouse PACRG as bait for a yeast two-
hybrid screen, MEIG1 was found to be the major binding
partner (10). In elongating spermatids, PACRG determines
MEIG1’s localization in the manchette (10).
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Sperm formation requires Y68 of MEIG1

Sperm-associated antigen 16L (SPAGI16L), a long isoform
translated from the Spagl6 gene, is a protein localized in the
central apparatus of motile cilia (44—46). SPAG16L is localized
in the manchette of elongating spermatids of wild-type mice.
However, it is absent in the manchette of the remaining
elongating spermatids of MEIG1 or PACRG-deficient mice
(10), indicating that SPAG16L is a cargo of MEIG1/PACRG
complex. Thus, MEIG1 and PACRG appear to form a complex
in the manchette to transport cargo (SPAG16L) to build sperm
flagellum.

MEIGT’s structure was resolved by nuclear magnetic reso-
nance (NMR) (47). The shape of MEIG1 resembles a dumb-
bell, such that associated proteins can bind to either of two
opposing concave surfaces or the two convex ends of the
dumbbell. Twelve amino acids exposed on the protein surface
are believed to mediate interactions between MEIG1 and its
binding partners, particularly PACRG (47). We examined the
role of the 12 amino acids in MEIG1/PACRG interaction and
discovered that the four amino acids located on the same
surface, W50, K57, F66, and particularly Y68, mediate inter-
action between MEIG1 and PACRG (47). We mutated the Y68
amino acid using the CRISPR/cas9 system to study its role
in vivo. The single amino acid mutant MEIG1 was still present
in the cell bodies of spermatocytes and round spermatids, but
was no longer present in the manchette of the remaining
elongating spermatids. The MEIG1 mutation caused male
mice infertility associated with dramatically reduced sperm
counts and abnormal sperm morphology, including short tails,
vesicles in the flagella, and different thicknesses along the tails.
Most importantly, sperm were immotile. SPAG16L was not
present in the manchette in elongating spermatids of the
mutant mice. The phenotype was similar to the global Meigi
knockout mice. The study demonstrates that Y68 is a key
amino acid for PACRG to recruit MEIG1 to the manchette to
form the MEIG1/PACRG complex, which is essential for
transporting cargo proteins for sperm formation.

Results

Generation of MEIG1 single amino acid (MEIG1Y%®4) mutant
mice

We previously discovered that four amino acids, W50, K57,
F66, and particularly Y68, mediate interactions between MEIG1
and PACRG in vitro (47). To test if these amino acids, partic-
ularly Y68, are important for MEIG1’s function in vivo, we
generated a mouse model replacing Y68 with alanine using the
CRISPR/cas9 system (Fig. S1A). DNA sequencing of the RT-
PCR product revealed that only Y68 amino acid was mutated
to A68 in the model (Fig. S1B). Western blot analysis using
testicular extracts demonstrated that the mutant MEIG1 pro-
tein was expressed in the testis (Fig. 1A). Localization of the
mutant MEIG1 was examined by immunofluorescence stain-
ing. As reported previously (10), the wild-type MEIG1 was
present in cell bodies of spermatocytes and round spermatids,
and it was translocated to the manchette of elongating sper-
matids (Fig. 1Ba—c). The Y68A mutant MEIG1 was still present
in cell bodies of spermatocytes and round spermatids.
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However, it was no longer present in the manchette. Interest-
ingly, the mutant MEIG1 appeared to accumulate in the
acrosome as an increased MEIG1 signal was observed here
(Fig. 1Bd-f).
Homozygous MEIG1"%%* mutant mice were infertile associated
with reduced sperm number, motility, and increased
abnormal sperm in mice

Homozygous mutant mice did not show any gross abnor-
malities. To test fertility of these mutant mice, 2 to 3 month-
old wild-type mice and homozygous mutant mice were bred
with 2 to 3-month-old wild-type mice for more than 2 months.
All the control mice, including wild-type and heterozygous
males and homozygous mutant females, showed normal
fertility. All homozygous mutant males examined were infer-
tile (Fig. 24). There was no significant difference in testis/body
weight between the control and homozygous mutant mice
(Fig. 2B). Sperm number, morphology, and motility from the
control and homozygous mutant mice were examined (Fig. 2,
C-F). The sperm count was dramatically reduced in the
mutant mice (Fig. 2, C and D and Movie S1). Sperm from the
control mice showed normal morphology (Fig. 2C and Movie
S2, left panel). Multiple abnormalities in sperm were observed
in the mutant mice, including short tails, vesicles in the
flagella, and different thicknesses along the tails (Fig. 2C and
Movie S1, right panel), and percentage of abnormal sperm was
significantly increased in the mutant mice (Fig. 2E and Movie
S1). More than 70% of sperm from the control group were
motile and showed progressive motility (Fig. 2F and Movie S2);
No sperm were motile in the mutant mice (Fig. 2F and Movie
S1).

Abnormal spermiogenesis in the homozygous MEIG1Y%%*
mutant mice

Significantly reduced and nonfunctional sperm suggests
impaired spermatogenesis in the mutant mice. To examine the
spermatogenesis process in the mutant mice, testes from 4 to
5 month-old control and homozygous mutant mice were
collected for HE staining. The control mice showed a normal
spermatogenesis process. However, the mutant mice showed
impaired spermiogenesis. Elongating spermatids lacking tails
or with short tails and deformed heads were frequently
observed in the seminiferous tubules of the mutant mice
(Fig. 3A). Histology of cauda epididymis of the adult control
and the mutant mice was also examined. The control mice had
highly concentrated normal sperm in the lumen (Fig. 3Ba).
However, the mutant mice had low sperm concentration with
multiple abnormalities, as observed in the seminiferous tu-
bules (Fig. 3Bb).

