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Abstract. Knockout Dnah17 rats were generated due to its potential involvement in myopia. Subsequent study suggested that the
homozygous truncation variants in DNAH17 is associated with male fertility but not myopia. Sperm count and sperm motility were
measured in male rats. HE staining, immunoﬂuorescence staining and TUNEL staining were used to observe the gross and histopathology
of testis in homozygous and wild rats. Dnah17 knockout rats were generated by CRISPR/Cas9 gene editing. In the process of breeding rats,
homozygous male rats were noted to be infertile, with signiﬁcantly decreased number of sperm suggesting cryptozoospermia that was
further conﬁrmed by histologic studies. TUNEL assay showed an increased apoptosis in homozygous testes compared with wild type
(P\0.001). A signiﬁcant reduction of spermatocytes was observed in homozygotes compared with wild type (P=0.025) by immunoﬂuorescence. These results suggest that DNAH17 is critical for spermatogenesis in male rats.
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Introduction
Based on a previous comparative analysis of the whole exome
sequencing (WES) data, heterozygous truncation variants in
DNAH17 were detected in eight of 623 probands with earlyonset high myopia (eoHM) and two of 2657 probands with
other hereditary eye disease (HED). A signiﬁcant statistical
difference (P=5.10910–5 after Bonferroni correction) indicated that DNAH17 was relative to myopia. However, in the
update in-house WES data, 10 of 1299 probands with eoHM
and 15 of 3981 probands with other HED were detected with
heterozygous truncation variants in DNAH17, which was not
corresponding to the previous result.
Dynein axonemal heavy chain 17 (DNAH17; MIM:
610063), one of the heavy chains member, is located at
17q25.3 and encodes a 509-kDa protein, which is mainly
expressed in the testis (Milisav et al. 1998; Pazour et al. 2006;
Whitﬁeld et al. 2019). DNAH17 is also an important component of ﬂagella outer dynein arms (ODAs), which is a
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structural subunit of axoneme and play an essential role in
generating beating forces of sperm ﬂagella (Gibbons 1963;
Summers et al. 1971). Lack of ODAs results in multiple
morphological abnormalities of the sperm ﬂagella (MMAF), a
rare type of asthenozoospermia. MMAF is caused by DNAH1
(Ben Khelifa et al. 2014), DNAH2 (Li et al. 2019a), DNAI1 (Ji
et al. 2017), CFAP43 (Sha et al. 2019b; Tang et al. 2017),
CFAP44 (Sha et al. 2019b; Tang et al. 2017), CFAP69 (Dong
et al. 2018; He et al. 2019), CFAP251 (also known as WDR66)
(Kherraf et al. 2018; Li et al. 2019b), FSIP2 (Martinez et al.
2018), ARMC2 (Coutton et al. 2019), AK7 (Lores et al. 2018),
QRICH2 (Shen et al. 2019), SPEF2 (Liu et al. 2020; Sha et al.
2019a), TTC21A (Liu et al. 2019b) and CEP135 (Sha et al.
2017). Previous studies have reported that variants in
DNAH17 cause asthenozoospermia in human being, and the
spermatozoa is with morphological abnormalities in patients
or mice with homozygous variants in DNAH17 (Whitﬁeld
et al. 2019; Zhang et al. 2019).
In this study, a Dnah17–/– rat model was generated using
the CRISPR/Cas9 system and the phenotype of the mutant
and the function of Dnah17 was explored in rats.
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Materials and methods
Animals

All animal studies were performed according to the Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research. Sprague-Dawley rats (4 weeks) were obtained
from Biocytogen (Beijing, China) commercially in the present study. All rats were allowed to accommodate for 3
months in the animal house for speciﬁc pathogen free animals at State Key Laboratory of Ophthalmology in Zhongshan Ophthalmic Center. Phenotypic observation and
anatomical sampling of rats were completed prior to genotype identiﬁcation to reduce bias.
Generation of Dnah17 knockout rats by CRISPR/Cas9

Dnah17 knockout rats were generated via the CRISPR/
Cas9-mediated genome editing approach by a commercial
company (Biocytogen, Beijing). The target sites of the
sgRNA were designed to be the mutation site
c.8704_8724del (p.T2904Lfs*4) in Dnah17 of rats. Based
on sgRNA activity that was tested via UCA assay (Biocytogen, Beijing, China) in vitro, the sgRNA (CGGTATGACCGACACCCGAGAGG) was selected and transcribed
in vitro. Together with the Cas9 mRNA transcribed in vitro,
sgRNA was microinjected into the zygotes of SD rats, which
were then transferred into the oviduct of pseudopregnant
females. Tail-derived genomic DNA of newborn rats was
used to identify the genotype by PCR.
Rat sperm motility test and sperm counting

