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Chimeric analysis with newly established
EGFP/DsRed2-tagged ES cells identify HYDIN
as essential for spermiogenesis in mice
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Abstract: The CRISPR/Cas9 system can efficiently introduce biallelic mutations in ES cells (ESCs),
and its application with fluorescently-tagged ESCs enables phenotype analysis in chimeric mice. We
have utilized ESCs that express EGFP in the cytosol and acrosome [EGR-G101 129S2 x (CAG/Acr-
EGFP) B6] in previous studies; however, the EGFP signal in the sperm cytosol is weak and the signal
in the acrosome is lost after the acrosome reaction, precluding analysis between wild type and ESC
derived spermatozoa. In this study, we established an ESC line from RBGS (Red Body Green Sperm)
transgenic mice [B6D2-Tg (CAG/Su9-DsRed2, Acr3-EGFP) RBGS0020sb] whose spermatozoa
exhibit green fluorescence in the acrosome and red fluorescence in the mitochondria within the
flagellar midpiece that is retained after the acrosome reaction. We utilized these new ESCs to analyze
HYDIN, which is reported to function in sperm motility in humans. Analysis of Hydin-disrupted
spermatozoa in mice is difficult as Hydin-mutant mice (hy3) die within 3 weeks, before sexual
maturation, due to hydrocephaly. To circumvent the early lethality of the whole-body knockout, we
disrupted Hydin in RBGS-ESCs and generated chimeric mice, which survived into sexual maturity.
Hydin-disrupted spermatozoa obtained from the chimeric mice possessed short tails and were
immotile. When we injected Hydin-disrupted spermatozoa into oocytes, heterozygous pups were
obtained, which suggests that the genome of Hydin-disrupted spermatozoa can produce viable pups.
Consequently, RBGS-ESCs can be a useful tool for screening and analysis of male-fertility related
genes in chimeric mice.
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Introduction that propels the spermatozoa to the oocyte. In addition

to the haploid genome, the head contains the acrosome,
Spermatozoa comprise a head region that contains the  a large cytoplasmic organelle containing peptidases and
paternal haploid genomic information and the flagellum  receptors necessary for binding to the egg. The flagellum
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is composed of the 9+2 axoneme along the entire length
that can further be divided into three parts: the midpiece,
principal piece, and endpiece [8]. The midpiece is lo-
cated proximal to the head and contains tightly packed
mitochondria, whereas the principle piece contains the
fibrous sheath providing rigidity to the flagellum, the
end piece contains only the axoneme covered by the
plasma membrane [8]. Any defects in the formation of
the head or flagellum structures often lead to male infer-
tility.

As generating fully differentiated and motile sperma-
tozoa in vitro remains difficult [7, 17, 24], gene-modified
mice have been the most powerful method to analyze
the function of male fertility-related genes. However,
the time and cost for generating gene-modified mice
using the conventional homologous recombination
method [11] in embryonic stem cells (ESCs) remains
high. Recently, the clustered regularly interspaced short
palindromic repeats (CRISPR)/ CRISPR associated pro-
teins 9 (Cas9) system [6, 21] has decreased the cost and
shortened the time required for generating gene-modified
mice. For instance, by using the CRISPR/Cas9 system
in zygotes, biallelic mutations are possible to obtain
knockout (KO) mice within a month [12, 21]. In addition
to zygotes, the CRISPR/Cas9 system can introduce bial-
lelic mutations efficiently into ESCs [14, 21]. By com-
bining the CRISPR/Cas9 system with ESCs expressing
fluorescent proteins, chimeric analysis in the founder
generation is possible since all KO cells will be fluores-
cently labeled [14]. Chimeric analysis has the benefit of
overcoming early lethality seen in full body KO mice
due to rescue by wild-type (WT) cells derived from the
host embryo, which allows phenotype analysis of dif-
ferentiated cells [14].

