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26 Abstract

27  Axonema protein complexes, including the outer and inner dynein arms (ODA/IDA), are
28  highly ordered structures of the sperm flagella that drive sperm motility. Deficiencies in
29 several axonemal proteins have been associated with male infertility, which is characterized
30 by asthenozoospermia or asthenoteratozoospermia. Dynein axonema heavy chain 3
31 (DNAHS3) residesin the IDA and is highly expressed in the testis. However, the relationship
32  between DNAH3 and male infertility is still unclear. Herein, we identified bialelic variants
33 of DNAH3 in four unrelated Han Chinese infertile men with asthenoteratozoospermia
34  through whole-exome sequencing (WES). These variants contributed to deficient DNAH3
35 expression in the patients sperm flagella. Importantly, the patients represented the
36 anomalous sperm flagellar morphology, and the flagellar ultrastructure was severely
37  disrupted. Intriguingly, Dnah3 knockout (KO) mae mice were also infertile, especialy
38 showing the severe reduction in sperm movement with the abnormal IDA and
39  mitochondrion structure. Mechanicaly, nonfunctional DNAH3 expression resulted in
40  decreased expression of IDA-associated proteins in the spermatozoa flagella of patients and
41 KO mice, including DNAH1, DNAHG6, and DNALI1, the deletion of which has been
42 involved in disruption of sperm motility. Moreover, the infertility of patients with DNAH3
43 variants and Dnah3 KO mice could be rescued by intracytoplasmic sperm injection (ICSI)
44  treatment. Our findings indicated that DNAH3 is a novel pathogenic gene for
45  asthenoteratozoospermia and may further contribute to the diagnosis, genetic counseling,
46  and prognosis of male infertility.

47  Key words. DNAH3, Male infertility, IDA-associated proteins, asthenoteratozoospermia, WES.
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48

49  Introduction

50 Infertility is a global public health and social problem that affects approximately one in six
51  couples worldwide (1). Male infertility, which accounts for half of infertile cases, is a
52 multifactorial disease with common phenotypes, including oligo/azoospermia (poor sperm
53 count or absence of spermatozoa); teratozoospermia (aberrant sperm morphology);
54  asthenozoospermia (weakened sperm motility); and a combination of these phenotypes, such
55 as asthenoteratozoospermia, oligoasthenozoospermia,  oligoteratozoospermia  and
56  oligoasthenoteratozoospermia (2, 3).

57 Asthenoteratozoospermia is one of the most common phenotypes of male infertility, and
58 genetic factors have been established as the predominant cause of asthenoteratozoospermia.
59  Multiple morphological abnormalities of the flagella (MMAF), a subtype of
60 asthenoteratozoospermia, characterized by a mosaic of abnormalities of the flagellar
61  morphology, including absent, short, coiled, bent and/or irregular flagella, is almost always
62 caused by genetic defects (4, 5). To date, more than 40 genes have been identified as
63 pathogenic genes of MMAF, but these genes can only explain approximately 60% of
64 MMAF-affected cases (6-9). Therefore, the genetic basis of the remaining cases is still
65  unknown.

66 The motility of aspermisdriven by its rhythmically beating flagella, and at the center of
67 the flagella lies a conserved axonemal structure, containing the “9 + 2" microtubular
68  arrangement: aring of nine microtubule doublets (MTDs) surrounding a central pair (CP) of

69  singlet microtubules. Each MTD consists of an A tubule and a B tubule, and the outer (ODA)
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70 and inner (IDA) dynein arms are anchored along the A tubule (10). The ODA and IDA are
71 ATPase-based protein complexes that drive the movement between the A tubule and the
72 neighboring B tubule of the next doublet, producing the original force for sperm motility (11,
73 12). Structural and functional abnormalities of the ODA and IDA have been demonstrated to
74 cause male infertility associated with asthenozoospermia and/or asthenoteratozoospermia (4,
75 13, 14).