Rats were anesthetized with sodium pentobarbital (2 g/kg)
injected intraperitoneally. The intact unilateral epididymis
was removed, cut into 5-mm sections, and then sunk into 1
mL saline. After the sperm exit the tubes to the saline adequately, one drop of solution is added to the slide and
observed under an Olympus-cx21 biological microscope
(Olympus, Tokyo, Japan). Initially ﬁve ﬁelds were selected
from top to bottom, left to right, and the motility of 40 sperm
from each ﬁeld was recorded. If the number of sperm in ﬁve
ﬁelds was less than 200, additional sperm in the whole ﬁeld
of view were observed. Forward movement sperm number
(FMSN) and nonFMSN were recorded, and sperm motility
equals to (FMSN?nonFMSN)/2009100%. Subsequently,
sperms were counted with a hematocytometer.
Hematoxylin-eosin staining

Testes were ﬁxed in animal testicular tissue ﬁxative (G1121,
Servicebio, China) overnight at room temperature, gradient

dehydrated in 75%, 85%, 95% and 99% ethanol each for 1 h,
embedded in parafﬁn for 3 h and sectioned. Parafﬁn sections
were dewaxed with xylene for 30 min, and then, rehydrated
sequentially in 95%, 90%, 85% and 70% ethanol each for 10
min, followed in PBS solution for 10 min, and stained with
hematoxylin and eosin (G1001 and G1004, Servicebio,
China). All the staining sections were visualized on an
upright Nikon Ci-E microscope (Nikon, Tokyo, Japan).
Immunoﬂuorescence staining

Parafﬁn sections were dewaxed and hydrated as mentioned
above. After 30 min antigen retrieval using 5% sodium
citrate solution at 98°C, sections were blocked with 5% goat
serum for 1 h. Primary antibodies were incubated at 4°C
overnight. After PBST solution washed thrice for 30 min,
sections were incubated with secondary antibodies at RT for
1 h as well as 0.5% DAPI. Wash off the secondary antibodies and add the antifade solution to seal the slides and
coverslips. The primary antibodies used for immunoﬂuorescence were anti-cH2AX (ab26350, Abcam, UK) and
anti-SCP3 (ab15093, Abcam, UK). Secondary antibodies
were goat anti-rabbit IgG and goat anti-mouse antibodies
(4413 and 4408, Cell Signaling Technology, USA). Images of
immunoﬂuorescence staining sections were captured using a
Nikon C2 confocal microscope (Nikon, Tokyo, Japan).
TUNEL

Parafﬁn sections were dewaxed and hydrated as mentioned
in HE. TUNEL staining was performed with in situ Cell
Death Detection kit, Fluorescein (11684795910, Roche,
Switzerland) according to the manufacturer’s instructions.
Images of TUNEL staining sections were captured on a
Nikon C2 confocal microscope (Nikon, Tokyo, Japan).
Statistical analysis

The number of cells in each ﬁeld were counted by ImagePro
Plus 7 (Media Cybernetics, USA). Signiﬁcance was calculated with 2-tailed unpaired t-test by Prism 7.0 (GraphPad
Software, USA).

Results
Generation of Dnah17 mutant rats by CRISPR/Cas9

Dnah17 c.8704_8724del (p.T2904Lfs*4) mutant rats were
generated by CRISPR/Cas9 mutagenesis (ﬁgure 1a) and
eight heterozygous rats were obtained after the ﬁrst injection.
Female heterozygotes were crossed with male heterozygote,
and then homozygotes was obtained. A 20-bp deletion of
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exon 55 in homozygotes was conﬁrmed by Sanger sequence,
resulting in premature stop codon (ﬁgure 1b).
Infertility in Dnah172/2 male rats

Dnah172/2 rats were viable and showed normal development. However, there were no newborns when adult
Dnah17–/– males mated with wild-type females. In contrast,
expected number of offspring were produced when adult
Dnah17–/– females were housed with wild-type males. The
mean number of Dnah17–/– female offspring was
9.33±1.53, compared to 10.33±1.53 for Dnah17?/?
females, with no statistical difference (table 1), suggesting an
antifertility effect limited to Dnah172/2 male rats.
Abnormal spermatogenesis in Dnah17–/– male rats

Gross and histopathological analyses were performed to
identify any differences between Dnah17–/– male rats and
wild-type male rats. Firstly, the weight of average testis and
body was measured, and the weight ratio was calculated. In
adult Dnah17–/– rats, the size of testis was similar to that of
wild-type rats. The average weight ratio of testis to body is
4.31% for homozygotes and 3.84% for wild-types, not a
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Table 1. Dnah17 deﬁciency had an impact on male rat fertility.
Genotype

Gender

n

Mean number of offspring

SD

Dnah172/2
Dnah172/2
Dnah17?/?