Previously, we established an ESC line (G101) from
transgenic (TG) mice [C57BL/6-Tg (CAG/Acr-EGFP)
C3-N0I1-FJ0020sb] [2], in which EGFP accumulates in
the cytosol and sperm acrosome. The spermatozoa de-
rived from these ESCs exhibit little EGFP signal in the
cytosol and lose EGFP after the acrosome reaction, an
exocytotic event that releases the contents of the acro-
some. Unfortunately, the disappearance of the fluorescent
signal precludes distinguishing KO spermatozoa from
WT spermatozoa for chimeric analysis. In this study, we
overcome the limitations of the G101 cell line by estab-
lishing a novel ESC line derived from a different TG
mouse strain [Red body and green sperm (RBGS);
B6D2-Tg (CAG/Su9-DsRed2, Acr3-EGFP) RBG-

S0020sb] [4]. Spermatozoa derived from the new RBGS
ESC line not only contains EGFP in the acrosome but
also DsRed?2 in the mitochondria, whose red signal re-
mains after the acrosome reaction.

Using the RBGS ESC line, we analyzed the function
of HYDIN in chimeric mice. HYDIN is a central pair
protein of the axoneme and is evolutionarily conserved
from Chlamydomonas to humans. In Chlamydomonas,
HYDIN is required for flagellar motility [10]. Whole-
exome sequencing from patients with primary ciliary
dyskinesia who display neonatal respiratory distress
syndrome, recurrent productive bronchitis, early child-
hood pneumonia, and chronic rhinosinusitis have identi-
fied HYDIN as playing a role in these conditions [15].
The link between HYDIN and primary ciliary dyskinesia
is consistent with studies of HYDIN functioning in the
flagella of Chlamydomonas. Based on these findings of
HYDIN in both species, it has been proposed HYDIN
also functions in the flagellum of spermatozoa [15].
However, HYDIN’s role in the spermatozoa has not been
analyzed using mouse models because the frameshift
mutation (4y3) leads to early perinatal hydrocephaly due
to impaired ciliary motility in ependymal cells and
early lethality prior to sexual maturation [9]. By taking
advantage of the RBGS ESC line, we utilized chimeric
analysis to bypass the early lethality of #y3 and investi-
gated the function of HYDIN in mouse spermatozoa.

Materials and Methods

Animals and embryos

129/Sv (CLEA Japan, Tokyo, Japan), ICR (Japan SLC,
Shizuoka, Japan), B6D2F1 (SLC), and B6D2-Tg (CAG/
Su9-DsRed2,Acr3-EGFP) RBGS0020sb mice were used.
The hemizygous transgenic mice carry both transgenes
(Su9-DsRed?2 and Acr3-EGFP) at the same locus, with-
out overt abnormality. To prepare embryos for ESC es-
tablishment and chimera generation, we flushed 2-cell
embryos from the oviducts of 1-day pregnant super-
ovulated females that had been mated with males. The
2-cell embryos were cultured in KSOM medium [5]
until the blastocyst stage at 37°C under 5% CO, in air.
All animal experiments were approved by the Animal
Care and Use Committee of the Research Institute for
Microbial Diseases, Osaka University.

Establishment of ESCs
For derivation of ESCs, we used an equal volume
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mixture of KnockOut DMEM/F12 (12660-012, Thermo
Fisher Scientific, Waltham, MA, USA) and Neurobasal
medium (21103-049, Thermo Fisher Scientific), supple-
mented with 1% Penicillin-Streptomycin-Glutamine
(Thermo Fisher Scientific, 21103-049), 0.1 mM 2-mer-
captoethnol (21985-023, Thermo Fisher Scientific), 2%
B-27 supplement (17504-044, Thermo Fisher Scientific),
1% N-2 supplement (17502-048, Thermo Fisher Scien-
tific), 3 uM CHIR99201 (1386, Axon Medchem, Gron-
ingen, Netherland), 1 M PD0325901 (1408, Axon
Medchem), and 100 U/ml mouse Leukemia Inhibitory
Factor (LIF). Different medium was used when ESCs
were cultured for gene manipulation, which is written in
the section “Genome editing and generation of chimeric
mice”. Mouse embryonic fibroblasts (MEF) were treat-
ed with 10 gg/ml mitomycin C (134-07991, WAKO,
Osaka, Japan) and used as feeder cells. ESCs were es-
tablished by plating blastocysts on a feeder layer in
gelatin-coated dishes. Eight days after plating, the ex-
panded colonies derived from the inner cell mass (ICM)
were obtained, dissociated with 0.25% trypsin (15090-
046, Thermo Fisher Scientific), and cultured in gelatin-
coated 6-well plates with feeder cells.

