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Asthenozoospermia is a common cause of male infertility, but its etiology remains incompletely understood. We recruited
three Pakistani infertile brothers, born to first-cousin parents, displaying idiopathic asthenozoospermia but no ciliary-related
symptoms. Whole-exome sequencing identified a missense variant (c.G5408A, p.C1803Y) in DNAH17, a functionally
uncharacterized gene, recessively cosegregating with asthenozoospermia in the family. DNAH17, specifically expressed in
testes, was localized to sperm flagella, and the mutation did not alter its localization. However, spermatozoa of all three
patients showed higher frequencies of microtubule doublet(s) 4-7 missing at principal piece and end piece than in controls.
Mice carrying a homozygous mutation (Dnah17"/M) equivalent to that in patients recapitulated the defects in patients’ sperm
tails. Further examinations revealed that the doublets 4-7 were destabilized largely due to the storage of sperm in epididymis.
Altogether, we first report that a homozygous DNAHI7 missense variant specifically induces doublets 4-7 destabilization and
consequently causes asthenozoospermia, providing a novel marker for genetic counseling and diagnosis of male infertility.

Introduction
According to the World Health Organization (WHO), men whose
ejaculates have <32% progressively motile sperm are diagnosed
with asthenozoospermia (WHO, 2010). Asthenozoospermia is
one of the major causes of male infertility. Isolated astheno-
zoospermia accounts for 19% of all infertile men, and oligo- and/
or terato-asthenozoospermia could account for 63% of all in-
fertile men (Curi et al., 2003). Numerous factors, like lifestyle,
pollutants, prolonged sexual abstinence, partial blockage of
seminal tract, varicocele, and infection, have been reported as
causes of asthenozoospermia (Adams et al., 2014; Ortega et al.,
2011; Salas-Huetos et al., 2017). Nonetheless, the genetic factors
underlying asthenozoospermia remain largely unknown.
Axoneme is the core structure of sperm flagellum, presenting
throughout the flagellar length. The axoneme is typically com-
posed of 9+2 microtubules, where a central pair of microtubules
is surrounded by nine peripheral microtubule doublets (MTDs)

in the fixed order (Inaba, 2011). Axonemal dyneins are a pair of
projecting “hooks,” consisting of an inner and an outer dynein
arm (IDA and ODA, respectively), which are attached to each of
the nine MTDs (Kikkawa, 2013). IDAs and ODAs are structural
subunits of axoneme and essential for generating beating forces
of sperm flagella (Gibbons, 1963; Summers and Gibbons, 1971).
Each dynein arm is composed of several light chain proteins, at
least two intermediate chain proteins, and at least two heavy
chain proteins that hydrolyze ATPs for microtubule sliding
(Inaba, 2011; Roberts et al., 2013).

Heavy chains, also known as dynein axonemal heavy chains
(DNAHS), comprise 13 members (DNAH1-3, 5-12, 14, and 17) in
humans (Pazour et al., 2006). Disruptions in DNAHs, such as
DNAHS5 (Hornef et al., 2006; Olbrich et al., 2002), DNAH6 (Li
et al., 2016), DNAH9 (Fassad et al., 2018; Loges et al., 2018),
and DNAHII (Bartoloni et al., 2002; Knowles et al., 2012; Lucas
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et al., 2012; Schwabe et al., 2008), are known to cause, or are
associated with, primary ciliary dyskinesia (PCD), a genetically
heterogeneous disorder that is characterized by chronic airway
diseases, left-right laterality disturbances, and male infertility
(Leigh et al., 2009). So far, mutations in only DNAHI or DNAH9
have been described in patients with asthenozoospermia. Pa-
tients harboring biallelic DNAHI mutations were infertile and
displayed impaired sperm motility and multiple morphological
abnormalities of sperm flagella (MMAF), including absent, bent,
short, coiled, and irregular-caliber flagella (Coutton et al., 2018;
Ben Khelifa et al., 2014; Sha et al., 2017; Tang et al., 2017; Wang
et al,, 2017); an infertile patient with two homozygous DNAH9
mutations displayed markedly reduced sperm counts and mo-
tility, as well as absence of morphologically normal sperm
(i.e., oligoasthenozoospermia; Fassad et al., 2018), whereas their
functional roles in maintaining sperm motility and flagellar
structure have not been fully understood. Interestingly, DNAHI7,
encoding an ODA component, showed testis-specific mRNA
expression in humans (Milisav and Affara, 1998) but has not yet
been functionally characterized.

In this study, we recruited three primary infertile patients
from Pakistan, born to a consanguineous union and suffering
from asthenozoospermia with no MMAF-like phenotype or
ciliary-related symptoms. Through whole-exome sequencing
(WES) and Sanger sequencing, we identified a homozygous
missense variant in DNAHI7 recessively cosegregating with as-
thenozoospermia in this family. Further analyses of spermato-
zoa from patients and functional studies in mice carrying a
Dnahl7 mutation equivalent to that in patients collectively
demonstrated that the DNAHI7 variant specifically induces
doublets 4-7 destabilization during sperm storage in epididy-
mides and thus causes asthenozoospermia, signifying that
DNAHI7 is the first DNAH protein implicated in stabilizing fla-
gellar structure.

Results

Three asthenozoospermic patients born to a

consanguineous union

This study was performed on a family with male infertility
originating from Pakistan (Fig. 1 A). The parents (II:1 and III:2)
were first-degree cousins and gave birth to three daughters and
four sons. Two sisters (IV:5, 42 yr old and IV:6, 27 yr old) had
three and two children, respectively, and the youngest sister
(Iv:7, 25 yr old), who had normal menstrual cycles, was un-
married. Among the four brothers, one (IV:4, 28 yr old) was
unmarried; the other three, IV:1 (43 yr old), IV:2 (41 yr old), and
IV:3 (29 yr old), had been married for 20, 17, and 11 yrs, re-
spectively, but all were infertile. They did not have any history
of drinking, smoking, exposure to toxic chemicals, or any
symptoms of ciliary-related diseases and were physically normal
with respect to height, weight, external genitalia, and testicular
size. Semen analyses of patients revealed that semen volumes,
sperm concentrations, and percentages of morphologically
normal sperm fell within the normal ranges (WHO, 2010).
However, all three patients exhibited reduced sperm motility,
with <25.0% of motile sperm and <17.5% progressively motile
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sperm. Hence, they were diagnosed with asthenozoospermia.
Patients’ clinical characteristics are summarized in Table 1.

Identification of a candidate pathogenic variant in DNAH17
To understand the genetic cause of asthenozoospermia in this
family, we performed WES for patient IV:2 and his father. Fol-
lowing a pipeline of WES data analysis (Fig. S1), 12 variants in 12
genes were retained. Subsequent Sanger sequencing on genomic
DNA from all the available family members (III:1, III:2, and IV:
1-7) verified four variants in four genes (DNAHI17, GPSI, HIDI, and
USP36) recessively coinherited with asthenozoospermia (Fig. 1 B
and Fig. S1 B). GPSI, HIDI, and USP36 are annotated ubiquitously
expressed in various tissues (Zhang et al., 2013; DNAHI7 mRNA
exhibits testis-specific expression [Milisav and Affara, 1998]).
Given that our patients did not show any other symptoms except
asthenozoospermia, the homozygous missense variant
(c.G5408A) in DNAHI7 was favorably presumed to be responsi-
ble for the diminished sperm motility in the patients.

The DNAHI7 c.G5408A occurred in exon 35 and caused a G-to-
A substitution at cDNA (NCBI reference sequence no.
NM_173628) nucleotide position 5408, predicted to replace
cysteine (C) by tyrosine (Y) at amino acid position 1803
(p.C1803Y; Fig. 1 C). The altered amino acid is located in the
N-terminal stem region of DNAHI7, which is known to interact
with other dynein components. Phylogenic analysis revealed
that the altered amino acid was conserved from lower to higher
organisms (Fig. 1 D). All these findings suggest that the homo-
zygous DNAHI7 variant (c.G5408A) could be pathogenic for as-
thenozoospermia in this family.

Generation and validation of the anti-DNAH17 antibody

To determine the expression and localization of DNAHI17, we
generated an antibody recognizing an epitope of DNAH17 amino
acids 3502-3801, which is highly conserved between mouse and
human (Fig. S2). To test the specificity of this antibody, immu-
noblotting and immunofluorescence (IF) staining assays were
performed with HEK293T cells overexpressing FLAG-tagged
epitope-corresponding peptides from mouse and human
DNAHI17, DNAHY, and DNAHII, which are the mammalian ho-
mologues of Chlamydomonas reinhardtii ODA B-HCs (Pazour
et al,, 2006) and have high amino acid sequence similarity.
The anti-DNAHI17 antibody showed high affinity to the epitope-
corresponding peptides of both mouse and human DNAHI17 as
expected. However, it also recognized the overexpressed
epitope-corresponding peptides of mouse and human DNAH9,
as well as mouse DNAHI], in immunoblotting assays (Fig. S3 A),
and mouse and human DNAH9 and DNAHII in IF staining (Fig.
S3 B). To determine whether this anti-DNAHI7 antibody rec-
ognizes the endogenous DNAH9 and DNAHII full-length pro-
teins in humans and mice, we performed IF staining of
respiratory cilia where DNAH9 and DNAH]11 have been reported
to be expressed (Dougherty et al., 2016; Fliegauf et al., 2005).
This anti-DNAH17 antibody yielded weak signals that were not
distinguishable from those of rabbit control IgG (Fig. 2, A and B),
indicating that DNAHI7 is not expressed in respiratory cilia, and
that this anti-DNAHI17 antibody is not likely to recognize en-
dogenous DNAH9 and DNAHII in humans and mice.
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Figure 1. A DNAH17 missense variant in a consanguineous Pakistani family with asthenozoospermia. (A) Pedigree of the consanguineous family with
three asthenozoospermia patients (IV:1, IV:2, and 1V:3). Arrows point to the two individuals for whom WES was performed. Slashes denote deceased family
members, and the double horizontal lines represent consanguineous marriage. ASZ, asthenozoospermia. (B) Chromatograms of the DNAH17 missense mutation
(g.G78136A) in genomic DNA from all the available family members. F, female; M, male. (C) The DNAHI7 mutation occurs in exon 35 and causes a G-to-A
substitution at cDNA (NCBI reference sequence no. NM_173628) nucleotide position 5408, replacing cysteine (C) with tyrosine (Y) at amino acid 1803 in the
DNAH17 protein (UniProt accession no. QOUFH2). (D) Sequence alignment shows conservation of the affected amino acid (cysteine) across different or-
ganisms. Arrowheads, the mutation site; WT, the wild-type allele; MT, the mutant allele; UTR, untranslated region.

The specificity of the antibody was further validated in
Dnahl7-/~ mice that were generated using the CRISPR/Cas9
technique (Fig. S3 C). Immunoblotting using the antibody
against DNAH17 detected a specific band at the predicted size of
DNAHI7 protein in sperm lysates from Dnahl7*/~ mice, but not in
sperm lysates of Dnahl7~/~ mice (Fig. S3 D). Similarly, IF staining
of spermatozoa from Dnahl7*/~ mice showed clear and specific
signals of DNAH]17 colocalizing with a-tubulin, one of the major
constituents of microtubules (Amos and Klug, 1974), along
sperm tails except the distal tip, but the signals of anti-DNAHI17
antibody were completely absent in sperm flagella from
Dnahl7/~ mice (Fig. S3 E). Noticeably, knockout of Dnahi7
drastically reduced sperm count and resulted in morphologically
abnormal spermatozoa with a typical human MMAF phenotype
(Fig. S3, F-I). The 9+2 axonemal configuration was completely
disrupted in flagella of Dnahl7/~ mice (Fig. S3 J).
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These in vitro and in vivo studies collectively indicated that,
although the anti-DNAH17 antibody could cross-react with the
epitope-corresponding peptides of DNAH9 and DNAHII1 over-
expressed in cultured cells, it is not likely to recognize endoge-
nous DNAH9 and DNAHII proteins in mice and humans.