Ultrastructural changes in the seminiferous tubules of the
MEIG1"°%* mutant mice

To investigate the structural basis for the reduced sperm
number and sperm morphology changes, TEM was conducted in
testis. In seminiferous tubules of the controls, normal spermio-
genesis process was observed, including chromatin
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Figure 1. Generation of MEIG1Y°®** mutant mouse model. A, examination of testicular MEIG1 expression in the indicated mice. (a) Representative
Western blot results to examine testicular MEIGT protein expression in the control, Y68A homozygous mutant, and global Meig1 knockout mice. MEIG1 is
missing in the global knockout mice, but is still present in the Y68A mutant mice. (b) Quantification of the relative MEIG1 protein expression normalized by
B-actin. Error bars represent the standard deviation (n = 3). (*), p < 0.05. B, mislocalization of Y68A mutant MEIG1 in round and elongating spermatids. The
testicular cells were double stained with MEIG1 antibody (red) and the acrosome marker lectin PNA (green), or a manchette marker a-tubulin (green). Wild-
type MEIG1 is localized in cell bodies of spermatocytes (panel a, arrow) and round spermatids (panel b, dashed arrows), and migrates to the manchette of
elongating spermatids (panel ¢, arrow head). Y68A mutant MEIG1 is still present in cell bodies of spermatocytes (panel d, f, arrows), but is highly
concentrated in the acrosome of round spermatids (panel e, dashed arrows); it is not present in the manchette of the remaining elongating spermatids

(panel f, arrow heads).
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Figure 2. Y68 single amino acid defect in MEIG1 causes male infertility associated with abnormal sperm morphology, significantly reduced sperm
number and motility. A, fertility of control and MEIG1Y%®* mutant mice. Ten controls and ten MEIG1Y®* mutant mice were examined. Fertility and litter size
were recorded for each mating. Notice that all mutant females had normal fertility; however, all mutant males were infertile. B, normal testis/body weight of
control and Y68A mutant mice. C, morphological examination of epididymal sperm from the control (left) and mutant (right) mice by light microscopy at low
magnification. Notice that sperm density of the control mice is higher than those observed in the MEIG17%®* mice under the same dilution. Sperm in the
control mice showed normal morphology, but short tails (lower, left inset), vesicles in the flagella (lower, right inset), and different thicknesses along the tails

(upper, inset) were frequently observed in the mutant mice, Bar = 10 pm. D, sperm number was significantly reduced in the mutant mice. E, percentage of

abnormal sperm of control and the mutant mice. F, percentage of motile sperm of control and the mutant mice.

“n

represents the number of mice

analyzed. Data are expressed as Mean + SD. Statistically significant differences (*), p < 0.05.

condensation, flagella formation, and numbers of elongated
spermatids released to the lumen (Fig. 4a). However, in the
MEIG1Y%®** mutant mice, there were few sperm in the seminif-
erous tubules, and these developed sperm had abnormal flagellar
structure, chromatin condensation, and sperm head shapes. The
flagella with abnormal “9 + 2” axoneme arrangement were sur-
rounded by many lysosomes, which seemed to degrade the
abnormal sperm. They were also concentrated in Sertoli cells,
with evidence of Sertoli cell phagocytosis. What's more, consis-
tent with the phenotype of MEIG1-deficient mice, flagellar
components such as microtubules and outer dense fibers could
be detected but were not assembled correctly (Fig. 4, b—h).

PACRG level and localization were not changed in the
MEIG1Y%®4 mutant mice

Testicular PACRG level and its localization in elongating

spermatids were examined in the MEIG1Y*** mutant mice.

4 ] Biol. Chem. (2021) 297(5) 101312

There was no difference in PACRG levels between the control
and MEIG1 mutant mice (Fig. 54). However, co-IP experiment
showed that PACRG does not bind with the Y68A mutant
MEIG]1 (Fig. 5B). We previously discovered that mouse PACRG
was present in the manchette of elongating spermatids of wild-
type and global Meigl knockout mice (10). In the MEIG1 %4
mutant mice, like in the control mice (Fig. 5C, top panels),
PACRG was still present in the manchette (Fig. 5C, bottom two
panels), even though the mutant MEIG1 was not present in the
manchette anymore (Fig. 1Bf), supporting our previous
conclusion that PACRG is an “upstream protein” of MEIG1.

SPAG16L, the cargo of MEIG1/PACRG complex, is absent from
the manchette of elongating spermatids of the MEIG1"5%4
mutant mice

SPAGI6L is present in the cytoplasm of spermatocytes and
round spermatids and is recruited to the manchette by

SASBMB
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Figure 3. Spermiogenesis defect in the MEIG mutant mice. A, testis histology of control (a-d) and homozygous Y68A mutant mice (e-h). (a)
Stage VII-VIIl showing normal spermatogenesis with step 7 to 8 round spermatids. Step 16 spermatids are aligned by their heads (H) at the lumen,
with extensive tails (T). Bar = 25 um (for all photos). (b) Stage X showing normal step 10 spermatids just beginning to show elongation of the nucleus.
(c) Stage XIl showing normal meiotic division of spermatocytes (Me) and step 12 elongating spermatids, with their long tails (T) extending into the
lumen. (d) Stage I-1ll showing normal step 1 to 3 round spermatids and elongating spermatids with heads (H) aligned and tails (T) extending into the
lumen. (e) Mutant stage VII-VIIl showing normal step 7 to 8 round spermatids, but abnormal elongating spermatids (Ab). The abnormal elongating
spermatid heads (H) are surrounded by cytoplasm and appear rounded without an extension of the tails (¥). The heads of step 16 spermatids are seen
deep within the epithelium, where they have been phagocytized by the Sertoli cells. (f) Mutant stage IX-X showing disorganization of the step 9 to 10
spermatids, with possibly some abnormal shapes. Failure of spermiation is present with rounded cytoplasm of residual bodies (Rb) containing the
heads of sperm without tails. Some individual step 16 spermatid heads are also seen having been phagocytized by Sertoli cells. (g) Mutant stage Xl
showing normal meiotic division (Me) of spermatocytes, but disorganization of the step 12 elongating spermatids. The elongating spermatids are
abnormal, lacking tails in many cases (*) and showing abnormal tails (Ab) with excessive cytoplasm in other cases. (h) Mutant stage I-Ill showing
normal step 1 to 3 round spermatids, but abnormal heads of elongating spermatids (Ab) and few tails extending into the lumen. B, the control mouse
cauda epididymis showing highly concentrated normal sperm in the lumen with heads (H) and tails (T) aligned (a). The MEIG1"®** mutant cauda
epididymis (b) showing very low concentration of sperm, with high incidence of sperm abnormalities (Ab), including absent tails, excess cytoplasm,
and short tails. Round bodies (Rb) in the lumen appear to be larger residual bodies and smaller cytoplasmic droplets (Cd). Few sperm tails are present.
Bar = 20 mm (for all photos).