Chromosome number analysis and sex determination

After seeding the ESCs on 35 mm collagen-coated
dishes without feeder cells, they were treated with 1%
KaryoMAX Colcemid Solution in PBS (15212-012,
Thermo Fisher Scientific) for 2 h to induce mitotic arrest
at metaphase. Harvested ESCs were incubated with 1%
sodium citrate solution for 5 min and fixed with a solu-
tion containing 75% methanol and 25% acetic acid. The
cells were then spread on glass slides and stained with
10 ug/ml Hoechst 33342 (H3570, Thermo Fisher Scien-
tific).

To determine the sex of established ESCs, genomic
DNA was extracted with lysis buffer (20 mM Tris-HCI,
5 mM EDTA, 400 mM NacCl, 0.3% SDS, pH=8.0) and
analyzed by PCR using the following Ubal (ubiquitin-
like modifier activating enzyme 1) (X chromosome) and
Ubaly (ubiquitin-like modifier activating enzyme 1) (Y
chromosome) primers, 5’-TGGTCTGGACCCAAAC-
GCTGTCCACA-3’ and 5’-GGCAGCAGCCATCA-
CATAATCCAGATG-3". The size of the PCR product
for Ubal or Ubaly is 211 bp or 183 bp, respectively [1].

Immunostaining and alkaline phosphatase detection
Alkaline phosphatase (ALP) staining was carried out

with a Histofine Fuchsin Substrate kit for ALP (415161,
Nichirei, Tokyo, Japan), according to the manufacturer’s
instruction. Immunostaining was carried out as follows.
First, ESCs were cultured for 2 days on gelatin-coated
cover glasses with feeder cells. After removing the cul-
ture medium, the cover glasses were washed with PBS
(DPBS; 14190-144, Thermo Fisher Scientific) twice and
fixed with 4% paraformaldehyde (166-23251, WAKO).
The fixed cells were then washed 3 times in PBS, stored
overnight in PBS containing 1% goat serum and 0.1%
Triton X-100 at 4°C, and incubated with primary anti-
body against OCT3/4 (PM048, MBL, Nagoya, Japan;
1:500) or NANOG (sc-33760, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA ; 1:20) at room temprature
for 1 h. After 3 washed with PBS, the cells were incu-
bated with Alexa Fluor 488 conjugated goat anti-rabbit
IgG (R37116, Thermo Fisher Scientific; 1:200) or Alexa
Fluor 546 conjugated goat anti-rabbit IgG (A-11035,
Thermo Fisher Scientific; 1:200). After three washes
with PBS, the cells were mounted with Vectashield
mounting medium containing DAPI (H-1200, Vector
laboratories, Burlingame, CA, USA) and observed using
Olympus (Tokyo, Japan) microscope (BX53).

Genome editing and generation of chimeric mice

For plasmid transfection and cloning of ESCs, we used
KnockOut DMEM (108297-018, Thermo Fisher Scien-
tific) supplemented with 1% Penicillin-Streptomycin-
Glutamine, 55 uM 2-mercaptoethnol, 1% Non-Essential
Amino Acid Solution (11140-050, Thermo Fisher Sci-
entific), 1% Sodium Pyruvate (11360-070, Thermo
Fisher Scientific), 30 uM Adenosine (A4036, Sigma-
Aldrich, St. Louis, MO, USA), 30 uM Guanosine
(G6264, Sigma-Aldrich), 30 uM Cytidine (C4654,
Sigma-Aldrich), 30 M Uridine (U3003, Sigma-Al-
drich), 10 uM Thymidine (T1895, Sigma-Aldrich), 100
U/ml mouse LIF, and 20% FCS (51650-500, Biowest,
Nuaill¢, France). First, 1 x 10* ESCs were seeded on
gelatin-coated 6 well plate with feeder cells. Then 68
h later, pX330 and pX459 plasmids [12] (total 2 ug) were
transfected using Lipofectamine LTX & PLUS (15338-
100, Thermo Fisher Scientific). pX459 plasmid was used
for one target site because it contains puromycin resis-
tance gene for the following drug selection. After 14—18
h transfection, the cells were selected with 0.2 ug/ml
puromycin (ant-pr-1, InvivoGen, San Diego, CA, USA)
for 48 h, grown for 3—4 more days without puromycin,
and plated on 6-well plates (1 x 103 cells) for cloning.
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The plated cells were picked up after 5-6 days, trans-
ferred onto gelatin-coated 96-well plates with feeder
cells, and split in duplicate for freezing and DNA har-
vesting 48—72 h later. After PCR amplification and direct
sequencing, the positive clones were selected and ex-
panded to analyze their karyotypes. The ESCs with
normal chromosome number were injected into 8-cell
ICR embryos, and the chimeric blastocysts were trans-
planted into the uteri of pseudopregnant females. After
17 days, pups were taken out of uteri and put with foster
mothers in the cage if the pups were not delivered natu-
rally.