The expression and localization of DNAH17

In mice, Dnahl7 mRNA was abundantly expressed in testes but
not detected in lungs, tracheae, or oviducts (Fig. 2 C). Using the
antibody against DNAHI17, we found that DNAHI7 protein was
indeed not detected in cilia from tracheae and was detected only
in testes and epididymides of WT mice (Fig. 2, A, D, and E), but
not in epididymides of Rpll0l~/~ mice devoid of spermatozoa
(Fig. 2 E; Jiang et al., 2017), indicating that DNAH17 expression is
restricted to testes and spermatozoa. IF staining further showed
that DNAH17 is localized predominantly in cytoplasm and
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Table 1. Clinical characteristics of patients

Reference values? v:1 Iv:2 v:3
Genotype MT/MT MT/MT MT/MT
Age (years)® 43 41 29
Years of marriage® 20 17 1
Height/weight (cm/kg) 182.9/70.0 167.6/70.0 167.6/50.0
Semen parameters
Semen volume (ml) >15 33+09 20+1.0 35+07
Semen pH Alkaline Alkaline Alkaline Alkaline
Sperm concentration (10/ml) >15 180+ 14 300+ 0 173+ 16
Morphologically normal sperm (%) >4 76.8 + 2.8 83.8+03 784 + 0.5
Motile sperm (%) >40 115 + 46 25.0 + 10.6 151+ 5.0
Progressively motile sperm (%) >32 55+18 175+ 8.8 9.4 +31

Two independent experiments were performed. Data are presented as mean + SEM. MT, the mutant allele.

2Reference values were published in WHO (2010).
bThe current ages.
The current years of marriage.

flagella of step 11-16 spermatids of adult mice (Fig. 2 F). Con-
sistently, in humans, DNAHI17 was detected only in testes, but
not in various somatic cell lines (Fig. 2 G and Fig. S3 K). Im-
munohistochemical staining on human testicular sections with
normal spermatogenesis revealed that DNAH17 could be de-
tected in cytoplasm and flagella of elongated spermatids
(Fig. 2 H). IF staining on human semen smears showed locali-
zation of DNAHI7 in sperm flagella (Fig. 2 I). Together, the ex-
pression and localization patterns of DNAHI7 propose its
potential role in spermatozoa.

Localization of the mutant DNAH17 in patients

To explore whether the identified variant affected expression
and localization of DNAH]17 in patients, we performed IF staining
on semen smears using the anti-DNAHI7 antibody. The signals
of DNAH]17 and a-tubulin were detected in sperm flagella of all
three patients and were not distinguishable from those in the
fertile controls (Fig. 3).

Morphological and ultrastructural analyses of sperm flagella
from patients

Since mutations in DNAHI, another member of the DNAH fam-
ily, have been reported to be associated with the MMAF phe-
notype (Coutton et al., 2018; Ben Khelifa et al., 2014; Sha et al.,
2017; Tang et al., 2017; Wang et al., 2017), to understand whether
this DNAHI7 variant could also induce an MMAF-like phenotype,
we conducted further examinations of sperm morphology for all
three patients. Semen samples from a fertile man with normal
spermogram were used as the control. There was no significant
difference in the percentage of abnormalities in sperm head, tail,
or head and tail between patients and control (Fig. S4, A and B).
Moreover, spermatozoa were classified into six subtypes ac-
cording to flagellar morphology, including normal, absent, bent,
short, coiled, and irregular-caliber flagella (Ben Khelifa et al.,
2014). The flagella of >80% of spermatozoa in the patients
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were morphologically normal, and the frequency of each type of
flagella in the patients did not significantly differ from that in
the control (Fig. S4 C). Hence, all three patients did not present
with the MMAF phenotype.

We next examined whether the axonemal structure of sperm
tails, the horsepower apparatus that drives sperm “swimming,”
was impaired by the DNAHI7 variant (Inaba, 2011; Roberts et al.,
2013). Transmission EM (TEM) analyses of sperm flagella were
performed. In all three patients, cross sections of midpiece dis-
played a typical 9+2 axonemal configuration (Fig. 4 A). However,
all three patients exhibited a frequent absence of MTD(s) 4-7,
accounting for 239.7% and 260.3% of all cross sections at prin-
cipal piece and end piece, respectively, which were significantly
higher than those in controls (2.2% at principal piece and 1.0% at
end piece; Fig. 4, A and B; and Fig. S4 D). Interestingly, the as-
sociated outer dense fibers (ODFs) were also absent in the cross
sections with MTD(s) 4-7 missing in our patients. Further ex-
amination of the ultrastructural anomalies in the three patients
revealed that the simultaneous loss of MTDs 4-7 was most fre-
quently observed (=32.6% and 246.9% of all cross sections at
principal piece and end piece, respectively; Fig. 4, A, C, and D).
Besides missing MTD(s) 4-7, other abnormalities, such as dis-
organization of MTDs, excess microtubules, missing almost all
the microtubules, etc., were also observed in patients at low
frequencies, which were not significantly different from those
in controls (Fig. 4 E). Intriguingly, the ODA was clearly observed
attached to each of the nine MTDs at midpiece and to each of the
remaining MTDs at principal piece and end piece in all three
patients (Fig. 4 A). Taken together, these findings indicate that
the impaired sperm motility in patients was likely due to the loss
of MTD(s) 4-7 at principal piece and end piece of sperm flagella.

Diminished sperm motility in Dnah17"/M mice
Given the 91% identity in amino acid sequence (Fig. S2) and the
same expression and localization patterns of DNAH17 between
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Figure 2. Expression and localization of DNAH17 in humans and mice. (A and B) Representative images of mouse (A) and human (B) respiratory cilia
stained for a-tubulin (a marker for the ciliary axoneme) and rabbit IgG (negative control, upper panel) or DNAH17 (lower panel). Scale bars represent 10 um. (C)
Quantitative real-time PCR analysis of Dnah17 mRNA expression in adult mouse tissues. Actb was used as an internal control. (D) Immunoblotting analysis of
DNAH17 protein in different tissues from adult mice. GAPDH was used as the loading control. (E) Immunoblotting with sperm lysates from WT mice and
epididymal lysates from Rpl10[*/~ and Rpl10l~/~ mice using the anti-DNAH17 antibody. Lamin B1 was used as the loading control. (F) Representative images of
testicular tubules stained with anti-DNAH17 antibody and Hoechst showing that DNAH17 is localized in the cytoplasm and flagella of step 11-16 spermatids.
Scale bars represent 50 um. (G) Immunoblotting with lysates of human cell lines HepG2 (from liver), HEK293T (from embryonic kidney), HCT116 (from colon),
A549 (from alveolar basal epithelia), U20S (from bone), HeLa (from cervix), and adult human testes (hTestis) using the anti-DNAH17 antibody. GAPDH was used
as the loading control. (H) Immunohistochemistry using the anti-DNAH17 antibody on adult human testicular sections with normal spermatogenesis. Rabbit IgG
(left panel) was used as a negative control. Scale bars represent 50 pum. (1) Representative images of spermatozoa from fertile men (controls) stained with anti-
DNAH17 antibody, anti-a-tubulin antibody, and Hoechst. Scale bar represents 10 um. For A-l, three independent experiments were performed.
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Figure 3. Localization of the mutant DNAH17 is not altered in patients. Representative images of spermatozoa from fertile controls and three patients
stained with the anti-DNAH17 antibody, anti-a-tubulin antibody, and Hoechst. Two independent experiments were performed, and at least 150 sperm were

examined for each time per individual. Scale bars represent 10 um.

human and mouse (Fig. 2), to functionally verify whether the
DNAHI7 variant was indeed the pathogenic variant for the de-
fects in patients’ sperm tails, we generated a mouse model
(Dnah17/M) that carried a homozygous Dnahl7 c.G5360A mu-
tation (Fig. S5, A-C) equivalent to the DNAHI7 variant
(c.G5408A) in patients, using CRISPR/Cas9-mediated genome
editing.

Dnahl?M/M male mice were subfertile, with an ~64.8% re-
duction in litter size per pair compared with controls (Table 2).
Further examination showed that body weight, testis weight and
their ratio, testicular histology, sperm count, and sperm mor-
phology (particularly the frequencies of morphological normal
flagella and each type of abnormal flagella) in Dnahl?M™ or
Dnahl7*M mice were all comparable to those in Dnahl7*/* mice
(Table 2 and Fig. S5, D and E). The percentages of motile and
progressively motile sperm showed no significant difference
between Dnahl7*™ mice and controls, but they were dramati-
cally decreased in Dnahl7™™ mice (Table 2). Hence, consistent
with the findings in the patients (Table 1), Dnahl?M™ mice dis-
played markedly diminished sperm motility, proving that the
DNAH]I7 variant is indeed pathogenic for asthenozoospermia.

Ultrastructure of sperm flagella from Dnah17Y/M mice

To understand whether the ultrastructure of sperm flagella in
mice was also altered by the DNAHI7 variant, TEM analyses of
flagella of spermatozoa isolated from cauda epididymides were
conducted. Cross sections of midpiece from both Dnahl7*/* and
Dnahl7/M mice exhibited classical 9+2 axonemal configuration.
Nonetheless, 42.9% and 87.2% of cross sections of principal piece
and end piece, respectively, showed MTD(s) 4-7 missing with a
concomitant loss of the associated ODF(s) in Dnahi7™™ mice, in
sharp contrast to 0.6% and 1.7%, respectively, in controls (Fig. 5,
A and B). Consistent with the observations in patients, the most
frequent anomaly in Dnahl7™ mice was the simultaneous ab-
sence of MTDs 4-7, accounting for 21.1% and 54.9% of all cross
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sections at principal piece and end piece, respectively (Fig. 5, A,
C, and D). Moreover, the absence of MTD 4 or 7 was detected at
lower frequencies (Fig. 5, C-E). Though some abnormalities other
than the lack of MTD(s) 4-7 were also observed in flagellar cross
sections of Dnahl7™M and control mice, their percentages were
low and showed no significant difference (Fig. 5 F). It is also
worth noting that the ODA attached to each of the remaining
MTDs was visible on all the cross sections examined for
Dnahl?M™ mice (Fig. 5 A). Together, these TEM findings in
Dnahl7MM mice recapitulated the defects of patients’ sperm tails,
demonstrating that the DNAHI7 variant was indeed responsible
for the absence of MTD(s) 4-7 in our asthenozoospermic patients.