1 Y68A

MEIG1/PACRG complex (10). We therefore examined was still localized in the cytoplasm of the mutant mice, which
testicular SPAG16L expression levels and localization in the is consistent with the localization as seen in the control mice
MEIG1Y%** mutant mice. The testicular SPAG16L expression  (Fig. 6Ba—d). However, SPAG16L was no longer present in the
level was not changed as revealed by Western blot analysis manchette in elongating spermatids of the mutant mice
(Fig. 6A). In spermatocytes and round spermatids, SPAG16L  (Fig. 6Bd). The results further support our conclusion that
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Figure 4. TEM images of seminiferous tubules of a control mouse and MEIG

1 Y68A

mutant mice. A number of normally developed sperm were

released to the lumen of the seminiferous tubules of a control mouse. Normal chromatin condensation (dotted arrow), well-condensed head (arrow), and
normally developed flagella can be observed. The arrow heads point to the middle piece (right, inset) and the principle piece (left, inset) in (a). (b) shows
few sperm present in the lumen in the MEIG1Y%®* mutant mice. Abnormal “9 + 2" axoneme structure surrounded by abnormally accessory structures
(arrow heads in b-e) were frequently observed. Increased number of the lysosomes were seen in the degrading abnormal flagellum (stars, b). Multiple
elongating spermatids in the seminiferous tubule were wrapped in 1 cell membrane, indicating phagocytized by Sertoli cells (arrowheads, e). Abnormal
condensed head (triangles, f) and chromatin can be seen in the mutant mice (arrows, in g and h).

the manchette localization of SPAGI16L is dependent on
MEIG1 (10).

Discussion

Our lab previously resolved MEIG1’s structure by NMR.
Twelve amino acids exposed on the protein surface are believed
to mediate interactions between MEIG1 and its binding partners
(47). We further examined the role of the 12 amino acids on
MEIGT’s surface in MEIG1/PACRG interaction and discovered
that the four amino acids located on the same surface, W50, K57,
F66, and especially Y68, are involved in interaction with PACRG
(47). In this study, we demonstrated that Y68 is essential for
MEIG1’s function in vivo. We discovered that the male repro-
ductive phenotype of MEIG1 Y68A mutants is consistent with
what was observed in global Meigl KO mice. Homozygous
mutant mice did not show any gross abnormalities. However, all
homozygous mutant mice were infertile associated with multi-
ple defects in spermiogenesis.

Although the Y68A mutant MEIG1 was still in cell bodies of
spermatocytes and round spermatids, it was no longer present
in the manchette. This is consistent with our previous
conclusion that MEIG1 localization in the manchette is
dependent on PACRG (10). During the first wave of sper-
matogenesis, PACRG is expressed at postnatal day 28, when
germ cells start to condense and the manchette is formed (10).
PACRG recruits MEIG1 through binding to the Y68 amino
acid to form a MEIG1/PACRG complex in the manchette.
When Y68 on the MEIG1 is mutated, PACRG is unable to
bind to MEIG1, and therefore the mutant MEIG1 is no longer

6 J Biol. Chem. (2021) 297(5) 101312

present in the manchette. Interestingly, even though MEIGL1 is
not concentrated in the acrosome region of round spermatids
in the wild-type mice, the mutant MEIG1 seems to accumulate
there. It has been proposed that acrosome-derived vesicles
contribute to the manchette components (14, 15). Accumu-
lation of the mutant MEIGI in the acrosome suggests that
partial wild-type MEIGL is recruited to the manchette through
the acrosome—manchette pathway. When the MEIG1 is
mutated, this pathway is disrupted, and the mutant MEIG1
stays in the acrosome.

It is not surprising that PACRG was still present in the
manchette of remaining elongating spermatids when MEIG1
was mutated. This result further confirms that PACRG is an
“upstream protein” of MEIG1 (10). We previously discovered
that SPAG16L, a component of the central apparatus of
motile cilia, is a cargo protein of MEIG1/PACRG complex.
SPAGI16L is localized in the manchette of elongating sper-
matids of wild-type mice, and the localization is MEIG1 or
PACRG dependent (10). Similar localization was observed in
the present model: when MEIG1 was mutated, SPAG16L was
still present in the cytoplasm of spermatocytes and round
spermatids, but not in the manchette. This again confirms
that SPAG16L localization in the manchette depends on the
correct localization of MEIG1 in the manchette. These re-
sults highlight the function of the MEIG1/PACRG complex
in the manchette for transporting cargo proteins for sperm
flagella formation.

According to the above results, we propose a working model
of MEIG1/PACRG complex in transporting cargo in the

SASBMB



Sperm formation requires Y68 of MEIG1

&
bé*
N
SN
A 2
&
S
N
&
H
S
a b
N N s
& & &
& & & c
& © & © & @ 2 10
RN N S N ¥ & XN N 2
& N & N & . o
F e FF FHE g
¢ & ¢ & ¢ & © g 80
c PACRG .
.' R antibody 28 kDa
5% 60
PACRG | s s | Loy 0 B0 || wup g o0 |— 26102 a%
£
S a0
= g
Y : 2
Bractin s . o S e G (e o S — 202 MEIGH
&’ antibody [— 15 kDa
0

C a-tubulin +

a-tubulin +

a-tubulin +

Figure 5. The localization and expression of PACRG were not changed in the MEIG

Control MEIG1Y68A Meig1 KO

mutant

1Y68A mutant mice. A, examination of testicular PACRG expression

in the indicated mice by Western blot analysis. (a) Representative Western blot results to examine testicular PACRG protein expression in the control and
Y68A homozygous mutant mice; (b) Quantification of the relative PACRG protein expression normalized by B-actin. Error bars represent the standard
deviation (n = 3). There was no significant difference in PACRG level between the control and the MEIG1Y%®"* mutant mice. B, PACRG binds to wild-type
MEIG1 but not the Y68A mutant MEIG1 in the testis. Co-IP experiment was conducted using testicular lysates from the control and Y68A mutant mice.
The PACRG antibody pulled down wild-type MEIG1 but not the mutant MEIG1. C, localization of PACRG in germ cells of MEIG1Y%®* mutant mice. PACRG is

present in the manchette of elongating spermatids in wild-type mice (upper panel). In MEIG1

(middle and bottom panels).

manchette for normal spermiogenesis and sperm formation.
PACRG recruits MEIG1 to the manchette through binding
with specific amino acids. The MEIG1/PACRG complex then
associates with cargo proteins including SPAG16L. Disruption
of interaction between PACRG and MEIGI, for example,
mutating the key amino acids that mediate MEIG1/PACRG
interaction, shuts down the transport system in the manchette,
which will ultimately result in failure of sperm flagella for-
mation and impaired spermiogenesis (Fig. 7).

Y68A mutant mice, the localization of PACRG was not changed

In this study, we only mutated Y68. Even though the ho-
mozygous males were completely infertile, the sperm number
was higher than that in the global Meigi knockout mice (2),
suggesting that other amino acids also play a role in vivo. Some
amino acids, including W50, might function through forming
the MEIG1/PACRG complex for cargo transporting in the
manchette. However, it remains unknown if other amino acids
that do not mediate MEIG1/PACRG interaction are also
essential for spermatogenesis.