76 The dynein axonemal heavy chain (DNAH) family comprises a series of proteins
77 (DNAH1-3, DNAH5-12, and DNAH17) that are precisely assembled with other axonemal
78  dynein motor proteins in the ODAs and IDAs of sperm flagella and motile cilia (15-17). In
79  humans, DNAH1, DNAH2, DNAH6, DNAH7, DNAHS8, DNAH10, DNAH12 and DNAH17
80 are highly expressed in the testis, and deficiency of these proteins has been demonstrated to
81 cause MMAF-associated asthenoteratozoospermia (18-25). DNAH3 is an evolutionarily
82 conserved IDA-associated protein and is highly expressed in testes of humans and mice (26).
83  Deficient DNAH3 has been shown to impair sperm motility in Drosophila and cattle (27,
84  28). In humans, DNAH3 has been identified as a novel breast cancer candidate gene (29).
85 However, the role of DNAH3 in male reproduction in humans and mice remains largely
86  unknown.

87 In the present study, we identified four bialelic variations in DNAH3 in four unrelated
88  Han Chinese patients with asthenoteratozoospermia using whole-exome sequencing (WES).
89 The spermatozoa of the patients showed extremely reduced sperm motility and a high
90 proportion of sperm tail defects characterized by the MMAF phenotype. We further

91 generated Dnah3 knockout (KO) mice, and the male KO mice expectedly showed
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92  aberrationsin sperm movement, flagellar IDA, and mitochondrion. Moreover, the absence of
93 DNAHS3 led to decreased expression of other IDA-associated proteins, including DNAHL1,
94 DNAHG6 and DNALI1. Importantly, good outcomes of intracytoplasmic sperm injection
95 (ICSI) treatment were observed in DNAH3-deficient patients and Dnah3 KO mice. This
96 study revealed DNAH3 as a novel pathogenic gene of asthenoteratozoospermia, and the

97 findings provide valuable suggestions for the clinical diagnosis and treatment of male

98 infertility.
99
100 Results

101 ldentification of biallelic pathogenic variants of DNAH3 in four unrelated infertile men

102  In the present study, we employed whole-exome sequencing (WES) to identify potential

103  candidate variants associated with primary asthenoteratozoospermia. After comprehensive
104 filtering and screening, we identified 98, 101, 67 and 91 candidate variants for Patient 1,
105  Patient 2, Patient 3 and Patient 4, respectively (Table S1). To refine these candidate variants,
106  we excluded those whose corresponding genes were not expressed in the human or mouse
107  testis, were associated with diseases unrelated to male infertility, or were monoallelic
108 variants. Ultimately, only bi-alelic variants in DNAH3 (NG_052617.1, NM_017539.2,

109  NP_060009.1) remained, suggesting as the pathogenic variants responsible for the infertility
110  of the patients

111 : a compound heterozygous mutation of ¢.3590C>T (p.Prol197Leu) and c.3590C>G
112 (p.Prol197Arg) in Patient 1, a homozygous missense mutation of ¢.4837G>T (p.Alal613Ser)

113 in Patient 2, a compound heterozygous mutation of c¢.5587del (p.Leul863*) and
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114  ¢.10355C>T (p.Ser3452Leu) in Patient 3 and a compound heterozygous mutation of
115 ¢.2314C>T (p.Arg772Trp) and c.4045G>A (p.Aspl349Asn) in Patient 4 (Figure 1A).
116  Importantly, routine semen analysis revealed that al patients showed extremely reduced
117 sperm motility and a high proportion of sperm tail defects (Table 1). These variants either
118  were not recorded or had an extremely low frequency in East Asian population in multiple
119  public population databases, including the EXAC browser, GnomAD and the 1000 Genomes
120  Project, and were predicted to be potentially deleterious by SIFT (https://sift.bii.a-
121 star.edu.sg/), PolyPhen-2  (http://genetics.bwh.harvard.edu/pph2/), MutationTaster
122 (https:.//www.mutationtaster.org/), and CADD (https://cadd.gs.washington.edu/) (Table 2)
123 (30-33). Next, Sanger sequencing confirmed these variants in the probands, and their fertile
124  parents carried the heterozygous variants (Figure 1A). Moreover, the variant sites are
125 localized in several domains of the DNAHS3 protein and are highly conserved across species
126  (Figure1B).