MTDs 4-7 were destabilized in cauda epididymis
The frequent absence of MTD(s) 4-7 observed in spermatozoa
from both patients and Dnahl7/M mice could be due to either
defective flagellum biogenesis or MTD destabilization. TEM
analyses of the sperm flagella in seminiferous tubules retrieved
from testes were performed and revealed that abnormal axo-
neme structure was not observed in all cross sections examined
for Dnah17"/M mice (Fig. 6, A and B), indicating that the cause of
MTD(s) 4-7 absence was not a defect in axonemal assembly.
To investigate whether the lack of MTD(s) 4-7 occurred
during transition of spermatozoa, we performed TEM analyses
of spermatozoa within caput, corpus, and cauda epididymides
and found that axonemal structure abnormality was hardly de-
tected in all cross sections examined for Dnahl7™ caput and
corpus epididymides (Fig. 6, C-F). However, flagella in
Dnahl?™M cauda epididymides displayed significantly higher
frequencies of abnormal axoneme structure at principal piece
and end piece than in controls (Fig. 6, G and H). Interestingly, in
Dnahl?MM cauda epididymides, 33.8% and 85.3% of cross sec-
tions at principal piece and end piece, respectively, presented
with MTD(s) 4-7 missing, while only 1.7% and 0.9%, respectively,
were detected with such abnormalities in controls (Fig. 6 I). The
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Figure 4. Sperm flagella from patients show frequent absence of MTDs 4-7 at principal piece and end piece. (A) Representative TEM micrographs
showing cross sections of midpiece, principal piece, and end piece of sperm flagella from fertile men (controls) and three patients. Numbers in yellow indicate
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the MTDs with typical arrangement, numbers in red indicate the missing MTDs, and arrowheads highlight the ODAs. Scale bars represent 200 nm. (B)
Quantification of flagella with loss of any combination of MTDs 4-7 at midpiece, principal piece, and end piece from controls and three patients. (C and D) The
percentages of cross sections with MTD(s) 4, 5, 6, 7, 4+5, 4+7, 5+6, 5+7, 6+7, 4+5+6, 4+5+7, 4+6+7, 5+6+7, or 4+5+6+7 missing at principal piece (C) and end
piece (D). (E) Quantification of cross sections with abnormalities other than the MTD(s) 4-7 missing at midpiece, principal piece, and end piece of sperm flagella
from controls and three patients. Two independent experiments were performed. n, the number of axonemal cross sections analyzed. Data are presented as

mean + SEM. ***P < 0.001; one-way ANOVA test.

levels of a-tubulin, B-tubulin, and DNAH17 in lysates of sperm
from cauda epididymides were further evaluated and found to be
comparable between Dnahl7MM and control mice (Fig. 6 J), in-
dicating that these proteins were not degraded and the lack of
MTD(s) 4-7 could be due to destabilization. Hence, these findings
revealed that the structural defects of sperm flagella observed in
patients and Dnahl7MM mice could result from the destabiliza-
tion of MTDs 4-7 occurring specifically in cauda epididymis.

Destabilization of MTDs 4-7 is related to the storage of sperm
in epididymides

Since cauda epididymis is the place where spermatozoa are
stored before ejaculation, we thus examined whether the storage

time could predispose MTDs 4-7 to destabilization. We con-
ducted epididymal duct ligation at the end of corpus adjacent to
cauda for 2 d and 4 d, respectively (Fig. 7 A), simulating the
different lengths of time that spermatozoa were stored in epi-
didymides. 2 or 4 d after ligation, a large number of spermatozoa
were accumulated in the corpus region in both WT and
Dnahl7MM mice (Fig. S5 F). TEM analyses of flagella of sperm in
the corpus were subsequently performed. Compared with WT
mice, significantly increased frequencies of MTD(s) 4-7 missing
at the principal piece (16.5%) and end piece (59.1%) were ob-
served in Dnahl7™/M mice 2 d after ligation (Fig. 7, Band C). 4 d
after ligation, the frequencies were further increased to 24.2% at
principal piece and 82.7% at end piece in Dnahl?/M mice, while

Table 2. Characteristics of Dnah17+/*, Dnah17+/M, and Dnah17/M male mice

Parameters Dnah17+/* Dnah17+/M Dnah17M/M
Body weight (g) 27.0 + 05 261 +1.0° 26.3 +0.8°
Testis weight (mg) 1645 + 3.3 167.4 + 0.42 176.2 + 8.92
Testis/body weight ratio (10-3) 61+01 6.4 +0.2° 6.7 £ 0.2
Fertility

No. of fertile/total mice 3/3 3/3 5/5

Pups per fertile pair 247 +0.3 24.2 + 0.2 8.7 + 0.5%**
Semen parameters

Sperm count (107) 14+01 14+01° 13+0.1°
Motile sperm (%) 76.7 £ 1.2 72.7 + 0.92 19.8 + 3.4***
Progressively motile sperm (%) 327+03 35.0 +1.22 9.2 + 2.0%**
Sperm morphology

Morphologically normal (%) 889+ 0.6 89.3 + 0.72 90.4 + 0.6
Abnormal head (%) 19+ 06 3.4 +0.4° 23+1.0°
Abnormal tail (%) 59+0.6 40+0.7° 42+07°
Abnormal head and tail (%) 33+07 33+05° 31£0.22
Sperm flagella®

Morphologically normal (%) 90.9 + 0.5 927 + 0.8° 92.5 + 0.6
Absent (%) 24+04 19+ 0.3° 16 + 0.3
Short (%) 11+04 10+ 0? 11+01°
Coiled (%) 3.0+£09 24 +0.72 2.8 + 0.6
Bent (%) 1.0+ 03 1.0 + 0.3 0.8 £0.1°
Irregular caliber (%) 16+ 01 1.0 + 0.3 12+0.3°

For fertility test, three Dnah17+/*, three Dnah17+/M, and five Dnah17M™ male mice (10 wk old) were each caged with two WT females (C57BL/6J; 10 wk old) for
90 d. For semen analysis, three 10-wk-old mice were examined for each genotype. Data are presented as mean + SEM. ***P < 0.001; compared with the

Dnah17+/* mice, one-way ANOVA with Dunnett’s multiple comparison test.
NS, not significant.

bEach spermatozoon was classified as only one type of flagellar morphology according to its major abnormality.
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Figure 5. Sperm flagella from Dnah17"/™ mice show frequent absence of MTDs 4-7 at principal piece and end piece. (A) Representative TEM mi-
crographs showing cross sections of midpiece, principal piece, and end piece of sperm flagella from Dnah17+/* and Dnah17*/™ mice. (B) Percentages of the
flagellar cross sections with loss of any combination of MTDs 4-7 at midpiece, principal piece, and end piece. (C and D) Frequencies of cross sections with
MTD(s) 4, 5, 6, 7, 4+5, 4+7, 5+6, 5+7, 6+7, 4+5+6, 4+5+7, 4+6+7, 5+6+7, or 4+5+6+7 missing at principal piece (C) and end piece (D) from Dnah17*/* and
Dnah17"M mice. (E) Representative cross sections with MTD 4 or 7 missing at principal piece and end piece of sperm flagella from Dnah17"/" mice. (F)
Percentages of flagellar cross sections with abnormalities other than MTD(s) 4-7 missing. For A and E, numbers in yellow indicate the MTDs with typical
arrangement, numbers in red indicate the missing MTDs, and arrowheads highlight the ODAs; scale bars represent 200 nm. N, the number of mice examined. n,
the number of axonemal cross sections analyzed. Data are presented as mean + SEM. ***P < 0.001; Student’s t test.
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Figure 6. MTDs 4-7 are destabilized in cauda epididymides of Dnah17*/M mice. (A) Representative TEM micrographs of flagellar cross sections in testes
from Dnah17+/* and Dnah17"/M mice. (B) The percentages of cross sections with abnormal axoneme structure (including anomalies related to MTDs 4-7 and
other anomalies) in testes from Dnah17+/+ and Dnah17*™ mice. (C-H) Representative TEM micrographs of flagellar cross sections and the percentages of cross
sections with abnormal axoneme structure in caput (C and D), corpus (E and F), and cauda (G and H) epididymides from Dnah17*/* and Dnah17"/™ mice. Red
arrowheads, cross sections with loss of any combination of MTDs 4-7; blue arrowheads, cross sections with axonemal abnormalities other than the loss of
MTD(s) 4-7. Scale bars represent 500 nm. (I) The percentages of cross sections with loss of any combination of MTDs 4-7 in cauda epididymides of Dnah17+/*
and Dnah17*M mice. (J) Immunoblotting with lysates of spermatozoa from cauda epididymides using anti-DNAH17, anti-a-tubulin, and anti-B-tubulin an-
tibodies. Lamin B1 was used as the loading control. Three independent experiments were performed. N, the number of mice analyzed. n, the number of

axonemal cross sections analyzed. Data are presented as mean + SEM. ***P < 0.001; Student’s t test.

the frequencies in control mice remained very low (Fig. 7, B and
C). These observations indicate that MTDs 4-7 destabilization is
negatively associated with the length of ligation time. Thus,
combined with the findings on flagellar structure of sperm in
cauda epididymides (Fig. 6, G-I), we proposed that the destabi-
lization of MTDs 4-7 in Dnahl7/M mice is most probably due to
storage of sperm in epididymides, regardless of storage in corpus
or cauda.

Discussion

Our study identifies a homozygous missense variant (c.G5408A)
in DNAHI7, a functionally uncharacterized gene, from a con-
sanguineous Pakistani family with three offspring suffering
from asthenozoospermia (no MMAF-like phenotype) and pro-
vides genetic evidence that DNAHI7 c.G5408A is pathogenic for
asthenozoospermia using Dnahl7*/M mice modeling the patients’
mutation. Extensive examinations of the spermatozoa from the
three patients and Dnah17"/M mice collectively elucidate that the
DNAHI7 variant causes frequent absence of MTD(s) 4-7 at
principal piece and end piece during the sperm storage in epi-
didymides. Thus, we demonstrate for the first time that DNAH17
is essential for sperm motility, and is the only known DNAH
protein implicated in stabilizing flagellar structure, specifically
MTDs 4-7.

Eukaryotic cilia and sperm flagella share a highly conserved
9+2 axonemal structure, constituted of microtubules, motor
dynein arms, and their associated structures. Thus, it is not
surprising that a multitude of mutations in genes encoding ax-
onemal machinery has been identified in humans that are
commonly linked to PCD and asthenozoospermia (Ji et al., 2017).
All the family members in our study declared not having any
ciliary-related symptoms and thus refused to participate in any
further related examination. One sister (IV:5), who is homozy-
gous for the DNAHI7 variant, had three children and no mis-
carriages, suggesting that DNAHI7 may be dispensable for ciliary
functions. Furthermore, we found that both human and mouse
DNAH]I7 is highly expressed in testes and spermatozoa, but was
not detected in respiratory cilia, indicating that DNAHI7 is re-
quired only for flagella but not cilia. Hence, we conclude that the
DNAH]I7 variant causes isolated asthenozoospermia without any
other PCD-related symptoms.

DNAH17, along with DNAH9 and DNAH]I]I, is a homologue of
C. reinhardtii ODA B-HCs in mammals (Pazour et al., 2006).
Different from the testis/spermatozoa-restricted expression
pattern for DNAH17, DNAH9 and DNAHII are localized to the
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distal and proximal regions of respiratory ciliary axonemes,
respectively (Dougherty et al., 2016; Fliegauf et al., 2005). Be-
sides, DNAH9 was also found localized through the sperm fla-
gella except the distal tip (Fliegauf et al., 2005), which is similar
to DNAHI7 localization in sperm flagella. Biallelic mutations in
DNAH?9 cause PCD with a frequent loss of ODAs at the distal, but
not the proximal, regions of cilia (Fassad et al., 2018; Loges et al.,
2018), and the patient carrying two homozygous missense mu-
tations in DNAH9 presented with oligoasthenoteratozoospermia
(Fassad et al., 2018), yet the underlying ultrastructural anoma-
lies and pathogenic mechanism remain unknown. Biallelic mu-
tations in DNAHII in patients are known to cause PCD without
obvious defects in the ciliary ultrastructure; however, the sperm
motility, flagellar ultrastructure, and fertility status of these
patients were not mentioned (Bartoloni et al., 2002; Knowles
et al., 2012; Lucas et al., 2012; Pifferi et al., 2010; Schwabe
et al.,, 2008), with the exception of one man, who had one
child without the use of medical assistance (Schwabe et al.,
2008). The mouse model carrying a mutation (E2271K) in
Dnahil displayed reduced fertility and sperm motility, though
the ultrastructure of sperm tails appeared normal (Lucas et al.,
2012). Hence, it remains uncertain whether DNAHII is required
for male fertility. Future studies are needed to further explore
the roles of DNAHI1 and DNAH9 in sperm tails.