J. Biol. Chem. (2021) 297(5) 101312 7
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Figure 6. MEIG1Y5®” mutation changes localization of SPAG16L in elongating spermatids. A, examination of testicular SPAG16L expression in the
indicated mice by Western blot analysis. (a) Representative Western blot results to examine testicular SPAG16L protein expression in the control and Y68A
homozygous mutant mice; (b) Quantification of the relative SPAG16L protein expression normalized by B-actin. Error bars represent the standard deviation
(n = 3). There was no significant difference in SPAG16L level between the control and the MEIG1Y®* mutant mice. B, localization of SPAG16L in germ cells of
wild-type and MEIG1"®* mutant mice. In control mice, SPAG16L staining (red) was observed in the cytoplasm of spermatocytes (panel a, b, arrows) and

round spermatids (panel a, dotted arrows), and the manchette of elongating spermatids (panel b, arrow heads), as evaluated by double staining with an anti-

a-tubulin antibody (green). In MEIG1Y68*

mutant mice, SPAG16L is still present in cytoplasm of spermatocytes (panel ¢, arrow) and round spermatids (panel

¢, dotted arrows); however, it is not present in the manchette of elongating spermatids (panel d, arrow head).

It has been shown that acrosome-derived vesicles contribute to
the manchette components transport (14). Even though the
manchette backbone is still present in the mutant mice, only few
sperm are formed in the mutant mice. We expect that the man-
chette transport of most MEIG1-dependent acrosome-derived
vesicles was affected. However, some vesicles not dependent on
MEIG1 might still be transported in the manchette. Further
studies need to be conducted to investigate MEIG1-dependent
and independent manchette transport in the future.

8 J Biol. Chem. (2021) 297(5) 101312

The interaction between MEIG1 and PACRG is conserved
in humans. The structure of human MEIG1/PACRG complex
has been recently solved, including identification of the key
amino acids on PACRG protein that mediate the MEIG1/
PACRG interaction (48). Variation in the PACRG promoter
has been shown to be a risk factor associated with azoospermia
(49). A recent exome sequencing study revealed that PACRG is
a novel candidate gene for severe sperm motility disorders
(50). However, no human MEIG1 mutations have been
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Figure 7. Working model of MEIG1/PACRG complex in transporting cargo in the manchette. MEIG1 is recruited to the manchette by PACRG. SPAG16L,
a sperm structure protein localized in the central apparatus of axoneme is a cargo of MEIG1/PACRG complex. Disruption of MEIG1/PACRG complex, such as

mutation of Y68 on the MEIG1 protein shuts down the transport system.

reported to be associated with infertility. Though the MEIG1/
PACRG complex has not been implicated in male infertility, it
is known that asthenozoospermia, or low sperm motility, is
found in 80%, to varying degrees, of infertile men (51).
Asthenozoospermia is caused, to a large extent, by morpho-
logical or functional defects in the sperm flagella. Almost 40%
of genes that cause isolated male infertility are related to
flagella function, with 18 monogenic disease genes having been
identified to date (52). These genes that affect the development
of the sperm flagella, such as the MEIG1/PACRG complex,
would likely have an impact on human fertility.

In males, hormone-based contraceptives can have
numerous adverse side effects, necessitating the identification
and validation of new molecular targets for male contraceptive
drugs. One attractive strategy is to target the unique biologic
processes that are required for spermatogenesis. Compounds
that target these processes would be expected to have
improved specificity, efficacy, and onset of action with fewer
side effects compared with hormonal contraceptives. Our data
provide compelling genetic validation for the MEIG1/PACRG
complex as a novel target for nonhormonal contraceptive
drugs. The fact that this essential interaction depends on the
single amino acid Y68 in the interaction interface strongly
suggests that the interaction could be disrupted by small
synthetic molecules.

Experimental procedures
Ethics statement

Animal research were performed in accordance with Federal
and local regulations regarding the use of nonprimate verte-
brates in scientific research and approved by Wayne State

SASBMB

University Institutional Animal Care and Use Program Advi-
sory Committee (Protocol number: IACUC-18-02-0534).

Generation of MEIG1Y%®*” mutant mouse model

To introduce the Y68A mutation into Meigl, single guide
(sg) RNA 5- CIT CTA CTA CAA CAA AGA GA was
selected because of its high score with minimum off-target
effects. This sequence was designed to cleave in exon 4 of
Meigl with adjoining GGG, a protospacer adjacent motif
(PAM) and encompassing the site of Y68A knockin. An
ssDNA donor with sequences encoding Meigl with the TAC >
GCC: Y68A mutation and a silent mutation AGG > AGA
together with 5" and 3’ homology arms was used as a template
for homology-directed repair to knock-in the mutation. The
donor sequence to be used is: 5'- G*G* A*AA AGG TCA GTA
GAC GTA AACCTT CAC TTT GTG GAC CTC CTT GTC
CTC GCA CTCTCT CTC TTT GTT GTA GGC GAA GAA
AGT ATT GTC CCT CCG CTG AAG TTT CTT CAC GTA
CCCTGT CTC TGG CCA TCG GTC GAC CTG CA*C* C*G,
where GC is the TAC > GCC knock-in mutation and T is the
AGG > AGT silent mutation, which was introduced to
eliminate the PAM site to prevent recleavage of knockin alleles
by the CRISPR RNP. * denotes phosphorothioate linkage to
prevent exonuclease-mediated degradation. The donor ssDNA
and sgRNA were ordered from IDT.

The injection mix, which consists of 30 ng/ul of Cas9
protein, 50 ng/pl of sgRNA, and 50 ng/ul ssDNA donor, was
microinjected into the pronucleus of C57BL6 one-cell em-
bryos and then transferred to pseudopregnant females for
subsequent development. Live born pups were initially
screened by PCR using primers: Meigl I3F 5- GTC AGA
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CGG TGA AAC GTG ACG and Y68Ar 5'- CAC TCT CTC
TCT TTG TTG TAG GC to amplify a fragment of 158 bp
specific to the Y68A knockin allele. Potential founders were
further screened by PCR using primers: Meigl I3F 5'- GTC
AGA CGG TGA AAC GTG ACG and Meigl 3UTRR 5'- GCT
GCC TGG AGC ACA AAT GTG to amplify a fragment of
526 bp encompassing the TAC > GCC: Y68A knockin mu-
tation. The PCR products were sequenced to confirm the
identity of the founders.