Male
Female
Female

6
3
3

0
9.33
10.33

0
1.53
1.53

statistically signiﬁcant difference (ﬁgure 2, a&b). Secondly,
histological analysis revealed the presence of spermatogenic
cells in the seminiferous tubules of adult Dnah17–/– rats.
However, there were a few elongated sperms observed in
knockout rats compard to the adult wild-type rats (ﬁgure 2c),
while no differences in other tissues were observed between
the wild-type rats and adult Dnah17–/– rats (ﬁgure 3). In
addition, there was a signiﬁcant difference in the contents of
the epididymis revealed by HE staining (ﬁgure 2d). The
number of sperm cells in Dnah17–/– rats was severely
decreased as compared to wild-type controls (0.029106/mL
for homozygotes, 62.339106/mL for wild type, and
43.679106/mL for heterozygotes). The sperm motility could
not be measured in homozygous Dnah17–/– rats due to the
scarcity of sperm cells. However, the few sperms observed
in Dnah17–/– rats were totally inactive (table 2). It is

Figure 1. Generation of Dnah17 mutant rats by CRISPR/Cas9. (a) SgRNA (CGGTATGACCGACACCCGAGAGG) was used to make the
mutation in 55 exons of rats DNAH17. (b) Sanger sequencing conﬁrmed the homozygous c.8704_8724del (p.T2904Lfs*4) deletion in
homozygotes.
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Figure 2. Spermatogenesis appears abnormal in Dnha17–/– rat. (a) Testis and epididymis from wild-type rat (left) and DNAH17–/– rat
(right). (b) Average testis weight/body weight (n=3, respectively, P [ 0.05). (c) Sections of HE stained testis from wild-type rat (left) and
DNAH17–/– rat (right). (d) Sections of HE stained cauda epididymis from wild-type rat (left) and DNAH17–/– rat (right). Scale bar is 100
lm.

Figure 3. Morphology of other tissues shown in wild-type and the adult homozygotes by using HE staining. The morphology of other
tissues including heart, lung, liver and kidney in the adult homozygotes were as normal as wild-type. Scale bar is 100 lm.

speculated that Dnah17 deﬁciency caused abnormal spermatogenesis in rats resulting in cryptozoospermia.

Increased number of apoptotic cells in the adult homozygotes

To identify if the cryptozoospermia observed in Dnah17–/–
male rats was due to apoptotic spermatogenic cell death, the
TdT-mediated dUTP-biotin nick end labelling (TUNEL)
assay was carried out (ﬁgure 4a). TUNEL analysis of testicular sections revealed that both the number of apoptotic
cells per tubule and the number of tubules containing
apoptotic cells were signiﬁcantly increased in adult
Dnah17–/– male rats (ﬁgure 4, c&d).

Decreased spermatocytes in the adult homozygotes

A number of spermatogenic markers were used to investigate the developmental stage at which spermatogenic cells
might undergo apoptosis in adult homozygotes. c-H2AX, a
marker for DNA DSBs (Liu et al. 2015), labels pachytene
and diplotene cells, and late leptotene and zygotene cells
(ﬁgure 5a). SCP3 is a marker labelled in zygotene spermatocytes leptotene and zygotene spermatocytes (Eijpe et al.
2003) (ﬁgure 5b). The number of c-H2AX labelled spermatocytes did not show a signiﬁcant difference (ﬁgure 5c).
However, the number of the SCP3 labelled spermatocytes
was signiﬁcantly lower in adult Dnah17–/– rats compared
with wild-type rats (67.27±8.51 versus 118.3±11.95, P =
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Table 2. Counting and motility of sperms in rats.
Classiﬁcation
Wild type
Heterozygotes
Homozygotes

Ear tag

Genotype

FMSN

NonFMSN

ISC

Sperm motilitya

Count (106/mL)

04
15
60
51
02
03
07
08
10

Dnah17?/?
Dnah17?/?
Dnah17?/?
Dnah17?/–
Dnah17?/–
Dnah17?/–
Dnah17–/–
Dnah17–/–
Dnah17–/–

135
68
110
71
44
74
0
0
0

17
22
22
20
14
39
0
0
0

48
110
68
109
142
87
3
2
2

76%
45%
66%
46%
29%
56%
NDb
ND
ND

140.80
12.40
58.00
12.30
60.00
33.00
0.02
0.02
0.02

FMSN, forward movement sperm number; ISC, inactive sperm count.
a
Sperm motility equals to (FMSN?nonFMSN)/2009100%.
b
The sperm motility cannot be calculated because of extremely few sperm counts.