Disruptions in flagellar axoneme proteins have been reported
to be associated with MMATF in humans (Martinez et al., 2018).
Thus, it is not surprising that knockout of Dnahl7 induced an
MMAF phenotype, which likely resulted from defective flagellar
biogenesis. Noticeably, Dnah17™ mice displayed a normal fla-
gellar biogenesis but destabilized MTDs 4-7 during epididymal
sperm storage, which is a unique phenotype that has not been
reported so far in human or animal mutants for any other
DNAHSs (Ben Khelifa et al., 2014; Lucas et al., 2012; Neesen et al.,
2001; Sha et al., 2017; Wang et al., 2017; Zuccarello et al., 2008).
It is implied that the Dnahl7 missense mutation is less deleteri-
ous than Dnahl7 knockout, thus allowing the identification of the
indispensable role of DNAHI17 in stabilizing MTDs 4-7 during
sperm storage in epididymis. We have also tried to detect
whether there was a frequent loss of MTD(s) 4-7 in Dnahl7/~
mice, but the flagellar axoneme structures were so disorganized
that we were unable to determine the order of MTDs in
Dnahl7-/~ mice. Taken together, the phenotypic difference be-
tween Dnahl7~/~ mice and our patients or Dnahl7/M mice in-
dicates that DNAHI17 is required for both flagellar biogenesis
during spermiogenesis and stabilizing MTDs 4-7 during sperm
storage in epididymis. It would be interesting to know whether
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Figure 7. TEM analyses of sperm flagella in corpus epididymides after
epididymal duct ligation. (A) Representative images of epididymides from
Dnah17+/* and Dnah17"/™ mice after ligation for 2 d and 4 d. The epididymal
ducts were ligated at the end of corpus adjacent to cauda. Each grid repre-
sents 1 mm. (B) Representative TEM micrographs of flagellar cross sections in
corpus epididymides after ligation for 2 d and 4 d. Red arrowheads indicate
cross sections with loss of any combination of MTDs 4-7, and blue arrow-
heads indicate cross sections with axonemal abnormalities other than the
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other axoneme proteins are also implicated in stabilizing axo-
nemal structures and their mutation frequency in asthenozoo-
spermic patients with ultrastructure defects but normal
morphology of flagella, which have not been paid enough at-
tention in the past.

After leaving the testis, sperm entered the caput epididymis,
progressing to corpus, and finally reached the cauda, where they
were stored until ejaculation. Here, we found that, when sperm
were kept in corpus for 2 or 4 d, MTDs 4-7 were also destabilized
in Dnahl”MM mice, showing a time-dependent manner. No-
ticeably, at the end piece, the frequency of MTD(s) 4-7 missing
in the corpus of Dnahl?M/M mice with epididymal duct ligated for
4 d was similar to that in the cauda of unligated Dnahl7/M mice;
however, at the principal piece, the frequency in Dnahl7M™
corpus after ligation for 4 d remained significantly less than that
in the cauda of unligated Dnahl7"/™ mice. These findings not
only indicate that MTDs 4-7 at the end piece could be more
susceptible to destabilization than those at principal piece, but
also imply that the destabilization likely occurs from the distal
region of the flagellum. There are two possible explanations for
why MTD(s) 4-7 at principal piece were more prone to desta-
bilization in the cauda of unligated mice than in the corpus after
ligation for 4 d. First, the destabilization of doublets at principal
piece may need a longer time than those at end piece. In un-
ligated mice, sperm could be stored in the cauda epididymis for
>4 d, as the densities of sperm in the corpus lumen 4 d after
ligation (Fig. S5 F) were obviously lower than those in the cauda
from unligated mice (Fig. S5 E). Second, the relatively lower pH
and ionic calcium concentration and higher osmotic pressure in
the lumen of cauda than in corpus (Dacheux and Dacheux, 2013;
Shum et al., 2009; Turner, 2008) may also contribute to the
instability of MTD(s) 4-7. Consistently, previous studies have
shown that the disruption of Pla2g3 (Sato et al., 2010), Ttl9
(Konno et al., 2016), or Vdac3 (Sampson et al., 2001) also induced
instability of MTDs 4-7 or MTD 7 in mouse cauda epididymides.
Together, these pieces of evidence led us to believe that MTDs
4-7 are different from the other MTDs, and must be armed with
delicate machinery to cope with the prolonged storage and
possible environmental challenges in epididymis. Therefore,
future efforts should be attempted to interrogate the composi-
tional, structural, and functional differences between MTDs 4-7
and the other MTDs. Moreover, the ultrastructural localization
of DNAH]17 in flagellar axoneme and interacting proteins of
DNAHI7 need to be elucidated in the future with antibodies
suitable for use in immunoelectron microscopy and co-
immunoprecipitation, to decipher the specific and interesting
role of DNAH]17 in stabilizing MTDs 4-7.

In conclusion, we demonstrated that a homozygous DNAHI17
missense variant specifically induces MTDs 4-7 destabilization
in cauda epididymis, resulting in asthenozoospermia. It would

loss of MTD(s) 4-7. Scale bars represent 500 nm. (C) The percentages of
cross sections with loss of any combination of MTDs 4-7 in corpus epidid-
ymides of Dnah17*/* and Dnahl7"™ mice. Two independent experiments
were performed. n, the number of axonemal cross sections analyzed. Data
are presented as mean + SEM. **P < 0.01; one-way ANOVA test.
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be fascinating to determine the frequencies of DNAHI7 muta-
tions in larger cohorts of infertile patients or patients from
different ethnic backgrounds, which will have significant im-
plications for genetic counseling, diagnosis, and ultimate treat-
ment of asthenozoospermia, as well as uncovering novel and
attractive targets for male contraceptive development.

Materials and methods

The participants and semen analyses

Members of a consanguineous family with three brothers suffer-
ing from infertility were recruited from a rural area of Pakistan.
All three patients had routine semen analysis performed twice
according to the WHO guidelines (WHO, 2010). Written informed
consent forms from all participants were obtained at the beginning
of the study. This study was approved by the institutional ethics
committee of the University of Science and Technology of China.

WES and linkage analysis

Genomic DNA was extracted from all the family members
available, and WES of patient IV:2 and his father was performed
as we previously described (Yin et al., 2019). Genome Analysis
Toolkit best practice was adopted to generate variants from raw
reads. Parametric linkage analysis was performed using a VCF
file as previously described (Smith et al., 2011), and five regions
were identified with logarithm of the odds scores >0 (Fig. S1 A).
Variants within linkage regions and following Mendelian in-
heritance were kept for further screening.

Filtering of candidate variants

Variants with depth >20x, genotype quality >90, and 0.5 cM
interval between each other were selected as markers. A total of
3,855 genotyped singlenucleotide polymorphisms were used for
linkage analysis by MERLIN with the following parameters:
autosomal recessive model with disease allele frequency of 0.001
and 100% penetrance. A number of five peaks with logarithm of
the odds scores >0 were identified as linkage regions. The var-
iants located in linkage regions were annotated by ANNOVAR
using the NCBI RefSeq gene annotation. We then conducted
variants filtering with the following steps: (1) variants hetero-
zygous in the father and homozygous in patient IV:2 were kept;
(2) variants with minor allele frequencies >0.05, suggested by
American College of Medical Genetics and Genomics for benign
mutations (Richards et al., 2015), in any of the public databases,
1000 Genome project (Auton et al., 2015), ESP6500 (Fu et al.,
2013), or EXAC database (Lek et al., 2016), and variants homo-
zygous in our in-house WES variants call set generated from 578
fertile male samples (41 Pakistanis, 254 Chinese, and 283 Euro-
peans) were excluded; (3) variants potentially affecting protein
sequence and (4) in genes expressed in testis based on Sperma-
togenesisOnlinel.0 (https://mcg.ustc.edu.cn/bsc/spermgenes/;
Zhang et al., 2013) were kept; (5) variants predicted to be
deleterious by less than half of the 13 software (Adzhubei et al.,
2010; Choi et al., 2012; Chun and Fay, 2009; Davydov et al.,
2010; Dong et al., 2015; Lindblad-Toh et al., 2011; Reva
et al., 2011; Schwarz et al., 2014; Shihab et al., 2013; Shihab
et al., 2015; Sim et al,, 2012) covering them were excluded;
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(6) variants in genes for which inactivation has no effects on
male fertility or spermatogenesis based on Spermatogenesi-
sOnlinel.0 (Zhang et al., 2013) were excluded; (7) the remain-
ing variants were subsequently detected by Sanger sequencing
in all the family members available (III:1, III:2, and IV:1-7). Fig.
S1 B describes the flow chart of the filtering process. Sequences
of primers are as follows: for DNAH17, forward 5’-GACCCTGCC
ACTTCCTCTTC-3' and reverse 5-AGTCCTTCCAGCCTCCAC
AG-3’; for GPSl1, forward 5'-TGTCTGGGGACTGGTGTCCC-3’
and reverse 5'-CTGACCCCCACGCTTACCTG-3’; for HIDI, for-
ward 5'-CCTATGACCCGACCTTGACC-3’ and reverse 5'-AGG
ACCCAGGGACGGATTAC-3'; for USP36, forward 5'-CAGGGA
CCTGCGTGCACTGG-3' and reverse 5'-GTGCACACCCATGCG
GTTCC-3'.

RNA extraction, PCR, and quantitative real-time PCR

Tissue total RNA was extracted using Trizol reagent followed by
cDNA synthesis using the PrimeScript RT reagent kit (TaKaRa,
RRO47A) according to the manufacturer’s protocol. PrimeSTAR
HS DNA polymerase (TaKaRa, R044A) was used for PCR. The
PCR reactions were performed under the following conditions:
3 min at 94°C, 40 cycles of 30 s at 94°C, 30 s at 57°C, and 30 s at
72°C. The obtained PCR products were electrophoresed on a 1.5%
agarose gel, followed by Sanger sequencing. Quantitative real-
time PCR was conducted with FastStart Universal SYBR Green
Master (Rox; Roche, 04913850001) using a StepOne Real Time
PCR System (Applied Biosystems). The PCR reactions were
performed under the following conditions: 10 s at 95°C, followed
by 40 cycles of 5 s at 95°C, and 30 s at 60°C. Actb was used as an
internal control. The primers used are as follows: for Sanger
sequencing of Dnahl7-exon3-cDNA, forward 5’ -CTACTCGCTGCT
AAACCAGA-3' and reverse 5'-TAGACGTTTTGTAGGGCTGG-3';
for Sanger sequencing of Dnahl7-exon35-cDNA, forward 5'-ATC
TTTGACTACCCGGCCC-3' and reverse 5'-AGGCCCTTGTAGATG
TTTCC-3'; for Dnahl7-qPCR, forward 5'-ATGATCACCGTGGAG
AGTTCG-3' and reverse 5'-GACTGCGTGAGCGTGATGTA-3; and
for Actb-qPCR, forward 5'-ACCAACTGGGACGACATGGAGAA-3’
and reverse 5'-TACGACCAGAGGCATACAGGGAC-3'.