Western blots analysis and coimmunoprecipitation

For Western blot analysis, freshly excised or frozen whole
testes were collected from 4 to 5-month-old mice and ho-
mogenized in buffer supplemented with 50 mM Tris-HCI, pH
8.0, 170 mM NaCl, 1% NP40 (Sigma-Aldrich, 127087-87-0),
5 mM EDTA, 1 mM DTT and protease inhibitors (Complete
mini; Roche diagnostics GmbH, 11836170001). Protein was
quantified using Bio-Rad DCTM protein assay kit (Bio-Rad,
5000121) and normalized to equal concentration in SDS
loading buffer. Protein electrophoresis was performed, and the
protein was transferred to PVDF membranes (Millipore/EMD)
using the wet transfer system. Then, PVDF membranes were
incubated with the following antibodies: MEIG1 (1:10,000
dilution); ACTB/f-actin (1:2000; Cell Signaling Technology,
4967S); SPAG16L (1:2000 dilution); PACRG (1:2000 dilution).
Finally, Western blot was developed using Super Signal West
Pico chemiluminescent substrate.

For coimmunoprecipitation assay, freshly excised whole
testes from 4 to 5-month-old control or MEIG1**** mutant
mice were used following the same procedure as described
previously (2) except that a monoclonal anti-PACRG antibody
was used for the pull-down process (10).

Sperm counts and morphology analysis

After euthanasia, the cauda epididymis was immediately
removed from each mouse and placed in 1 ml of warm
phosphate-buffered saline (PBS) solution (Thermo Fisher Sci-
entific, 10010023) at 37 °C. Two openings were cut in each
epididymis to allow sperm to swim out. Sperm were collected
and fixed with 4% formaldehyde for 10 min at room temperature
(Sigma-Aldrich, 252549). Sperm number was counted using a
hemocytometer chamber under a light microscope. To analyze
sperm morphology, images were taken with a ProgRes C14
camera (Jenoptik Laser) under a BX51 Olympus microscope.

Tissue histology

For histology analysis, testis and cauda epididymis of adult
mice were fixed in 4% formaldehyde prior to embedding in
paraffin wax. The tissues were sectioned at 5 pum and stained
with hematoxylin and eosin (HE, Abcam, ab245880). Images
were taken as described above.

Isolating spermatogenic cells and immunofluorescence
staining

Testes from 4 to 5-month-old mice were dissected and
placed in cold 1x PBS to wash off any contaminates. The
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tunica albuginea was discarded and the seminiferous tubules
were released in 5 ml DMEM containing 0.5 mg/ml collage-
nase IV (Sigma-Aldrich, c1889-50mg) and 1.0 mg/ml DNase I
(Sigma-Aldrich, dn25-1g). Afterward the seminiferous tu-
bules were incubated, with constant shaking, at 32 °C for
30 min. After the testicular cells were dissociated, they were
centrifuged at 160g for 5 min. Supernatant was poured out
and washed three times with 5 ml cold 1x PBS each time. The
dispersed mixed testicular cells were fixed in 4% para-
formaldehyde/PBS (containing 4% sucrose), shaken for
15 min at room temperature, then washed three times with
cold 1x PBS. Cells were resuspended in 1 ml cold 1x PBS and
plated on SuperFrost/Plus microscope slides (Thermo Fisher
Scientific, 22-037-246). After air-drying, the cells were per-
meabilized with 0.1% Triton X-100 at 37 °C for 5 min on a
wet box and then washed with 1x PBS three times. Cells were
blocked with 10% goat serum in PBS at 37 °C for 30 min.
Then the following primary antibodies were incubated at 4 °C
overnight: anti-MEIG1 (1:1000, dilution), SPAG16L (1:200
dilution); PACRG (1:200 dilution); Peanut-lectin (2 pg/ml,
Invitrogen, L21409). The primary antibodies were removed
and washed with 1x PBS three times. The slides were
incubated with Cy3-conjugated anti-rabbit IgG secondary
antibody (1:5000; Jackson ImmunoResearch Laboratories,
111-165-003) for 1 h at room temperature. The secondary
antibodies were discarded and washed three times with
1x PBS. Finally, the antibodies were mounted with Vecta-
Mount containing DAPI (Vector Laboratories, h-1800) and
sealed with a coverslip. Images were taken at the Wayne State
University Microscopy Core facility by using a confocal
microscopy.

Transmission electron microscopy

Adult testes were fixed with 3% glutaraldehyde in 0.1 M
sodium cacodylate (pH of 7.4) at 4 °C overnight and processed
for electron microscopy analysis. Images were taken by using a
Jeol JEM-1230 transmission electron microscope.

Statistical analysis

All data were presented as mean + SEM. Graphs were
created using Microsoft Excel. The statistical significance
of the difference between the mean values for the different
genotypes was examined using Student’s ¢ test. p > 0.05
was considered as not significant and by convention
*p < 0.05.

Data availability

The location of the data described in the manuscript is
indicated and all data are contained within the manuscript.

Supporting  information—This  article  contains

information.

supporting

Author contributions—W. L. and Z. Z. conceptualization; S. Y. and
S. S. data curation; W. L., Q. H,, and L. Z. formal analysis; L. Z. and
Z. Z. funding acquisition; W. L., Q. H., and L. Z. investigation; W. L.,

SASBMB



Q. H, H. L, and W. Q. methodology; R. A. H. and Z. Z. project
administration; W. L. and Z. Z. resources; W. L., L. Z, D. Z,, S. Y,,
and W. Q. software; H. L. and Z. Z. supervision; H. L., D. Z,, Y. Y,,
and R. S. validation; Q. H., L. Z., and Y. Y. visualization; Q. H.
writing—original draft; W. L., Q. H, L. Z, R. S,, S. S,, R. A. H,, and
Z. Z. writing—reviewing and editing.

Funding and additional information—This research was supported
by NIH grants HD076257, Wayne State University Start-up fund,
Male Contraceptive Initiative (MCI) to Z. Z. Natural
Science  Foundation of Hubei Province (2018CFB114,
2018CFA040) to L. Z.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: IMT, intra-manchette
transport; MEIG1, meiosis-expressed gene 1; NMR, nuclear mag-
netic resonance; PACRG, Parkin coregulated gene; PAM, proto-
spacer adjacent motif; PBS, phosphate-buffered saline; SPAG16,
sperm-associated antigen 16.