Preparation of testis section

Testis were fixed with 4% paraformaldehyde and em-
bedded with technovit 8100 (RT8100, Kulzer, Wehrheim,
Germany), according to the manufacturer’s instruction.
After slicing, the testis sections were put on slide glass
and mounted with Vectashiled mounting medium and
observed using Olympus microscope (BX53).

Sperm motility and morphology of chimeric mice

The cauda epididymal spermatozoa were collected
from the chimeric mice. Spermatozoa were dispersed in
TYH [20] medium to observe sperm motility and mor-
phology using Olympus microscope (BX53).

Plasmid construction and genotyping for Hydin targeting
Plasmids expressing Cas9 and gRNA were prepared
by ligating oligos into the BbslI site of pX330 or pX459.
The gRNA target sequences were 5’-AGCCACA-
CATTTGATCTTCA-3’ (near the start codon, pX330-
gRNA#01) and 5’-CACTTCAGCGTGCTTAGGTG-3’
(near the stop codon, pX459-gRNA#02). Primers used
for genotyping were 5’-TATTGGGACCGCAAGCAAG-
3’(primer ¢) and 5’-TTGGGAAGCTTGTCACTCTCC-3’
(primer d) for WT allele and 5’-CACCCCACTGAATT-
TAGGG-3’ (primer a) and 5°’-TGGGGGTGGTGACATT-
TAGG-3’(primer b) for KO allele (Fig. 3A).

Intracytoplasmic sperm injection (ICSI) of Hydin-
disrupted spermatozoa

ICSI was performed as previously described with
some modifications [22]. Briefly, mature oocytes were
collected from superovulated B6D2F1 mice. After treat-
ment with hyaluronidase to remove cumulus cells, 0o-
cytes were placed in KSOM medium at 37°C under 5%
CO, until ICSI. Whole spermatozoa collected from

cauda epididymis were injected into the MII oocyte us-
ing a piezo manipulator (Prime Tech, Ibaraki, Japan).
Two-cell embryos were transferred to pseudopregnant
females the following day. Pups were genotyped at birth.
Obtained mutant mice were assigned labels as follows:
STOCK Hydin em10sb,

Results

Establishment of RBGS-ESCs

To establish ESCs with transgenes CAG/Su9-DsRed?2
and Acr3-EGFP, RBGS transgenic male mice (B6D2)
were mated with superovulated females (129/Sv). Forty-
three two-cell stage embryos were collected and cultured
for 3 days until the blastocyst stage. DsRed2 positive
blastocysts (12/43; Supplementary Fig. S1A) were
seeded on feeder cells (murine embryonic fibroblasts;
MEF) and cultured under 2i/LIF conditions [23] for 8
days. Subsequently, 6 dome-shaped colonies (#1-#6)
were picked up and cultured on feeder cell layer. After
4 passages in 2i/LIF medium, chromosome numbers
were counted (Supplementary Fig. S1B), with clone #1
showing a high rate of aneuploidy while the other 5 lines
displayed a normal karyotype (Supplementary Table S1).

We next determined the sex of the 5 established lines
(Fig. 1A), as we intended to analyze the function of
male-fertility related genes. Sex chromosome content
was determined by PCR using primers for Uba! (X chro-
mosome; PCR product=211 bp) and Ubaly (Y chromo-
some; PCR product=183 bp). The PCR results showed
3 out of 5 lines (#3, #5 and #6) contained an XY karyo-
type (Fig. 1B). We selected RBGS-ESC line #3 (hereaf-
ter, RBGS-ESC) for subsequent experiments as this line
appeared to have more robust growth and maintained a
normal chromosome composition even after 15 pas-
sages (Supplementary Table S1).