Generation of the polyclonal anti-DNAH17 antibody

DNAH]I7 polyclonal antibody was generated in rabbits using
amino acids 3502-3801 of mouse DNAH17 (UniProt accession no.
Q69Z23) as antigens by ABclonal Biotechnology. Briefly, the
900-bp cDNA encoding the epitope was cloned into pET-28a
expression vector, and the His-tagged fusion protein was ex-
pressed in Escherichia coli. The purified recombinant protein was
used to generate polyclonal antisera in female New Zealand
rabbits. Sequences of the primers used are as follows: for 8xHis-
DNAHI17_C300-6xHis, forward 5'-ACCATCATCACCATGCCA
AAGAGTACCACCCCAGTTTCCGCCTGA-3' and reverse 5'-TGG
TGGTGGTGGTGCTCGAGTTCTTTGGGGAAGATCTCTTTCTCG-
3’; and for vector backbone, forward 5'-CTCGAGCACCACCAC
CACCA-3' and reverse 5 -TTTGGCATGGTGATGATGGTG-3'.

Validation of the anti-DNAH17 antibody in transfected cells
HEK293T cells (ATCC, CRL-3216) were transfected with pCR3
plasmids expressing 3xFlag-tagged human DNAHI7 amino acids
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3518-3817, mouse DNAHI17 amino acids 3502-3801, human
DNAHII (amino acids 3572-3871), mouse DNAHII (amino acids
3544-3843), human DNAH9 (amino acids 3542-3841), or mouse
DNAH9 (amino acids 3540-3839), using lipofectamine 3000
(Invitrogen, L3000015). 24 h later, immunoblotting and IF
staining were performed. Sequences of primers used are: for
3xFlag-hDNAHI17-C300, forward 5’-GATTACAAAGACGATGAC
GATAAAGAGGTGGAGTACCACCCCAAGT-3' and reverse 5'-
GATCTAGAGTCGCGGCCGCTCTCCTTGGGGAAGATCTCCTTC-
3'; for 3xFlag-mDNAHI17-C300, forward 5-GATTACAAAGAC
GATGACGATAAAGAGTACCACCCCAGTTTCCGCCTGA-3'" and
reverse 5'-GATCTAGAGTCGCGGCCGCTTTCTTTGGGGAAGATC
TCTTTCTCG-3’; for 3xFlag-hDNAHI1-C300, forward 5'-GAT
TACAAAGACGATGACGATAAAGAATGTGAATTTAACAAGAAC
TTTC-3' and reverse 5'-GATCTAGAGTCGCGGCCGCTTTCTTGA
GGTAATTTTTCTTTTTCT-3'; for 3xFlag-mDNAHI11-C300, for-
ward 5 -GATTACAAAGACGATGACGATAAAGAATGCGAATTC
AACAAGAACTTCC-3' and reverse 5'-GATCTAGAGTCGCGGCCG
CTTTCTTGCGGTAACTTTTCTTTTTCA-3'; for 3xFlag-hDNAH9-
C300, forward 5'-GATTACAAAGACGATGACGATAAATGTGAA
TACAATCCCAAGTTCCGGC-3' and reverse 5'-GATCTAGAGTCG
CGGCCGCTCCACTCCTGTGGGAGCTTCTCTTTC-3’; and for
3xFlag-mDNAH9-C300, forward 5'-GATTACAAAGACGATGAC
GATAAAGAGTGTGAATTCAATCCCAAGTTCC-3’ and reverse 5'-
GATCTAGAGTCGCGGCCGCTCTCCTGGGGAAACTTCTCCTTC
TCG-3'.

Immunoblotting

The HepG2 (ATCC, HB-8065), HEK293T, HCTI116 (ATCC, CCL-
247), A549 (ATCC, CCL-185), U-2 OS (ATCC, HTB-96), and HelLa
(ATCC, CCL-2) cells were cultured in high-glucose DMEM (Hy-
Clone, SH30022.01) supplemented with 10% FBS (GIBCO,
15140122), 100 U/ml penicillin, and 100 mg/ml streptomycin
(GIBCO, 16000044). All the cultures were maintained at 5% CO,
at 37°C. For immunoblotting with cell lysates, cultured cells were
washed with ice-cold PBS, lysed in 4X Bolt LDS Sample Buffer
(Invitrogen, B0O008) with NuPAGE Antioxidant (Invitrogen,
NP0005), and boiled for 10 min. The cell lysates were subse-
quently stored at -80°C until use. Protein extracts from testes or
spermatozoa from cauda epididymis were prepared using lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Triton X-100,
and 5 mM EDTA) containing a 1x PMSF protease inhibitor
mixture (Thermo Scientific, 36978).

The proteins were then separated on a NuPAGE 3-8% Tris-
Acetate Protein Gel (Invitrogen, EA03785BOX) and transferred
to 0.45-pum pore-size nitrocellulose blotting membranes (GE
Healthcare, 10600002) using a Mini Gel Tank (Invitrogen,
A25977) electrophoresis and blotting apparatus (Tanon). Mem-
branes were blocked with TBST buffer (50 mM Tris, pH 7.4,
150 mM NaCl, and 0.5% Tween-20) containing 5% nonfat milk
for 1 h and incubated with primary antibodies diluted in TBST
buffer containing 5% nonfat milk at 4°C overnight. Following
incubation with secondary antibodies for 1 h, the blots were
developed with chemiluminescence (ImageQuant LAS 4000, GE
Healthcare). The primary antibodies that were used are mouse
anti-a-tubulin (Sigma, F2168; 1:2,000), rabbit anti-Lamin Bl
(Proteintech, 12987-1-AP; 1:2,000), mouse anti-GAPDH
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(Proteintech, 60004-1-Ig; 1:3,000), rabbit anti-B-actin (Abcam,
ab8227; 1:2,000), rabbit anti-B-tubulin (Abcam, ab6046; 1:
3,000), rabbit anti-ODF2 (Proteintech, 12058-1-AP; 1:1,000), and
the rabbit anti-DNAH17 antibody that was custom produced by
ABclonal Biotechnology. The secondary antibodies that were
used are HRP-conjugated donkey anti-rabbit IgG (Biolegend,
406401; 1:10,000) and HRP-conjugated goat anti-mouse IgG
(Biolegend, 405306; 1:10,000).

IF staining

Human respiratory epithelial cells were obtained from a
healthy subject by transnasal brush biopsy using disposable
cytology brushes (Olympus, BC-202D-3010) and then spread
onto glass slides. Mouse respiratory epithelial cells were ob-
tained from tracheal tissues. The tracheae were cut into pieces
gently, followed by centrifugation. After discarding the su-
pernatant, the cells were resuspended in PBS containing 50%
FBS and then spread onto glass slides. Human semen smears
were prepared following the guideline of WHO (WHO, 2010).
Mouse sperm were obtained from cauda epididymides, washed
in PBS twice, and spread onto glass slides. The slides were air
dried, fixed with 4% paraformaldehyde, and stored at -80°C
until use.

For IF staining, slides were permeabilized with 0.1% (for
sperm) or 0.2% Triton X-100 (for respiratory cells) in PBS and
blocked with 3% skim milk. They were incubated with primary
antibodies at 4°C overnight, followed by secondary antibodies
at 37°C for 1 h, and then mounted with VECTASHIELD
mounting medium (Vector Laboratories, H-1000) along with
Hoechst 33342 (Invitrogen, H21492). Images of spermatozoa
were captured using a Nikon ECLIPSE 80i microscope equipped
with a charge-coupled device (Hamamatsu). Images of respi-
ratory cilia were captured using the Nikon C2 Plus Confocal
Laser Scanning Microscope system. The antibodies used were
anti-a-tubulin (Sigma, F2168; 1:200), rabbit control IgG (Ab-
clonal, AC005; 1:100), Alexa Fluor 488 goat anti-mouse IgG
(Molecular Probes, A-21121; 1:100), and Alexa Fluor 555 donkey
anti-rabbit IgG (Molecular Probes, A31572; 1:200). The cus-
tomized anti-DNAH17 antibody was produced by ABclonal
Biotechnology.

Immunohistochemistry and histological analyses of testicular
and/or epididymal tissues

Fresh testicular and epididymal tissues were fixed in Bouin’s
solution or in 4% paraformaldehyde at 4°C overnight, followed
by paraffin embedding. Paraffin-embedded tissues were sec-
tioned (5 pm). Immunohistochemistry and IF staining of tes-
ticular sections were performed as previously described (Jiang
et al., 2015; Jiang et al.,, 2014). The antibodies used were
normal rabbit IgG (CST, 2729S; 1:100), Alexa Fluor 555 donkey
anti-rabbit IgG (Molecular Probes, A31572; 1:200), and the
anti-DNAHI17 antibody that was custom produced by ABclonal
Biotechnology. H&E and periodic acid-Schiff staining were
performed for histological analyses of epididymal and testic-
ular sections, respectively. Images were captured using a
microscope (Nikon Eclipse 80i) equipped with a digital cam-
era (Nikon DS-Ril).
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TEM analysis

TEM was performed as previously described, with minor mod-
ifications (Yuan et al., 2015). Briefly, spermatozoa or tissues were
fixed in 0.1 M phosphate buffer (PB; pH 7.4) containing 4% par-
aformaldehyde, 8% glutaraldehyde, and 0.2% picric acid at 4°C for
at least overnight. After four washes with 0.1 M PB, samples were
post-fixed with 1% 0sO, and dehydrated, followed by infiltration
of acetone and epon resin mixture. Samples were embedded and
ultrathin (70 nm) sectioned before staining with uranyl acetate
and lead citrate. The ultrastructure of the samples was examined
and captured by Tecnai 10 or 12 Microscope (Philips) at 100 kV or
120 kV, or by H-7650 Microscope (Hitachi) at 100 kV.

Mouse models

Dnahl7-/~ mice and Dnahl7/™ mice were generated by CRISPR/
Cas9-mediated genome editing (Yang et al., 2013). Briefly, guide
RNAs (gRNAs), targeting exon 3 (gRNA1 and gRNA2) for gen-
erating Dnahl7 knockouts or targeting exon 35 (gRNA3) for
generating Dnahl?MM mice, were transcribed in vitro (Addgene,
51132). Single-strand oligodeoxynucleotides (ssODNs), with a
mutation equivalent to that in patients and a synonymous mu-
tation at the protospacer adjacent motif, was synthesized by
Sangon Biotech. The gRNA1/gRNA2 or ssODNs/gRNA3 were
microinjected together with Cas9 mRNAs into zygotes of B6D2F1
(C57BL/6xDBA/2]) mice (Shen et al., 2014). Genotypes of the
resulting pups were determined by Sanger sequencing. The
founder mice, homozygous for a missense mutation in Dnahl?
(Dnah17/M) or heterozygous for Dnahl7 knockout (Dnahi7+/-),
were backcrossed onto C57BL/6 background for at least two
generations, and the resulting Dnahl7*/™ or Dnahl7*/~ mice were
crossed to generate Dnahl?M or Dnahl7-/~ mice for our ex-
periments. All mouse experiments were approved by the insti-
tutional animal ethics committee at the University of Science
and Technology of China. The sequences of gRNAs, ssODNs, and
genotyping primers are as follows: for gRNAI, 5'-TCGAGACCA
TCATCATCGAC-3'; for gRNA2, 5'-GCCCCGGGTGGAATTTGA
GT-3’; for gRNA3, 5-ACATCTGTGACGCTCAGATC-3'; for
ssODNs, 5'-CTTCACCTGGCAGTCGCAGCTTCGACACCGCTGGGA
CGAGGAAAAGAAGCACTGCTTCGCAAACATCTATGACGCTCA
GATCAAATACTCCTACGAGTACCTGGGCAACACACCTCGGCT
GGTCATCAC-3'; for Dnahl7~/~ mouse genotyping, forward 5'-
ACAAGAGCATCATCCCGAC-3' and reverse 5 -GATTGCGGTATC
TGGCTCA-3’; and for Dnah17MM mouse genotyping, forward 5'-
TGGAAGCCCCTATCTGTAGC-3' and reverse 5'-TCCGGGAAC
TAAATGGTCAAA-3'.