References

1. Don, J., and Wolgemuth, D. J. (1992) Identification and characterization
of the regulated pattern of expression of a novel mouse gene, megl,
during the meiotic cell cycle. Cell Growth Differ. 3, 495-505

2. Zhang, Z., Shen, X., Gude, D. R., Wilkinson, B. M., Justice, M. J., Flick-
inger, C. ], Herr, J. C.,, Eddy, E. M., and Strauss, J. F. (2009) MEIGL1 is
essential for spermiogenesis in mice. Proc. Natl. Acad. Sci. U. S. A. 106,
17055-17060

3. Salzberg, Y., Eldar, T., Karminsky, O. D., Itach, S. B., Pietrokovski, S., and
Don, J. (2010) Meigl deficiency causes a severe defect in mouse sper-
matogenesis. Dev. Biol. 338, 158—167

4. Don, J., Winer, M. A, and Wolgemuth, D. J. (1994) Developmentally
regulated expression during gametogenesis of the murine gene megl
suggests a role in meiosis. Mol. Reprod. Dev. 38, 16-23

5. Chen-Moses, A., Malkov, M., Shalom, S., Ever, L., and Don, J. (1997)
A switch in the phosphorylation state of the dimeric form of the Megl
protein correlates with progression through meiosis in the mouse. Cell
Growth Differ. 8, 711-719

6. Ever, L., Steiner, R., Shalom, S., and Don, J. (1999) Two alternatively
spliced Meigl messenger RNA species are differentially expressed in the
somatic and in the germ-cell compartments of the testis. Cell Growth
Differ. 10, 19-26

7. Steiner, R., Ever, L., and Don, J. (1999) MEIG1 localizes to the nucleus
and binds to meiotic chromosomes of spermatocytes as they initiate
meiosis. Dev. Biol. 216, 635—645

8. Bouma, G. ], Affourtit, J. P., Bult, C. J., and Eicher, E. M. (2007) Tran-
scriptional profile of mouse pre-granulosa and Sertoli cells isolated from
early-differentiated fetal gonads. Gene Expr. Patterns 7, 113-123

9. Teves, M. E, Jha, K. N, Song, J., Nagarkatti-Gude, D. R., Herr, J. C,
Foster, J. A., Strauss, J. F,, and Zhang, Z. (2013) Germ cell-specific
disruption of the Meigl gene causes impaired spermiogenesis in mice.
Andrology 1, 37-46

10. Li, W., Tang, W., Teves, M. E., Zhang, Z., Zhang, L., Li, H., Archer, K. ],
Peterson, D. L., Williams, D. C., and Strauss, J. F. (2015) A MEIG1/
PACRG complex in the manchette is essential for building the sperm
flagella. Development 142, 921-930

11. Clermont, Y. O. R, Louis Harkey, H., Clermont, Y., and Hermo, L. (1993)
Cell biology of mammalian spermiogenesis. In: Desjardins, C, Ewing, LL,
eds. Cell & Molecular Biology of the Testis, Oxford University Press, New
York, NY: 332-376

12. Meistrich, M. L. (1993) 3—Nuclear morphogenesis during spermiogenesis.
In: de Kretser, D, ed. Molecular Biology of the Male Reproductive System,
Academic Press, Cambridge, MA: 67-97

SASBMB

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sperm formation requires Y68 of MEIG1

Kierszenbaum, A. L. (2002) Intramanchette transport (IMT): Managing the
making of the spermatid head, centrosome, and tail. Mol. Reprod. Dev. 63, 1—4
Kierszenbaum, A. L., and Tres, L. L. (2004) The acrosome-acroplaxome-
manchette complex and the shaping of the spermatid head. Arch. Histol.
Cytol. 67, 271-284

Kierszenbaum, A. L., Rivkin, E., and Tres, L. L. (2003) The actin-based
motor myosin Va is a component of the acroplaxome, an acrosome-
nuclear envelope junctional plate, and of manchette-associated vesicles.
Cytogenet. Genome Res. 103, 337-344

Hayasaka, S., Terada, Y., Suzuki, K., Murakawa, H., Tachibana, I., Sankai,
T., Murakami, T., Yaegashi, N., and Okamura, K. (2008) Intramanchette
transport during primate spermiogenesis: Expression of dynein, myosin
Va, motor recruiter myosin Va, VIIa-Rab27a/b interacting protein, and
Rab27b in the manchette during human and monkey spermiogenesis.
Asian . Androl. 10, 561-568

Lehti, M. S., Kotaja, N., and Sironen, A. (2013) KIF3A is essential for
sperm tail formation and manchette function. Mol. Cell Endocrinol. 377,
44-55

Yamaguchi, N., Takanezawa, Y., Koizumi, H., Umezu-Goto, M., Aoki, J.,
and Arai, H. (2004) Expression of NUDEL in manchette and its impli-
cation in spermatogenesis. FEBS Lett. 566, 71-76

Yan, W., Assadi, A. H., Wynshaw-Boris, A., Eichele, G., Matzuk, M. M.,
and Clark, G. D. (2003) Previously uncharacterized roles of platelet-
activating factor acetylhydrolase 1b complex in mouse spermatogenesis.
Proc. Natl. Acad. Sci. U. S. A. 100, 7189-7194

Koizumi, H., Yamaguchi, N., Hattori, M., Ishikawa, T. O., Aoki, ],
Taketo, M. M., Inoue, K., and Arai, H. (2003) Targeted disruption of
intracellular type I platelet activating factor-acetylhydrolase catalytic
subunits causes severe impairment in spermatogenesis. /. Biol. Chem. 278,
12489-12494

Nayernia, K., Vauti, F., Meinhardt, A., Cadenas, C., Schweyer, S., Meyer,
B. I, Schwandt, I, Chowdhury, K., Engel, W., and Arnold, H. H. (2003)
Inactivation of a testis-specific Lis1 transcript in mice prevents spermatid
differentiation and causes male infertility. /. Biol. Chem. 278, 48377-
48385

Tachibana, M., Terada, Y., Murakawa, H., Murakami, T., Yaegashi, N.,
and Okamura, K. (2005) Dynamic changes in the cytoskeleton during
human spermiogenesis. Fertil. Steril. 84 Suppl 2, 1241-1248

Wang, W., Zhu, J. Q., Yu, H. M., Tan, F. Q.,, and Yang, W. X. (2010)
KIFC1-like motor protein associates with the cephalopod manchette and
participates in sperm nuclear morphogenesis in Octopus tankahkeei.
PLoS Omne 5, e15616

Kierszenbaum, A. L. (2002) Keratins: Unraveling the coordinated con-
struction of scaffolds in spermatogenic cells. Mol. Reprod. Dev. 61, 1-2

Hamilton, L. E., Acteau, G., Xu, W., Sutovsky, P., and Oko, R. (2017) The
developmental origin and compartmentalization of glutathione-s-
transferase omega 2 isoforms in the perinuclear theca of eutherian
spermatozoa. Biol. Reprod. 97, 612—621