To examine the stemness of RBGS-ESCs, alkaline
phosphatase (ALP) activity and pluripotent marker ex-
pression were checked by staining. As shown in Figs.
1C-E, ALP activity and pluripotent marker (OCT4 and
NANOG) expression were comparable to the EGR-G101
[(CAG/Acr-EGFP) BON x (CAG/Acr-EGFP) B6N] ESC
line [2].

Chimera production

To analyze their chimera-forming ability, RBGS-ESCs
transfected with an empty pX459 vector (expressing
spCas9 and an empty gRNA) were injected into ICR
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Fig. 1. Establishment of ESCs from RBGS transgenic mice. A) RBGS-ESCs at the fifth passage cultured in serum/LIF medium.
The cells exhibited DsRed?2 signals. B) Sex determination of established ESCs. The upper band was amplified from the X
chromosome (211 bp), and the lower band from the Y chromosome (183 bp). C) Detection of alkaline phosphatase (ALP)
activity. Red staining indicates ALP reacting with the substrate. EGR-G101 ESCs were used as a positive control. D) Expres-
sion of pluripotent marker OCT3/4 in ESCs. Su9-DsRed?2 localizes to the mitochondria, and OCT3/4 in the nucleus. DAPI
indicates nucleus. EGR-G101 ESCs were used as a positive control. No OCT3/4 signals were observed in feeder cells that
can be seen with DAPI surrounding the ESC colony (ESC colonies are marked by a yellow dashed line). E) Expression of
another pluripotent marker NANOG in ESCs. NANOG localized to the nucleus. EGR-G101 ESCs were used as a positive
control. No NANOG signals were observed in feeder cells that can be seen with DAPI surrounding the ESC colony.
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B Bright field

D Phase contrast

DsRed?2
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Fig. 2. Generation of chimeric mice. A) Eight-week old chimeric mice. Contribution of ESCs can be ob-
served via non-white coat color. B) Testis were collected from 12-week old wild-type (left) and
chimeric mice (right). C) Testis section of chimeric mice from (B). Green signal indicates EGFP
(acrosome) and red signal indicates DsRed2 (mitochondria). D) Spermatozoa of chimeric mice.
Green or red fluorescence indicates EGFP (acrosome) or DsRed2 (mitochondria), respectively.
White asterisk shows spermatozoa that have undergone the acrosome reaction. E) Two-day old pups
delivered from a B6D2F1 female that was mated with an RBGS chimeric mice.

8-cell embryos. Forty-nine treated embryos were trans-
ferred to ICR pseudopregnant females. Twenty pups
were delivered with 13 showing chimeric DsRed?2 fluo-
rescence. The contribution of RBGS-ESC ranged from
negligible to 95%, judged by coat color (Fig. 2A).

To analyze ESC contribution in more detail, we ex-
amined the red fluorescence in various mouse tissues
(Fig. 2B and Supplementary Fig. S2) and determined
RBGS-ESCs can contribute to all organs analyzed. Con-
tribution to the germ-line was confirmed in testis sections
showing EGFP in the acrosome and DsRed2 in the mi-
tochondria of developing spermatozoa (Fig. 2C). The
morphology of ESC-derived spermatozoa was compa-
rable to those of host-derived spermatozoa (Fig. 2D).
Using the red fluorescence in the midpiece, distinguish-
ing between ESC-derived spermatozoa and host-derived
spermatozoa was apparent even after the acrosome reac-

tion, in contrast to previous studies using the EGR-G101
line [2].

Finally, these chimeric mice were mated with B6D2F1
female mice to confirm germline transmission. As shown
in Fig. 2E, the F1 generations exhibiting DsRed2 was
obtained. Collectively, established RBGS-ESCs can
contribute to various tissues and be transmitted through
the germline.

Chimeric analysis of Hydin-disrupted spermatozoa

We applied RBGS-ESCs to analyze the phenotype of
Hydin KO spermatozoa. To disrupt the gene function
completely, we removed almost the entire coding region
by transfecting pX330-gRNA#01 and pX459-gRNA#02
plasmids that target near the start and stop codons, re-
spectively (Fig. 3A). Forty-eight ESC clones were se-
lected and 7 clones with a 343 kb deletion were obtained
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Fig. 3. Analysis of Hydin KO spermatozoa. A) The design of gRNAs (blue line) and genotyping primers (primers a and b for KO allele
and primers ¢ and d for WT allele). B) An example of genotyping. There is a weak band for the WT allele in the KO ES line #2
probably due to the contamination from WT feeder cells. C) Spermatozoa of chimeric mice. Green or red fluorescence indicates
EGFP (acrosome) or DsRed2 (mitochondria), respectively. Arrows indicate KO spermatozoa based on both green and red fluo-
rescence. Spermatozoa indicated by arrowheads lose EGFP signal, but can be judged as KO spermatozoa because the red fluo-
rescence remains. White rectangle region is magnified to show the misshapen head in the KO spermatozoa. D) Genotyping of

pups obtained via ICSI.