Fertility test

A fertility test was performed by mating one 10-wk-old
Dnahl7/M male with two 10-wk-old WT female mice (C57BL/6])
for 90 d. A total of five Dnah17M/M, three Dnahl7*/M, and three
WT male mice were tested. All the females were monitored for
pregnancy. Dates of birth and numbers of pups were recorded
for all the litters.

Analyses of mouse sperm count, morphology, and motility
10-wk-old mice were sacrificed by cervical dislocation. Sperm
number and motility were analyzed as previously described
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(Castaneda et al., 2017; Jiang et al., 2017). For sperm morphology,
slides were stained by Papanicolaou staining (Solarbio, G1612)
according to the manufacturer’s protocol. The percentages of
morphologically normal spermatozoa were quantified according
to the WHO guidelines (WHO, 2010), with at least 500 sper-
matozoa examined for each mouse.

Epididymal duct ligation

Adult mice were anaesthetized by intraperitoneal administra-
tion of tribromoethanol. The epididymides of both sides were
exposed through a median incision at the lower abdomen and
ligated with a surgical suture at the end of the corpus adjacent to
cauda. The mice were euthanized 2 or 4 d after the operation.
The epididymides were removed, with one side fixed in Bouin’s
for histological analyses by H&E staining and the other side
fixed in 0.1 M PB containing 4% paraformaldehyde, 8% glutar-
aldehyde, and 0.2% picric acid for TEM analyses.