127 Strikingly, immunofluorescence staining revealed that DNAH3 was exclusively resided in
128  thetail and concentrated in the midpiece of control sperm. However, the fluorescence signal
129  of DNAH3 was hardly detected in the patients’ spermatozoa (Figure 1C). Additionally,
130  subsequent western blotting analysis yielded consistent results with immunofluorescence
131  staining, indicating that these variants led to disrupted expression of DNAH3 (Figure 1D).
132  These results suggested that biallelic variants in DNAH3 disrupted DNAH3 expression and
133  might be responsible for the infertility of the four patients.

134

135  Asthenoteratozoospermia phenotype is observed in patientswith DNAH3 variants
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136 We next investigated the aberrant sperm morphology of the patients using Papanicolaou
137  staining and SEM analysis. Notably, the tails of sperm from the patients exhibited a typical
138  phenotype associated with MMAF, including coiled, short, bent, irregular, and/or absent
139 flagella (Figure 2A and B, Figure S1A). In addition, a fraction of defects in the sperm head
140  were also present in the patients’ sperm (Figure 2B).

141 TEM was employed to determine the ultrastructure of the sperm from the patients.
142  Compared to the integrated and well-organized “901+12" axonemal arrangement of the
143  sperm flagella from the normal control, spermatozoa from the patients showed absent or
144  disordered CPs, MTDs, and outer dense fibers (ODFs) in different regions of the flagella
145  (Figure 3A, Figure S1B). Interestingly, the IDAs of sperm flagella of the patients were
146  hardly captured compared to the control (Figure 3A). Additionally, in the midpiece of sperm
147  flagella of the patients, dissolved mitochondrial material was also observed evidently under
148 TEM (Figure 3A). We next conducted immunofluorescence staining to label the
149  mitochondria of patients sperm with TOM20, a subunit of the mitochondrial import
150  receptor. Remarkably, in contrast to the robust TOM20 signals observed in the normal
151 control, the TOM20 signals in the sperm from the patients were considerably diminished,
152  indicating a disrupted mitochondrial function (Figure 3B). Together, these data suggested
153  that DNAH3 may function in sperm flagellar development, and loss-of-function variants
154  were associated with MMAF in humans.

155

156 DNAH3 isexclusively expressed in the sperm flagella of humans and mice

157  To further understand the function of DNAH3 in male reproduction, we explored the
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158  expression pattern of DNAH3 in humans and mice. gPCR results revealed that Dnah3 was
159  predominantly expressed in the mouse testis (Figure S2A). Moreover, when observing the
160 expression of Dnah3 in testes from mice at different postnatal days, we found that Dnah3
161  expression was significantly elevated beginning on postnatal Day 22, peaked at postnatal
162  Day 30, and maintained a stable expression level thereafter (Figure S2B). In addition, germ
163  cells at different stages were isolated from the testes of humans and mice and were stained
164  with anti-DNAH3 antibody. The results showed that DNAH3 was expressed in the
165  cytoplasm of spermatocytes and spermatogonia and then obviously in the flagellum of early
166  and late spermatids (Figure S3A and B). These expression data suggest that DNAH3 may
167  play an important role in sperm flagellar development during spermatogenesis in humans
168  and mice.