including 2 biallelic mutant clones (Fig. 3B). The WT
allele band observed in KO ES line #2 is weak compared
to that of HET ES line #1 [intensity ratio=0.12 (KO ES
#2/HET ES #1)], possibly due to contamination from
WT feeder cells. As we intended to remove the entire
coding region to ensure loss of HYDIN function, small
insertion or deletion was not examined; however, we
cannot exclude the possibility that such small alterations
were generated. The successful excision of 343 kb is
consistent with a previous study showing up to 841 kb
can be efficiently excised in ESCs [14]. One biallelic
mutant clone (KO ES #2) was injected into ICR 8-cell
embryos because this clone exhibited a normal karyotype
(Supplementary Table S2). Sixty treated embryos were

transferred to ICR pseudopregnant females. After 17
days, 12 pups were delivered, with 9 showing the chi-
meric red fluorescence. Three pups did not show red
fluorescence likely due to a low contribution of injected
ESCs into blastocysts. Five chimeric mice survived up
to 8 weeks old while 4 chimeric mice died within 3
weeks, reminiscent of the early lethality observed in 4y3
mice [9]. The cause of death of the four pups is unknown
as they were cannibalized by their mothers.

From the 5 chimeric mice that reached sexual matu-
rity, we observed spermatozoa from the cauda epididy-
mis. WT spermatozoa in the chimeric mouse exhibit
normal sperm length whereas ESC-derived spermatozoa
exhibit short-tails [average tail length=116.5 + 1.5 um
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(WT) compared to 12.4 + 4.3 um (KO)] (Fig. 3C and
Supplementary Fig. S3A) and were immotile (30 out of
30 KO spermatozoa observed in Supplementary Fig.
S3A). In addition to abnormal tail formation observed
in KO spermatozoa, the mitochondrial red fluorescence
signal (Su9-DsRed2) shows an aberrant midpiece. Fur-
ther, misshapen heads were observed in KO spermatozoa
(Fig. 3C and Supplementary Fig. S3B). As the midpiece
and head morphology in WT derived spermatozoa were
normal, we conclude the defect observed in KO sperma-
tozoa is due to disruption of Hydin in germ cells and not
in Sertoli cells or Leydig cells.

To determine whether the mutant RBGS spermato-
zoa’s genome is intact and can contribute to the next
generation, the short-tail spermatozoa were injected into
WT oocytes by intracytoplasmic sperm injection (ICSI).
In the standard ICSI protocol in mice, only the sperm
head is used; however, whole spermatozoa from Hydin
KOs were injected as it was difficult to separate the head
from the short flagellum. Sixty-two oocytes were treated
with 26 oocytes developing to 2-cell stage embryos,
which were transferred to pseudopregnant females. After
19 days, 2 heterozygous pups with the mutant allele were
delivered (Fig. 3D). The heterozygous mice grew with-
out overt abnormalities and were fertile. Our result in-
dicate that the nuclei of KO spermatozoa have the abil-
ity to produce viable pups. Overall, our chimeric
analysis reveals that HYDIN is essential for the sperm
tail formation in mice.

Discussion

In the present study, we established ESC line from
RBGS mice whose spermatozoa contain DsRed?2 in the
midpiece and EGFP in the acrosome. We confirmed ex-
pression of pluripotent markers and contribution of these
ESCs to various tissues including germ cells in chimeric
mice. As a proof of concept, we applied RBGS-ESCs to
analyze the function of HYDIN in spermatozoa, which
has previously been difficult due to the early lethality of
Hydin mutant mice [9]. Several Hydin chimeric mice in
our study reached sexual maturity, and by analyzing the
spermatozoa collected from the cauda epididymis, we
revealed that HYDIN is essential for sperm function.