Online supplemental material

Fig. S1 presents WES data analysis. In Fig. S2, the alignment of
human and mouse DNAHI7 protein sequences show that 91% of
amino acids are identical. Fig. S3 presents validation of the anti-
DNAH]17 antibody in transfected cells and Dnahl7 knockout mice.
Fig. S4 shows morphological and axoneme ultrastructural
analyses of spermatozoa from patients. Fig. S5 shows generation
of Dnah17™ mice modeling patients’ mutation and histological
examinations of testes and epididymides from Dnahl7*/*,
Dnah17*/M, and Dnah17™/M mice.
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221 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 a10 420 430 ado
Hunan  HPLPQVEFEFHDTRLLNLKCIHEQLNRPKYNKIVETL EKAKSCYNPALQNYYTNYTEGL KERNDIYL YLKPLRILLEEHEQADF THLPTFIAKYLOTICF IMATSEYYNTPARTIVIL QEFCNQIIENTRTFLSPEEVL KGLQGEIEEVL SGISLAVNVLKEL YQTYDFCCYNHKLFFKDKEPYPHEFPSSLAFSRINSFFQRIQTIEEL YKTATEFLKL
se  HPLPRVEFEFNDARLHNLQCTHEQL NRPKYNKTVETLEKAKSCYHPAL QNVYHNYTQGL KEANGIVL YLKPLRTLLEEHEQADF THLPSFIVKYL STICFIMATSEHYNTPSRYIVILREFCNQIIENTRT YL SPDEVL KGLQGEIEEVL GNISLSVSVLKGLFQAYDFCCANHKLFFKDRPPYPHEFPSSLAFSRMNSFFHRVQTIEDL YKTATEFLKL
Consensus HPLPrVEFEFHDaRL$NL CTHEQLNRPKVNKIVETL EKAKSCYHPALONYYnNVT #GLKEANAIVLYLKPLRILLEEMEQADF THLPSFIaKVLATICFIHATSERYNTPaR ! TVILrEFCNOITEHTRTZLSP#EVLKGLOGETEEYL gnISLaYnVLKel %QaYDFCCaNHKLFFKDrePVPHEFPSSLAFSRINSFFQR! OTTE L YKTATEFLKL
s # 1 % # % [
a1 450 460 a70 480 430 500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 660
Hunan _ EKTELGGYRGNLLGSLYTRIYDEVFELVKVERDCKYDPLOPGISHF DRDYADFEIKTQDL DRRLATIF COGFDDCSCIKOSAKLLYHCGOLERPLILAEVAPRYSVHLEL FDRELONAKIL YDAQHAROEEGNIPLIHKNNPPYAGOLKISLELQERLEVHKHL T LRCHREKT HFNLGQPL
Wouse EKTELGGVMGNILGNLYTQIYDEYFELVKYFRECKYDPLDPGDSSFDDDYSDFETKIODLDRRLATIFCOAFDDCNCHESSAKLL YHCGGLLERPLTL YSGOLKHSLEL QERLEVSHKYL I C HFNLGOPL
Consensus EKIELGGYrGNiLGaLVIFIYDEVFEL YKVFASCKYDPLOPGDSnFDrDYaDFE i KIQDLORRLATIFCQaFDDCnCieSSAKLL YHCGGL$ERPLIL. EiF SatLD LTHKNHp! KHSLELQERLEVSHKLKH! i LrcoReKi HFNLGQPL
# s s # s ## 1] #
661 670 680 630 700 710 720 730 740 750 760 770 780 790 800 810 820 830 840 850 860 870 880
Honan - TLRORASHLTHVNF SKAL VRV RE VKL HF OOOKETPOSRESLF SENETF RKFVGNLELTVGHYNETKTIVKRVEF LLIKSELERTIVKLLSAETTLFINGEGVFOY OEVRETLAN LDLDGRIANL FRADTLSLPHKDYVIYIDDHYLDEFDQFIRK
House TQRDPFTSLIQYNFSKALYAYLREVKYLNFQQOKETPESREKL FSENETFRKFVGNLELTYGHYNETKTTVKDVEFPLIKSELERTDVKL TQEHREMLYHL LDLDGRVANL FRADTTSQSHKDYYNYIOTYVLDEFORFIRK
Consensus IqRnaasnquVMFSKnLvnVLREvxVLNFunnKEIPwsnEkLrsENstraxrveuLElenuvuslkI.vxavsrlLIKszLEnlnvxLLsnEtILruuaEnVnu TQERREi L hhL ! # LDLDGR! ANL 4 FRADT1SqpHKDYVnYIDdnYLDEFDrFIRK
881 890 900 910 szo 930 940 950 960 970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
Hunan - SLSFLNONNYIDESIAPLFETRMEL DEDGL TFNPTLEVGSORGFLAL IEGL IPRL HTONLEFHKNFLIYGCAY TAEDLOTUTODTIPKTPPTLAQ QCDCRPFKOALLST. SNHYTNSLADLE
Wouse SLNYLHDNHTHDESTAPLFETRHEL DKOGLTYNPSL EnEnEnGFLSLIEELIHDLVHVHRLIPRLRKSRLNVKSBLEHITHLIENREEVSSLVIERHKVHEEVHDSFERVSVLHVDDLBEFNKHFLIFE ELDTK IDnTIPKTPPTLHﬂFﬂﬂQIDSVEKLVEEVSSEEHTKVFNEHLﬂEDERPFKEILLMTIKRMSFLFKRVLNNNVIHSLHHLE
Consensus 5Ln%LNDNntanSIRPLFEIRNELDeﬂﬁLIXHPsLEnGanEFLaLIEGL'MB;VHVHRLIP ucuuLuEFnkurleeenptaEnLquInankaPPTL UCDCRPFK(L LnT IrRHgFS nNHViNSLADLE
1101 1110 120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 1250 1270 1280 1290 1300 1310 1320
Hunan RFHKVHRHELTKPLKEEDYDELVEVHEHLHKVKERHHHTHHHFEPLKﬂIIELLKTVEEEHPEEIHLKLHEL nTanITVHPLHRNEVSILRRK[HHFELKﬂNEFRERFRREHPFSFSHPNPVKSLNKQHKSISHNEEINEHLSKS 6L
se  SPHNITRTALKKPLKEGDYDGLVEVHGHLHKVKERQVATDSHFEPLKQ EVNTLRRKLQQFELKQHEF REKFRRDAPFSF SOPEPTKSLNKoms CTYLL ¥GYHERL CKSRSLFEVTYPDTKOLKACHREVRLLKEL NDHTVIUNTSTDDAK TKAKDTHYEQUDTDKKE KDY
Consensus aFNn:aRnaLkKPLKEEﬂVDGLVEVHEHLHKVKERﬂaRTDnNFEPLKHIIELL IhLKLﬂEL uHNEVnILRRKCnnFEL {0 ' APYKSLNK 06! HERL cKSagl FEVPY KACHREVRLLKELHDH ! VnYNTST $DRKTTKHKDINVEQHDTOCKKF AKD
1321 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1430 1500 1510 1520 1530 1540
Hunan - RSLOKENKTHORE VGLONTVKNVLTSLRAYSEL QNPRIRERHKGQLHORTOVKF KHSEETTLADLLOLNLHSYEDE VRNTVOKAVKE SGHEKYLKALUSTHSHMEF GHEPHPRTGTHHLKSSEVL VETLEDNGVOLONLYMSKYLAHFLKEVTSHOGKL STADSY. ESTF 0 IQEFKALHEDRYKTPNY
Mouse . RSLOKEHKPHDHE VL DN KN T SRR L PR DRHMUQL HORT VK EYSEE TTLADLLOLNLHKYEDEVRNEVOKVKESGHEKVLKTLDX THTTHEFEHEL HPRGTHHLKSDEVLVETLEDNOVQLUNLIMSKYLSHLKEY EVi ESIF QEFKALHEDAYKTPNY
Consensus  RSLOKEHKpHDAFYGLONTYKNnITSLRAVSEL QATO KalDi SHEL NPRIEIHHLKSdEVLVETLEanVﬂLﬂNLHHSKVLaHFLKEVTSMnQKL:|nu:VISIMF ESIF eDSqRFDal $QEFKALHEDAVKTPHY
#
1541 1550 1560 1570 1550 1590 1600 1610 1620 1630 1640 1550 1660 1670 1680 1690 1700 1710 1720 1730 1740 1750 1760
Hunan  VEATSKPGLYNKLEALKKSLATCEKALAEYLETKRLAFPRF YFYSSADLLDTL SNGNDPYEVSRHLSKL FDSLCKLKFRLDASDKPLKVGLGHYSKEDE YHYFDOECDLSGQVEVHL NRVLDRHCSTLRHEIPERYVTYEEKPREQHILDYPAQYAL TCTQIMHT TEVGLAFARLEEGYENATRDYNKKQTSQLNVLITLLHGNLNAGDRMKIHTICTID
House VERTNKPDLYNKLENLKHSLAVCEKALAEYLETKRL AFPRF YFYSSADLLDTL SNGNDPYEVSRHL SKLFDSLCKL KFRLDASGKPLKF GLGHYSKEDEFVDFDKECDL SGOVEVHL NRVLDRHRATL RHETPERYVTYEEKPREGHIFDYPAQ-~—-~--THHT TEVGL AFARL EEGYENATKDYNKKQTSQLNALTTLLTGNL TAGDRMKTHTICTID
Consensus  VEATRKPALYNKLEGL KSLA CEKALAEYLETKRLAFPRF YFYSSADLLOTLSNGNOPYEVSRHLSKLFDSLCKLKFRLDRSAKPLKF GLGHYSKEDE 2ndF DQECDL SGVEVHLNRVLORHraTL RHETPERYVTYEEKPREQHTLDYPAC. ... .. MHTTEVGLAFARLEEGYENAL-DYNKKOTSOLNal TLLiGNLnAGDRNKTHTICTID
1761 1770 1780 1790 1800 1810 1820 1830 1840 1850 1860 1870 1880 1830 1900 1910 1920 1930 1940 1950 1960 1970 1980
Hunan THOAOL FANIC YLGNTPRLVITPLTDRCYLTL 10SLHLIMGGAPAGPAGTGKTE TTKDL GRALGTHYYVFNCSEQUDYKSCNTYKELAQTGAMGD SYIAY SELIGLIPTYGIF LTHNPGYAGRAELPENLKALFRPCAHVVPDFELT
House THOSOL FAN: YLGNTPRLVITPLTORCYITLTQSL CSEQNDYKSCGNIYKGLAQTGANGCF DEFNRTSYEVL SVIAYQVKCYQDATRAKKKKFNFLGETSLYPTVGLF ITHNP ILKALFRPCANYVPDFELT
. VESSOAFTHQaQL FANIC! .LGHTPRLVITPLTDREVIILIQSLHLIHGGRPRGPREIEKIEIIKnLGRnLGTnVVVFNESEDNDVKSCGHIVKGLRQTBHHﬁEFDEFNRISVEVLSVIRVQVKEVDDHIRRKKKaFHFLﬁEIIgL:PTVEIFIIHNPGVRGRaELPENLKHLFRPERHVVPDFELI
1981 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2030 2100 2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
Hunan  CEIHLMAEGFLEARLLARKFITLYTLCKELL SKQDHYDHGLRAIKSYL YVAGSLKRGDPSRAEDQYL HRALRDFNIPKIYTDDL PYFHGL IGDLFPALDYPRKRDLNFEKTIKOSIVELKLQREDSFYLKVVQLEELLOVRHSYFIYGNAGSGKSQVLKSLNKTYQNL KRKPYAYDLDPKAYTCDEL FGIINPYTREHKDGLFSTIHROLANI THOGPKN
CETHLVAEGFLDARLLARKFITLYTLCKELL SKODHYDNGL RATKSVL VVAGSL KRGDPTRAEDQVLHRAL RDFNIPKTVTDDLPVFHGL IGDLFPALDVPRKRDLNFEKTTKQSIVEL KLQREDSFVLKVYQLEELL QYRHSYFYTGNAGSGKSQYLKSLNKTYONLKRKPVAVDLOPKRYTCDEL FGITNPATRENKDGLFSTIMRDLANLTHEGPKH
Consensus ~ CETHLAAEGFL $ARLLARKF LTLYTLCKELLSKUDHYDRGLRAIKSYLYYAGSL KRGDPSRAEDQVLHRALROFNIPKTYTDDLPVFHGL IGOLFPALDYPRKROLNFEKTIKUSTVEL KLUREDSFYLKVYULEELLOYRHSYF | |GNAGSGKSQYLKSLNKTYGNLKRKPYRVDLDPKRYTCOEL FGIINPaTREHKDGLFSTINROLANL THEGPKN
#
2201 2210 2220 2230 2240 2250 2260 2270 2280 2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400 2410 2420
Hunan - T1LOGDTOPHHTESLNTVHODNKYL TLASNERTPLNRTHRLYFELSHLRTATPATYSRAGLL YINPADL GNPV SSHLERRKYUSEKANLHTL FUKYLPTCLUKLREGEKKITPVPELTVIQTIL YLLECLLTEKTYPPDSPREL YEL YFVF TCFURFGGANFUDOLYDYRVEF SKUMTNEF KTIKFPSUGTIFDY YIDPOTKKFLPHTDKVPSFELDP
Wouse IVLDGDIDPHNIESLNTVHDDNKYL TLASNERTPLNRTHRLVFETSHL YINPADL FOKYLPTOLDKLRIGEKRITPVPETTYIQTIL YLLECLLTEKNAPPOSPKEL YEL Y VERCFUAF GGAMFUDAL 0YRVEF SUWTNEF KTIKLPSUGTIF DY YIDPETKKFLPUTOKVPHFELDP
Consensus I'LDEDIDPNMIESLHTVHDDNKVLILRSMERIPLHRTHRLVFEISHLRIﬁIPHTVSRHEILVINPHDLEHNPVVSSMIERRKVHSEKHNL;ILFDKVLPT[LHKLR;GFKrIIPVPEITVInTILVLL[[LL YELYFVFaC QDQL ! DYRVEF SKHATNEFKTIKIPSQGTIFDYYIDP §TKKFLPHTOKVPRFELDP
2421 2430 2ad0 2450 2460 2470 2480 2430 2500 2510 2520 2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
Hunan  DVPLOASLYHTTETIRIRYFMDLLHEKSHPVHLVGNAGTGKSYLHGDKLESLNTDNYLVOAVPFNFYTTSAHLOGVLEKPL TLKDIHNCQYYACHNPTSGSF TIDSRLORHFCYFAYSFPGOEAL TTIYNTIL TQHLAFRSYSHATQRISSQLVARALALHOKTT
House DIPLHRSLVHTTETIRIRYFIDLLHEKRHPVNLVEHHETEKSVLnGDKLENLSTnnVLVﬂnVPFNFVIISHHLQGVLEKPLEKKSGRNVGPPEIKKLIVFIBBNMNPEVDKVGIVHPHILIRHHNBHRHMVDRQKLILKDVMHCHVVHENMPTSGSFIIDPRLQRHFCVFHVSFPEHEHLISIVNIILHQHLSFRSHPLVIQRLSSHLVTﬁﬁLﬁLHﬂKVS
Consensus D! PLORSLYHTTETTRIRYF iDLLHEKaHPVHLYGNAGTGKSVLHGIKLEnL nTDSYLVORVPENFYTTSANL OGYLEKPL TLKD | HNCUYVRCHNPTSGSFTLOPRLURHFCYFAVSFPGUERL ToTYNTILaGHL aFRSap$alORiSSal VaRRLALHOK! s
2641 2650 2660 2670 2680 w0 2700 2710 2720 2730 2740 2750 2760 2770 2780 2790 2800 2810 2820 2830 2840 2850 2860
Hunan HIFLPIHIKFMVVFHLRDLSNIFHELLFSIHEVLKTPLBLVRLHLNt rLukvrnnSIKKFanLGnELLFnkPNIFcHFﬁuslﬁnrkvvvvrnnnPLNkLLVHVLnsquvunvnuLvLFEunvnuICRIMRILESPRGNRLLvﬁvaﬁseanLsnLnnvIsnLnvFu1IkaGvuIPnLk[nLnnnVIKHHVKNVPsernTn
Wouse ATFLPTAIKFHYIFNLROLSNIFQGILFSTAEILKTPLDLYRLHLHERERY ILFAKPNIFCHF TQGIGOPKYFPVTDVAQLNKLLKDVLDSYNEVNAVHNL VL FEDAVAHICKINR RLARYISALDVFQLTLKKGYAIPDLKMDLATQYIKSAYKNYPSYFLHTD
Consensus ATFLPTATKFHY FHLKDLSNIFQGILFSTRE FLKTPLOLVRLAL TLHRYT S4EnL FAKPATE CHF a0 TOnAqLNKLLKDYL VLT EDRVRITCr TN TLESPRONALLVoVG0S0KISL SRLARYISALDVF QT TLKKGY aTPDLKLDL AaQY IKaRYKMNYPSYFLITD
| | ¥
2861 2870 2880 2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000 3010 3020 3030 3040 3050 3060 3070 3080
Hunan  SQVAEEQFLYLTNDLLASGETPGLFHEDEYENITSSHRPQYKSL GHNDTRETCHKFF TEKVRROL KVILCFSPVGSYLRVRARKFPA! (FHENPEDAL YSVSARFLEE TYNEHSRYYLATERRYNYTTPKTFLEQTKL YONLLAKKRTEL YAKTERL ENGLHKLSTASQYDDLKAKL ATQERELKAKNESA
SQVAEEQFLVLINDLLASGETPGLFGDEDLENITSSHRPOVKSL GIADTREACHKFF IEKVRROLKVIL CFSPYGSYLI VSVSARFLEE TSTSLFHAYVHTTYNENSKTYL TLERRYNYTTPKTFLEQTKL YONLL AKKRHEL YAKTERL ENGLHKL OSTASQVDDL KAKL AYOETELKOKNENA
Consensus ~ SOYAEEQFLVLINDLLASGETPGLFg#1ENTISSHRPUVKSLGiaD TREQCHKFFIEKVRRULKYILCFSPYGSYLL A VSVSARFLEE VHTTYNENSr ! YLaiERRYNYTTPKTFLEQIKL YONLLAKKRAEL VAKTERLENGLHKLQSTRSQVDDLKAKLA! QEaEL KQKNERA
3081 3090 3100 3110 3120 3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
Hunan  DQL NKHVTEKQKACE TOLAKAEPALLARQERLDTLHKNNL TELKSFGSPPORVYNY TAAVHIL TAPGGK oSL (GNP TF DI CSHCINIYRFYEVYCDVAPKROALEEANAEL AEAQEKL SRIKNKTAEL NANLSNL TSAF
House DKLIﬂVVGVE1EKVSKEKHIHDEEENKVEVIHKHVTEKQKRCETDLHKHEPRLLRHQEHLDTLNK DSL LKAFKPYQGNPTFDPEF TRSKS TRRAGLCSHCINTVRF YEVYCDVAPKROALEEANAEL AERQEKL SRIKNKTAELNANL L TSAF
Consensus s TNKN |LnunnuzIULHKREPELLHHEEHLBTLNKNNLTELKSFGSPPHHVVHVTRHVHILIHPGGK P LDSLKKFDKEHIPEACLKAFKPYQGNPTFOPEF IRSKSTARRGLCSHCINIVRFYEYYCDYAPKROAL EEANAEL AEAQEKL SRIKNKTAELNANLSNLTSAF
3301 3310 320 3330 3340 3350 3360 3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480 3490 3500 3510 3520
Hunan  EKATAEKIKCQOEADATHRVILLANRLVGGLASENTRUAESYENFRSQGY TLCGDVLLISAFYSYYGYF TKKYRNELHEKFHIPYTHNLKYPIPITNGLOPLSLL TDDADYATHNNOGLPSDRMSTENATIL GNTERUPLTYDAQLOGTKNIKNKYRSEL KATRL GOKSYL DVIEQATSEGDTLL TENTGETVDPVLDPLLGRNTIKKGKYIKIGDKEVE
House EKATAEKIKCOOEADATNRVISLANRLVGGLASENVRHAESVENFKSQGY TLCGDVLLISAFYSYYGYF TKKYRNELHEKFHIPYINKLKYPIPITEGLDPLTLL TDDADYATHNNOGLPSDRHS TENATIL CNTERMPLTYDAQL OGTKNIKNKYGSDLOATRL GOKSYL DITEQATSAGDTLL TENTGE TVDPVLDPLLGRNTIKKGRF IKTGDKEVE
Consensus EKATAEKIKCOQEADATNRYILLANRL VYGGLASEN ! RHAESYENFr-S06YTLCGDYLLTSAFVSYVGYF TKKYRNELHEKFMIPYInnLKVPIPIT4GLOPLsLL TLNTERHPLIVDAQLOGIKHIKNKYrS $LqAIRLGOKSYLD ! TEQATSaGDTLL IENIGE TYDPYLOPLLGRNTIKKGrIKIGDKEYE
i # ¥ ! k2
3521 3530 3540 3550 3560 3570 3580 3590 3600 3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720 3730 3740
Hunan . YHPKFRLILHTKYFNPHYKPENORUCTLINFLYTRDGLEDULLARYVAKERPOLEQLKANL TKSONEF KIVLKEL EDSLLARLSARSGHFLGOTALVENLETTKATASE LYFILNDLNKINP VYQF SLKRENYVFEKATURTTPANEVKORVINL TDEXTYSYYHYTARGLFEROKL IFLAQVTFOVLS
House YHPSFRLILHTKYFNPHYKPENQRQCTLINFLYTROGLEDQLLARYVAKERPDLEQLKANL SARSGFLGDTALYENLETTKHTANE IEEKVOEAKITEVKTNERRENYRPARERASLLYF LLNDLNKINPTYQF SLAFNVVFEKRTOKT APADEVKORYINL TDET ERDKLIFLAQYTFOVLS
Consensus vHPkFRLILu1kvrnpuvx?sngngcILluerTnnﬁLEngLLnnvvnkERPnLEgLKnuLTksgusFkxVLKELEnSLLnRLsnRSBNFLnnIﬂLvsuLETTxu1nns1EEkvsEnk1TEVKIMEnREMVRPnnERHSLLvrxLunLukluPlng5LknFvarEKnlgr1aPnnEVKgRvINLInsITvsvvnv1nRﬁLFERnkLIFLnQVTFQVLs
3741 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840 3850 3860 3870 3880 3890 3900 3910 3020 3930 3940 3950 3960
Hunan  HKKELNPVELDFLLR SEMDEFKHL T TALOKL CHVRCLRPDRHTYAT) K VE SIFFILSPGYDPLKDVEAL GKKLGF TIDNGKLHNVSL VARHLGTLDKKLEH
MKKEL NPVEL DFLLRFPFKAGYVSPVDFL QHOSHGGTKAL SEMDEFKNL DSDTE GSAKRHKKL VESERPE TALQKL CHYRCHRPDRHT TFFIL SPGYDPLKDVERL GKKL GFT IDNGKLHNYSLGQGEYVAENALDVAREKGHHYTL QVRGSLPONTHL VARML GIL DKKVER
Consensus NKKELNPVELDFLLRFPFKREVV5PVDFLﬂHﬂgHGGIKRLSENDEFKNLDSDIEGSRKRHKKLVESEHPEKEIFFKEHKHKTRLRKLLn RCSRPDRMTYA! ‘PIFFILSPGVDPLKDVEALGKKLGFTIDNGKLHNVSLGOGQEVYAENALDVAREKGHHYILA. . . . .. .NTHLVARNLGiL DKK1Er
s
3961 3970 3980 3990 4000 4010 4020 4030 a040 4050 4060 4070 4080 4030 4100 a110 4120 4130 4140 4150 4160 a170 4180
Hunan THIIPQGILENATKI TNEPPTGHHANLHKALDLF TQDTLEMCTKEMEFKCHLFALC TISINVLYNYL RYLFGEIHYGGHITODHDRRLCRTYL AEYIRTENLEGDYLLAPGFQIPPNLDYKGYHEYIDENL PPESPYLYGLHPNAETGFLTVTSEKLFR
Wouse YSSGSHEDYRVFISAEPAPTAETHIIPQGILENATKITNEPPTGHYANLHKALDLFTODTLEMCTKETEFKCILFALC TISINVLYNYL RYLFGEIHYGGHITDDHDRRLCRTYL AEYIRVENLEGEYLLAPGFQIPPNLDYKGYHEYIDENLPPESPYLYGLHPNAETGFLTVTSEKLFR
Consensus  YSSGSHEDYRYFISREPAPsaE THITPQGILENATKITNEPPTGHANL HKALDLF TQDTLENCTKELEFKCALFALC! TISINVLYNYL PHDDLRYLFGETHYGGHTTDDHDRRLCRTYLAEYTREEHLEG#YLLAPGFQTPPNLDYKGYHEYIDENLPPESPYLYGLHPNAETGFLTVTSEKLFR
#
a181 4190 200 a210 4220 4230 a240 4250 4260 4270 4280 4290 4300 4310 4320 4330 4340 4350 4360 4370 4380 4390 4400
Hunan  TVLEHOPKE DDILEKIPETFNHAETHAKAREKTPYYYVAFQECERKNIL TNEMRRSL KEL NLGLKGEL TITTOVEDLSTALFYDTYPDTHVARAYPSHHGLARKYADLLLRIREL EANTTOFALPTTYHLAGFFNPOSFL TATHOSHARKNENPLDKHCL SYEYTKKNREDHT
House TVLEHOPKE GSEGSLGTIGL DDILEKTPETFRHAETHAKRREKTPYYVVAFQECERHNIL TNEMRRSL KEL NL GLKGEL TTTTOHEDL STALFYDTYPDTHVARAYPSHHGL ARKYADLL QRIREL ESHTTDFALPTTYHLAGFFNPOSFLTATHOSHARKNEMPLDKHCL SYEYTKKNREDHT
TYLEMQPKE evecessssssssssssssssssssss KAVLDDILEKIPETFNHAETHAKAREKTPYYYVAFQECERNNIL TNENRRSLKELNLGLKGEL TITTDREDLSTALFYDTVPDTHVARAYPSHHGLARHYADLL QRIRELEQHT TOFALPTTYHLAGFFNPQSFLTATHQSHARKNENPLOKHCL SYEY TKKNREDHT
4401 4410 4420 4430 4440 4450 4460 4470 4480 4430 4497
Hunan  BPPREGSY VYL EHEGARUDT QTG LAEARLKEL TPANPVIF IKALPYDRNE KNIYECPYYKTRIRGPTYVATENLKTKEKRAKUILARVALLLOY
House APPREGSYYYGLFHEGARHDTQTGYIAEARL KDL TPYHPYIF IKATPVDRHE TKNI ARKHILAAVALLLQY
Consensus nPPRsssvvveLrnEﬁnkunintﬁvtnEnRLknLTPaanrr1knlPvnnnsIKNIVEcPVVKIRIRﬁP1vvuIruLkasknnkulLﬁnanLan