Liu, L., He, Y., Guo, K,, Zhou, L., Li, X., Tseng, M., Cai, L., Lan, Z. |,
Zhou, J., Wang, H., and Lei, Z. (2017) Ggnbp2-Null mutation in mice
leads to male infertility due to a defect at the spermiogenesis stage. Am. J.
Pathol. 187, 2508-2519

Ashman, J. B,, Hall, E. S., Eveleth, J., and Boekelheide, K. (1992) Tau, the
neuronal heat-stable microtubule-associated protein, is also present in the
cross-linked microtubule network of the testicular spermatid manchette.
Biol. Reprod. 46, 120-129

Kasioulis, I, Syred, H. M., Tate, P., Finch, A., Shaw, J., Seawright, A.,
Fuszard, M., Botting, C. H., Shirran, S., Adams, I. R, Jackson, L J., van
Heyningen, V., and Yeyati, P. L. (2014) Kdm3a lysine demethylase is an
Hsp90 client required for cytoskeletal rearrangements during spermato-
genesis. Mol. Biol. Cell 25, 12161233

Wang, R., Kaul, A., and Sperry, A. O. (2010) TLRR (Irrc67) interacts with
PP1 and is associated with a cytoskeletal complex in the testis. Biol. Cell
102, 173-189

Liu, M, Ry, Y., Gu, Y., Tang, J., Zhang, T., Wu, J., Yu, F,, Yuan, Y., Xu, C,,
Wang, J., and Shi, H. (2018) Disruption of Ssp411 causes impaired sperm
head formation and male sterility in mice. Biochim. Biophys. Acta Gen.
Subj. 1862, 660—668

J. Biol. Chem. (2021) 297(5) 101312 11


http://refhub.elsevier.com/S0021-9258(21)01118-2/sref1
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref1
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref1
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref2
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref2
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref2
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref2
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref3
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref3
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref3
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref4
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref4
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref4
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref5
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref5
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref5
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref5
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref6
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref6
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref6
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref6
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref7
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref7
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref7
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref8
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref8
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref8
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref9
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref9
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref9
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref9
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref10
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref10
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref10
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref10
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref11
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref11
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref11
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref11
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref12
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref12
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref12
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref13
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref13
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref14
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref14
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref14
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref15
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref15
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref15
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref15
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref16
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref16
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref16
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref16
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref16
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref16
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref17
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref17
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref17
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref18
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref18
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref18
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref19
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref19
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref19
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref19
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref20
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref20
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref20
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref20
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref20
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref21
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref21
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref21
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref21
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref21
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref22
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref22
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref22
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref23
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref23
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref23
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref23
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref24
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref24
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref25
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref25
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref25
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref25
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref26
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref26
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref26
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref26
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref27
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref27
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref27
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref27
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref28
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref28
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref28
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref28
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref28
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref29
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref29
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref29
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref30
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref30
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref30
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref30

Sperm formation requires Y68 of MEIG1

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Martins, L. R., Bung, R. K, Koch, S., Richter, K., Schwarzmiiller, L., Terhardt,
D., Kurtulmus, B., Niehrs, C., Rouhi, A., Lohmann, L, Pereira, G., Frohling, S.,
Glimm, H., and Scholl, C. (2018) Stk33 is required for spermatid differenti-
ation and male fertility in mice. Dev. Biol. 433, 84—93

Abbasi, F., Miyata, H., Shimada, K., Morohoshi, A., Nozawa, K., Matsumura,
T., Xu, Z., Pratiwi, P., and Ikawa, M. (2018) RSPH6A is required for sperm
flagellum formation and male fertility in mice. J. Cell Sci. 131, 221648
Huang, C. Y., Wang, Y. Y., Chen, Y. L., Chen, M. F., Chiang, H. S., Kuo,
P. L, and Lin, Y. H. (2018) CDC42 Negatively regulates testis-specific
SEPT12 polymerization. Int. J. Mol. Sci. 19, 2627

Augiere, C., Lapart, ]. A, Duteyrat, J. L., Cortier, E., Maire, C., Thomas, J.,
and Durand, B. (2019) salto/CG13164 is required for sperm head
morphogenesis in Drosophila. Mol. Biol. Cell 30, 636—645

Giordano, T., Gadadhar, S., Bodakuntla, S., Straub, J., Leboucher, S.,
Martinez, G., Chemlali, W., Bosc, C., Andrieux, A., Bieche, I, Arnoult, C.,
Geimer, S., and Janke, C. (2019) Loss of the deglutamylase CCP5 perturbs
multiple steps of spermatogenesis and leads to male infertility. J. Cell Sci.
132, jes.226951

Fouquet, J., Kann, M., Soues, S., and Melki, R. (2000) ARP1 in Golgi
organisation and attachment of manchette microtubules to the nucleus
during mammalian spermatogenesis. /. Cell Sci. 113(Pt 5), 877-886
Zhang, L., Shang, X. J., Li, H. F,, Shi, Y. Q,, Li, W., Teves, M. E., Wang, Z.
Q. Jiang, G. F,, Song, S. Z., and Zhang, Z. B. (2015) Characterization of
membrane occupation and recognition nexus repeat containing 3, meiosis
expressed gene 1 binding partner, in mouse male germ cells. Asian J.
Androl. 17, 86-93

Shi, Y., Zhang, L., Song, S., Teves, M. E,, Li, H,, Wang, Z., Hess, R. A,,
Jiang, G., and Zhang, Z. (2013) The mouse transcription factor-like 5 gene
encodes a protein localized in the manchette and centriole of the elon-
gating spermatid. Andrology 1, 431-439

Bennett, W. I, Gall, A. M., Southard, J. L., and Sidman, R. L. (1971)
Abnormal spermiogenesis in quaking, a myelin-deficient mutant mouse.
Biol. Reprod. 5, 30-58

West, A. B., Lockhart, P. J., O'Farell, C., and Farrer, M. J. (2003) Identi-
fication of a novel gene linked to parkin via a bi-directional promoter.
J. Mol. Biol. 326, 11-19

Lockhart, P. J., O’Farrell, C. A., and Farrer, M. J. (2004) It's a double
knock-out! the quaking mouse is a spontaneous deletion of parkin and
parkin co-regulated gene (PACRG). Mov. Disord. 19, 101-104
Lorenzetti, D., Bishop, C. E., and Justice, M. J. (2004) Deletion of the
Parkin coregulated gene causes male sterility in the quaking(viable)
mouse mutant. Proc. Natl. Acad. Sci. U. S. A. 101, 8402-8407
Stephenson, S. E. M., Aumann, T. D., Taylor, J. M., Riseley, J. R,, Li, R,,
Mann, J. R, Tomas, D., and Lockhart, P. J. (2018) Generation and

12 J Biol Chem. (2021) 297(5) 101312

45.