Previously, we utilized G101 ESCs that express EGFP
in the acrosome for chimeric analysis [14]. However, it
was difficult to distinguish between host-derived and
ESC-derived spermatozoa in G101 chimeric mice be-

cause the EGFP signal was lost not only when the sper-
matozoa underwent the acrosome reaction but also when
their membrane integrity was disrupted. RBGS-ESCs
that expresses DsRed2 in the mitochondria allow ESC-
derived spermatozoa to be easily recognized. In addition,
the morphology of mitochondrial sheath can be analyzed
without staining due to the localization of DsRed2 to
this organelle.

One concern associated with chimeric analysis of
genes essential for male fertility is that the next genera-
tion cannot be obtained. However, as we demonstrated
with ICSI using Hydin-disrupted spermatozoa, the next
generation may be obtained by assisted reproductive
technologies such as in vitro fertilization, ICSI, and
round spermatid injection (ROSI). Once essential genes
are identified by chimeric analysis, we may also be able
to regenerate KO mice by genome editing in zygote.
Another concern of chimeric analysis is that infertility
phenotypes can be concealed by the host-derived WT
cells in the case of factors that function in a cell non-
autonomous manner such as secreted or membrane-
bound proteins. Careful interpretation of phenotypes is
necessary when analyzing non-autonomous factors in
chimeras. In these cases, subsequent generations can be
analyzed to confirm that host-derived WT cells do not
conceal infertility phenotypes. It should be noted that
conditional KO methods have a similar problem because
efficiency of CRE or FLP-dependent recombination is
not always 100% [3, 16], which causes mosaicism. Ad-
ditionally in chimeric analysis, it is possible that pheno-
types observed in the cells of interest are due to muta-
tions in other cells. In this case, it is important to check
the phenotypes of the corresponding WT cells. For ex-
ample, in regards to the short-tail phenotype of Hydin
KO spermatozoa in chimeric mice, we concluded that
the phenotype was not due to defective Sertoli cells or
Leydig cells as WT spermatozoa appear normal.

Utilizing chimeric analysis, we found that Hydin KO
spermatozoa exhibit abnormal tail formation in mice.
Because HYDIN is localized to the central pair (CP) of
the axoneme [9], it is very likely that deletion of Hydin
causes abnormal tail formation; however, it should be
noted that we cannot exclude possibilities of off-target
mutations or deletion of non-coding RNAs localized
within the Hydin locus. To reduce the likelihood off-
target effects causing observed phenotypes, ESCs that
do not contain integrated pX330 or pX459 or using mul-
tiple ES clones for generating chimeric mice should be
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explored. Rescue experiments should also be considered
to determine if the gene of interest is responsible for the
phenotype.

There are other CP proteins that have been found to
be essential for tail formation such as SPEF2, SPAG6,
CFAP54 [13, 18, 19]. Similar defects found in these KO
mice suggest that correct organization of the CP appa-
ratus may be important for flagellum formation. In ad-
dition to short tails, misshapen heads were observed in
Hydin KO spermatozoa. Considering that HYDIN is
located in the CP, misshapen heads may be a secondary
effect caused by abnormal flagellar elongation. Alterna-
tively, it is possible that HYDIN may play a distinct role
in shaping the head as suggested in Spef2 KO mice [19].
Further experimentation is necessary to fully understand
the molecular mechanism of HYDIN in spermiogenesis.

In contrast to mice, mutations of HYDIN in primary
ciliary dyskinesia patients lead to impaired sperm motil-
ity but not defective flagellum formation [15]. This mild
phenotype observed in humans may be because HYDIN
is not completely deleted in the patients who possess a
point mutation (c.3985G>T) that leads to aberrant splic-
ing. Generating the corresponding human mutation in
mice using CRISPR/Cas9 may lead to the elucidation of
this discrepancy.

Our study demonstrates the benefit of using estab-
lished RBGS-ESCs for investigating male fertility-re-
lated genes in chimeric mice and revealed that HYDIN
is essential for the sperm tail formation. Chimeric mice
can also be used to analyze the function of lethal muta-
tions in other organs in addition to the testis. For ex-
ample, using fluorescence activated cell sorting, mu-
tated immune cells or blood cells can be isolated and
analyzed. Utilizing RBGS-ESCs for chimeric analysis
provides a powerful tool to analyze gene functions that
are not only related to male germ cells but also somatic
cells.
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