169

170  Deletion of Dnah3 causes maleinfertility in mice

171 Considering the absent expression of DNAHS3 in the patient sperm, we generated Dnah3 KO
172 mice using CRISPR[ Cas9 technology to further confirm the essential role of DNAH3 in
173 spermatogenesis (Figure SAA). PCR, gPCR, and immunofluorescence staining were used to
174  confirm that Dnah3 was null in KO mice (Figure $4B-E). The Dnah3 KO mice survived
175  without any evident abnormalities in development and behavior. H&E staining further
176  reveded that there were no histological differences in the lung, brain, eye, or oviduct
177 between wild-type (WT) and Dnah3 KO mice (Figure S5A). In addition, no obvious
178  abnormalitiesin ciliary development were observed in these organs in KO mice compared to

179  WT mice (Figure S5B). The Dnah3 KO femae mice were fertile with normal oocyte


https://doi.org/10.1101/2024.02.19.580977
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.580977; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

180  development (Figure S6A). However, the Dnah3 KO male mice were completely infertile
181  (Figure 4A). We next examined the testis and epididymis of Dnah3 KO male mice to
182  elucidate the etiology of infertility. There was no detectable difference in the testis/body
183  weight ratio of Dnah3 KO mice when compared to WT mice (Figure S6B).

184 M oreover, subsequent computer-assisted sperm analysis (CASA) also showed that sperm
185 isolated from the cauda epididymis were slightly decreased, and nearly all sperm were
186  completely immobile (Table 3, Movie S1 and Movie S2). Papanicolaou staining and SEM
187  analysis revealed morphological defects in partial spermatozoa from Dnah3 KO mice,
188 including coiled, bent, and irregular flagella, as well as aberrant heads and acephalic
189  spermatozoa (Figure S7A and B).

190 TEM was further utilized to evaluate the sperm flagellar ultrastructure of Dnah3 KO mice.
191  There were no obvious abnormalities of “9 + 2" microtube arrangement in most sperm from
192  the Dnah3 KO mice when compared to WT mice (Figure 4B, Figure S7C). However, in
193  contrast to the clear display of an IDA and an ODA on the A-tube of each microtubule
194  doublet in the sperm flagella of WT mice, the sperm flagella of Dnah3 KO mice exhibited
195 an absence of amost al the IDAs (Figure 4B, Figure S7D). In addition, the disrupted
196  mitochondria of spermatozoa from Dnah3 KO mice were also observed under TEM, as
197  manifested by the dilated intermembrane spaces and dissolved mitochondrial material
198  (Figure 4B and C, Figure S7E). We next performed immunofluorescence staining to label
199  SLC25A4, which is responsible for the exchange of ATP and ADP across the mitochondrial
200 inner membrane. Strikingly, compared to the bright fluorescence signals in the midpiece of

201 WT sperm, the signals Dnah3 KO were significantly diminished (Figure 4D), indicating
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202  impaired mitochondria function. Collectively, DNAH3 is essential for spermatogenesis, and
203 itsdeficiency seriously damages the sperm motility and IDAs in both humans and mice.

204

205 DNAHS3 deficiency impairs| DAsréeated to thereduction of | DA-associated proteins
206  Considering the disrupted IDASs revealed by TEM analysis in both our patients and Dnah3
207 KO mice, we speculated whether the defective IDAs were attributed to the decreased
208  expression of the key IDA-associated proteins. The immunofluorescence data showed that
209 DNAH1/DNAH6 and DNALI1, corresponding to the heavy and light intermediate chains of
210 the IDAs (16), respectively, were aimost invisible along the sperm flagella of the patients
211 when compared to control (Figure 5A-C). Consistent results were obtained in our
212 subsequent western blotting analysis of sperm lysates from the patients (Figure 5D-F),
213 indicating that DNAH3 may manipulate the assembly of IDA through regulating the
214 expression of IDA-associated proteins. In contrast, DNAH8/DNAHL17 and DNAIL,
215  corresponding to the heavy and intermediate chains of ODAS (25), were readily detectable
216 in the patients sperm flagella and were comparable to the control (Figure S8A-C),
217  suggesting that DNAH3 may not regulate the expression of ODA-associated proteins. We
218  also performed immunofluorescence staining and western blotting analysis of DNAH1,
219 DNAH6, DNALI1, DNAHS8, DNAH17 and DNAIL on sperm from Dnah3 KO mice, and the
220  results observed were consistent with those of the patients (Figure 6A-F, Figure SOA-C).
221  These findings suggested that other IDA-associated proteins might be downstream effectors
222 of DNAH3, which needs more future research.