Figure 4. Apoptotic cells increased in the adult homozygotes. (a) Sections of TUNEL-stained testis from wild type and Dnah17–/– rat. The
right parts showed enlarged photos of the red squared area inside the left photos. The scale bar of right parts is 200 lm, and the scale bar of
left parts is 50 lm. (b) The ratio of the apoptotic cells in seminiferous tubules, which were observed with apoptotic cells, between wild type
(129.50/19.00) and the adult homozygotes (485.65/18.47) (n=3, respectively, P \ 0.05). (c) Average apoptotic tubules rate to total tubules
in wild type and the adult homozygotes (n=3, respectively, P = 0.0005).

0.02) (ﬁgure 5d), suggesting that spermatocytes are
decreased during maturation in the adult homozygotes.

Discussion
In this study, infertility of homozygous Dnah17 knockout
male rats is an unexpected ﬁnding. No offspring from male
homozygotes, histochemistry study on testis and epididymis,
as well as counting and motility analysis of sperms, all
suggest cryptozoospermia due to homozygous knockout of
Dnah17. While our study is in progress, the other two
groups independently reported that a form of

asthenozoospermia (OMIM: 618643) in human beings is
caused by homozygous truncation mutations or homozygous
missense mutations in DNAH17 (Whitﬁeld et al. 2019;
Zhang et al. 2019). Infertility have been identiﬁed in human,
mice, and rats due to homozygous mutation in DNAH17/
Dnah17, but rats with Dnah17 knockout seem with more
severe defects in sperm development. In the other two
studies, structural and functional studies are focussed on
sperms. While in this study, additional information from
histochemistry study on testis and epididymis are provided.
Nevertheless, our study conﬁrmed that homozygous truncation mutations in DNAH17 are a cause of male infertility
in mammals.
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Figure 5. Spermatocytes decreased in the adult homozygotes. (a) The spermatocytes (c-H2AX, green) are compared in testis sections from
both wild type and Dnah17–/– rat. (b) The spermatocytes (SCP3, red) are compared with testis sections from both wild-type and Dnah17–/–
rat. (c) The numbers of c-H2AX labelled cells were similar between wild-type and Dnah17–/– rats (n=3, respectively, P=0.32). (d) The
number of SCP3 labelled cells were signiﬁcantly reduced in Dnah17–/– rats compared with wild type (n=3, respectively, P=0.02). Scale bar
is 50 lm.

Several dynein family genes previously had been implicated in male infertility. Mutations in DNAH1, DNAI1 and
DNAH5 are responsible for multiple morphological abnormalities of sperm ﬂagella (Ben Khelifa et al. 2014; Ji et al.
2017). In addition, mutations in DNAH6, interacting with
genes responsible for primary ciliary dyskinosia have been
reported to be responsible for sperm head anomalies (Li
et al. 2016, 2018). These results suggest that dynein family
genes not only play roles in ﬂagellum but also in
spermatogenesis.
Increased number of apoptotic spermatogenic cell death
and decreased spermatocytes were found in the adult
Dnah17–/– rats, suggesting that the cryptozoospermia in
Dnah17–/– rats was caused by the abnormal spermatogenesis. The increase of spermatogenic cells apoptosis and the
disturbance of spermatozoa mitochondrial membrane
potential has been shown to result in asthenozoospermia in
Ndufa13 deﬁciency mice (Yang et al. 2017). In addition,
reduced motility and increased apoptotic spermatogenic cell
has been associated with human male infertility (Wilton
et al. 1992; Courtade et al. 1998). Although spermatogenic
cell death has been reported to be related to asthenozoospermia caused by abnormal spermatogenesis, the aberrant developmental stage at which spermatogenic cells might
undergo apoptosis of spermatogenesis is still unknown. The
number of spermatocytes labelled with SCP3, a marker of
zygotene spermatocytes leptotene and zygotene spermatocytes was reduced in adult Dnah17–/– rats compared with
wild-type rats, but not in c-H2AX, a marker of pachytene,
diplotene cells, late leptotene and zygotene cells. Absence of

SCP3 has been reported to give rise to testicular atrophy in
male mice and lead to males infertile by spermatocyte
apoptosis (Yuan et al. 2000, 2001). All of these evidences
suggested that cryptozoospermia in Dnah17–/– rats may be
caused by abnormal spermatocytes generation.
In summary, infertility is identiﬁed in Dnah17–/– male
rats, and increased number of apoptotic spermatogenic cell
and decreased spermatocytes from histochemistry study on
testis and epididymis are provided to conﬁrm that homozygous truncation mutations in DNAH17 are a cause of male
infertile in mammals. However, further studies are required
to explore the molecular mechanism of DNAH17 associated
to fertility.
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