Figure S2.  Alignment of human and mouse DNAH17 protein sequences showing that 91% of amino acids are identical. Residues that are identical
between human and mouse DNAH17 appear in red and as uppercase letters in the consensus line. Residues highly similar between human and mouse DNAH17
are indicated by red symbols (!, any one of | and V; $, any one of L and M; %, any one of F and Y; #, any one of N, D, Q, E, B, and Z). Unconserved residues are

written

in blue or as asterisks in the consensus line. Blue lines highlight the epitope (amino acids 3502-3801 for mouse DNAH17, corresponding to amino acids

3518-3817 in human DNAH17) for antibody generation. The alignment was performed using the online software MultAlin (http://multalin.toulouse.inra.fr/
multalin/multalin.html).

Zhang et al. Journal of Experimental Medicine
A DNAH17 missense variant causes asthenozoospermia https://doi.org/10.1084/jem.20182365
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Figure S3. Validation of the anti-DNAH17 antibody in transfected cells and Dnah17 knockout mice. (A and B) Immunoblotting (A) and IF staining (B) of
HEK293T cells overexpressing the epitope-corresponding peptides from human DNAH17 (amino acids 3518-3817), mouse DNAH17 (amino acids 3502-3801),
human DNAH11 (amino acids 3572-3871), mouse DNAH11 (amino acids 3544-3843), human DNAH9 (amino acids 3542-3841), or mouse DNAH9 (amino acids
3540-3839) with an N-terminal FLAG tag. For immunoblotting, untransfected cells were used as negative control. Two independent experiments were
performed. Scale bars represent 10 um. (C) Genomic DNA sequencing chromatograms showing the one-nucleotide-deletion mutation (g.971_971del) in
Dnah17-/~ mice. Arrowheads indicate the mutation site. WT, the wild-type allele. MUT, the mutant allele. (D) Immunoblotting using the anti-DNAH17 antibody
detected a specific band at the predicted size of DNAH17 (512 kD), as indicated by the arrowhead, in spermatozoa from Dnah17+/~ mice, but not in spermatozoa
from Dnah17-/~ mice. ODF2 (a marker of outer dense fibers) was used as the loading control. (E) Representative images of spermatozoa from Dnah17*/~ and
Dnah17-/~ mice stained for DNAH17 and a-tubulin, a marker for sperm flagellum. Scale bars represent 10 pm. (F) Sperm count per epididymis in Dnah17-/~
mice. (G) Quantification of the spermatozoa with normal morphology. (H) Representative images of spermatozoa after Papanicolaou staining showing absent
(i), short (ii), coiled (iii), bent (iv), and irregular-caliber (v) flagella in Dnah17-/~ mice. Scale bars represent 5 um. (1) Frequencies of sperm flagella that were
morphologically normal, absent, short, coiled, bent, or of irregular caliber. Each spermatozoon was classified as only one type of flagellar morphology according
to its major abnormality. (J) Representative TEM micrographs showing cross sections of proximal (upper panel) and distal (lower panel) regions of sperm
flagella from Dnah17+/~ and Dnah17-/~ mice. Scale bars represent 200 nm. (K) Immunoblotting using the anti-DNAH17 antibody detected a specific band of
predicted size (510 kD for human DNAH17 and 512 kD for mouse DNAH17), as indicated by the arrowhead, in testicular lysates from adult WT mice (mTestis) or
fertile men (hTestis). GAPDH was used as the loading control (GAPDH was predicted to be 35.8 kD in mouse and 36.1 kD in human). For A-K, at least two
independent experiments were performed. (F, G, and I) Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; Student’s t test. N, number of
mice examined; n, number of spermatozoa examined.
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Figure S4.  Morphological and axoneme ultrastructural analyses of spermatozoa from patients. (A) Representative images of spermatozoa from the
fertile controls and patients after Papanicolaou staining. Scale bars represent 10 pm. (B) Quantification of spermatozoa with normal morphology, or mor-
phological defects in sperm head, tail, or head and tail. (C) Frequencies of sperm flagella that are morphologically normal, absent, short, coiled, bent, or of
irregular caliber. Each spermatozoon was classified as only one type of flagellar morphology according to its major abnormality. For A and B, two independent
experiments were performed with at least 500 spermatozoa examined per person each time. Data are presented as mean + SEM. Compared with the fertile
control, one-way ANOVA with Dunnett's multiple comparison test. Two independent experiments were performed. (D) Representative TEM micrographs
showing cross sections of sperm flagella at low magnification from fertile men (controls) and the three patients. Red arrowheads, cross sections with MTD(s)
4-7 missing; blue arrowheads, cross sections with abnormalities other than the loss of MTD(s) 4-7. Scale bars represent 500 nm.
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Figure S5. Generation of Dnah17"/M mice modeling patients’ mutation and histological examinations of testes and epididymides from Dnah17+/+,
Dnah17*/M, and Dnah17"/M mice. (A) Schematic illustrating construction of the mouse model (Dnah17*/M). A gRNA was designed targeting exon 35 of Dnahl7.
The mutated nucleotides in mice (c.G5360A) and in patients (c.G5408A) are written in red. The nucleotide written in blue indicates a mutation not affecting the
amino acid sequence in the protospacer adjacent motif, introduced by ssODNss. (B) Genomic DNA sequencing chromatograms showing the g.G39015A mutation
heterozygous in Dnah17*/" and homozygous in Dnah17*™ mice. (C) cDNA sequencing chromatograms from Dnahl7*™ and Dnahl7*™ mice verified the
¢.G5360A mutation at mRNA level. (D) Periodic acid-Schiff staining of testicular sections showing that the spermatogenesis in Dnah17*/™ and Dnah17+/M mice is
comparable to that of Dnah17+/* mice. Scale bars represent 50 pm. (E) H&E staining of epididymal sections revealed similar sperm concentrations in Dnah17%/
and Dnah17+/™ mice compared with that in Dnah17+/* mice. Scale bars represent 100 um. (F) Histological examination of corpus epididymides from Dnah17+/*
and Dnah17™™ mice after ligation for 2 d and 4 d. Two independent experiments were performed. Scale bars represent 100 um. (A-E) Three independent
experiments were performed. Arrowheads, the mutation site; WT, the wild-type allele; MT, the mutant allele in humans; M, the mutant allele in mice.
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