223

10
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224 I1CSl treatment of humanswith DNAH3 variants and Dnah3 KO mice

225 ICSI treatment has been reported to be effective in asthenoteratozoospermia-associated
226 infertility (34, 35). ICSl cycles were attempted for the patients after written informed
227  consent was obtained. The female partners all had norma basal hormone levels and
228  underwent along gonadotrophin-releasing hormone agonist protocol (Table 4). The wife of
229  Patient 1 underwent one ICSI attempt. A total of 21 metaphase 1l (MIl) oocytes were
230 retrieved and microinjected, of which 17 oocytes were successfully fertilized (17/21,
231  80.95%) and cleaved (17/17, 100%). Thirteen Day 3 (D3) embryos were formed, six of
232  which developed into blastocysts (8/13, 61.54%) after standard embryo culture. Two
233 blastocysts were transferred, one of which was implanted. She eventually achieved clinical
234 pregnancy, and the pregnancy is ongoing (Table 4). The partner of Patient 2 underwent two
235 ICSI attempts. In her first ICSI attempt, six M1l oocytes were retrieved, of which three were
236 fertilized (3/6, 50%) and cleaved (3/3, 100%). After standard embryo culture, two D3
237 embryos were formed and transferred. However, this ICSI failed because no embryos were
238  implanted. In her second ICSI attempt, all five M1l oocytes were fertilized and cleaved (5/5,
239  100%). Five D3 embryos were obtained, of which two were transferred, but no embryos
240 were implanted. The remaining three D3 embryos were cultured continuously, and two
241 available blastocysts were formed and kept to be transferred in the future (Table 4). The
242  partner of Patient 3 underwent one ICSI attempt. Of the 20 MII oocytes retrieved, 19
243 oocytes were fertilized (19/20, 95.0%) and cleaved (19/19, 100%). Fifteen D3 embryos were
244  obtained, and 10 developed into available blastocysts (10/15, 66.7%). One blastocyst was

245  transferred and implanted. She achieved clinical pregnancy, and the pregnancy is ongoing

1
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246  (Table 4). The wife of Patient 4 underwent four failed ICSI attempts. In her first two ICSI
247  attempts, 13 and 12 MII oocytes were retrieved, of which five (5/12, 41.67%) and six (6/13,
248  46.15%), respectively, were fertilized and cleaved. Two available D3 embryos were obtained
249  and transferred in both ICSl attempts, but no embryos were implanted. In her third ICSI
250 attempt, of the eight M1l oocytes retrieved, four (4/8, 50%) were fertilized and cleaved (4/4,
251  100%). However, no available D3 embryos were acquired. In her last ICSI attempt, seven
252  MIIl oocytes were retrieved, of which three were fertilized (3/7, 42.68%) and two were
253 cleaved (2/3, 66.7%), but no available D3 embryos were formed (Table 4). The vivid
254  embryonic development of the partner of Patient 1 and Patient 3 after ICSI treatment was
255 showninFigure7A.