46.

47.

48.

49.

50.

51.

52.

characterisation of a parkin-Pacrg knockout mouse line and a Pacrg
knockout mouse line. Sci. Rep. 8, 7528

. Smith, E. F,, and Lefebvre, P. A. (1997) PF20 gene product contains WD

repeats and localizes to the intermicrotubule bridges in Chlamydomonas
flagella. Mol. Biol. Cell 8, 455-467

Zhang, Z., Sapiro, R., Kapthamer, D., Bucan, M., Bray, J., Chennathu-
kuzhi, V., McNamara, P., Curtis, A., Zhang, M., Blanchette-Mackie, E. J.,
and Strauss, J. F. (2002) A sperm-associated WD repeat protein
orthologous to Chlamydomonas PF20 associates with Spag6, the
mammalian orthologue of Chlamydomonas PF16. Mol. Cell Biol. 22,
7993-8004

Zhang, Z., Kostetskii, I, Tang, W., Haig-Ladewig, L., Sapiro, R., Wei, Z.,
Patel, A. M., Bennett, J., Gerton, G. L., Moss, S. B., Radice, G. L., and
Strauss, J. F. (2006) Deficiency of SPAG16L causes male infertility asso-
ciated with impaired sperm motility. Biol. Reprod. 74, 751-759

Li, W., Walavalkar, N. M., Buchwald, W. A., Teves, M. E., Zhang, L., Liu,
H., Bilinovich, S., Peterson, D. L., Strauss, J. F., Williams, D. C., and
Zhang, Z. (2016) Dissecting the structural basis of MEIG1 interaction
with PACRG. Sci. Rep. 6, 18278

Khan, N., Pelletier, D., McAlear, T. S., Croteau, N., Veyron, S., Bayne, A.
N., Black, C., Ichikawa, M., Khalifa, A. A. Z., Chaaban, S., Kurinov, I,
Brouhard, G., Bechstedt, S., Bui, K. H., and Trempe, J. F. (2021) Crystal
structure of human PACRG in complex with MEIG1 reveals roles in
axoneme formation and tubulin binding. Structure 29, 572-586.e6
Wilson, G. R., Sim, M. L., Brody, K. M., Taylor, J. M., McLachlan, R. I,
O'Bryan, M. K,, Delatycki, M. B., and Lockhart, P. J. (2010) Molecular
analysis of the PArkin co-regulated gene and association with male
infertility. Fertil. Steril. 93, 2262-2268

Oud, M. S., Houston, B. J., Volozonoka, L., Mastrorosa, F. K., Holt, G.
S., Alobaidi, B. K. S., deVries, P. F., Astuti, G., Ramos, L., McLachlan,
R. I, O'Bryan, M. K, Veltman, J. A,, Chemes, H. E,, and Sheth, H.
(2021) Exome sequencing reveals variants in known and novel candi-
date genes for severe sperm motility disorders. Hum. Reprod. 36,
2597-2611

Curi, S. M., Ariagno, J. I, Chenlo, P. H., Mendeluk, G. R., Pugliese, M. N,
Sardi Segovia, L. M., Repetto, H. E., and Blanco, A. M. (2003) Astheno-
zoospermia: Analysis of a large population. Arch. Androl. 49, 343—349
Houston, B. J., Riera-Escamilla, A., Wyrwoll, M. ], Salas-Huetos, A.,
Xavier, M. J., Nagirnaja, L., Friedrich, C., Conrad, D. F., Aston, K. I,
Krausz, C.,, Tuttelmann, F., O’'Bryan, M. K,, Veltman, J. A., and Oud, M. S.
(2021) A systematic review of the validated monogenic causes of human
male infertility: 2020 update and a discussion of emerging gene-disease
relationships. Hum. Reprod. Update. https://doi.org/10.1093/humupd/
dmab030

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01118-2/sref31
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref31
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref31
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref31
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref32
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref32
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref32
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref33
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref33
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref33
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref34
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref34
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref34
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref35
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref35
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref35
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref35
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref35
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref36
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref36
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref36
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref37
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref37
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref37
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref37
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref37
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref38
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref38
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref38
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref38
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref39
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref39
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref39
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref40
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref40
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref40
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref41
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref41
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref41
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref42
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref42
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref42
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref43
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref43
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref43
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref43
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref44
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref44
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref44
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref45
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref45
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref45
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref45
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref45
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref45
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref46
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref46
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref46
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref46
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref47
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref47
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref47
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref47
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref48
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref48
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref48
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref48
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref48
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref49
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref49
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref49
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref49
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref50
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref50
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref50
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref50
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref50
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref50
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref51
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref51
http://refhub.elsevier.com/S0021-9258(21)01118-2/sref51
https://doi.org/10.1093/humupd/dmab030
https://doi.org/10.1093/humupd/dmab030

	A single amino acid mutation in the mouse MEIG1 protein disrupts a cargo transport system necessary for sperm formation
	Results
	Generation of MEIG1 single amino acid (MEIG1Y68A) mutant mice
	Homozygous MEIG1Y68A mutant mice were infertile associated with reduced sperm number, motility, and increased abnormal sper ...
	Abnormal spermiogenesis in the homozygous MEIG1Y68A mutant mice
	Ultrastructural changes in the seminiferous tubules of the MEIG1Y68A mutant mice
	PACRG level and localization were not changed in the MEIG1Y68A mutant mice
	SPAG16L, the cargo of MEIG1/PACRG complex, is absent from the manchette of elongating spermatids of the MEIG1Y68A mutant mice

	Discussion
	Experimental procedures
	Ethics statement
	Generation of MEIG1Y68A mutant mouse model
	Western blots analysis and coimmunoprecipitation
	Sperm counts and morphology analysis
	Tissue histology
	Isolating spermatogenic cells and immunofluorescence staining
	Transmission electron microscopy
	Statistical analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