256 We also carried out ICSI treatment on Dnah3 KO male mice. Strikingly, favorable
257  outcomes of ICSI were obtained in Dnah3 KO male mice. After injection of spermatozoa
258 from Dnah3 KO male mice, pronuclel were observed in most embryos in both the KO and
259  WT groups, indicating a normal fertilization rate (Figure 7B). There was no difference in
260 the percentage of 2-cell and blastocyst-stage embryos between the KO and WT groups
261  (Figure 7B). Collectively, we observed successful ICSI outcomes in two out of four
262 DNAH3-deficient patients and Dnah3 KO male mice and therefore suggested ICSI as an
263  optiona treatment for infertile men harboring biallelic pathogenic variants in DNAH3, and
264  the additional female risk factors for infertility should not be excluded in the failed patients.
265

266  Discussion

267  In the present study, we identified pathogenic variants in DNAH3 in unrelated infertile men

12
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268  with asthenoteratozoospermia. These variations resulted in the amost absence of DNAH3
269 and sharply decreased the expression of other IDA-associated proteins, including DNAH1,
270 DNAH6 and DNALI1. Combined with similar findings in Dnah3 KO mice, we
271 demonstrated that DNAHS3 is fundamental for male fertility. Moreover, we suggest that ICSI
272  might be a favorable treatment for male infertility caused by DNAH3 deficiency. Our
273 findings identify a function for DNAH3 in male reproduction in humans and mice and may
274  provide anew view on the clinical practice of male infertility.

275 Recently, Meng et a. reported DNAH3 mutations in asthenoteratozoospermia affected
276  patients, revealing multiple morphological defects in sperm tal (36). Moreover,
277  ultrastructural abnormalities of the flagellar axoneme in the patients were evident in these
278  patients, characterized by a disrupted '9+2' arrangement and the notable absence of IDAs
279  (36). Additionally, they generated Dnah3 KO mice, which were infertile and exhibited
280 moderate morphological abnormalities (36). While the '9+2" microtubule arrangement in the
281 flagella of their Dnah3 KO mice remained intact, the IDAs on the microtubules were
282  partially absent (36). In our study, we observed similar phenotypic differences between
283 DNAH3-deficient patients and Dnah3 KO mice. Both studies suggest that DNAH3 may play
284  crucial yet distinct roles in human and mouse male reproduction.

285 However, there are notable differences between the two studies. Firstly, the phenotypes of
286 Dnah3 KO mice showed dlight differences. Meng et a. generated two Dnah3 KO mouse
287 models (KO1 and KO2), and both of which exhibited significantly higher sperm motility
288 and progressive motility than in our study (36), where nearly al sperm were completely

289  immobile. Furthermore, their Dnah3 KO2 mice displayed motility comparable to WT mice

13
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290 and retained partial fertility (36). We speculate that these differences may be attributed to
291 variations in mouse genetic background or the presence of a truncated DNAH3 protein
292  resulting from specific knockout strategies. Secondly, we conducted additional research and
293  uncovered novel findings. We revealed that male infertility caused by DNAH3 mutations
294  follows an autosomal recessive inheritance pattern, as confirmed through Sanger sequencing
295  of the patients' families. We also discovered the dynamic expression and localization of
296  DNAH3 during spermatogenesis in humans and mice through immunofluorescent staining.
297 Initially, DNAH3 was expressed in the cytoplasm of spermatogonia and spermatocytes, and
298 then it clearly transferred into the flagellum of early and late spermatids. We further found
299 that DNAH3 deficiency had no impact on ciliary development in the oviduct or on
300 oogenesisin mice, resulting in normal female fertility. Moreover, in the absence of DNAH3
301 in both humans and mice, the expression of IDA-associated proteins, including DNAH1,
302 DNAHG6 and DNALIL, was decreased, while the expression of ODA-associated proteins
303 remained unaffected, indicating that DNAH3 is involved in sperm axonemal development,
304  specificaly through its role in the assembly of IDAs. Collectively, our study corroborates
305 the findings of Meng et al., and provides additional unique insights, comprehensively
306 elucidating the critical role of DNAH3 in human and mouse spermatogenesis.

307 Primary ciliary dyskinesia (PCD, MIM: 244400) is a genetic disorder affecting at least
308 onein 7554 individuals (37). The most common symptoms of PCD are recurrent infections
309 in airways due to mafunction of the motile cilia that are responsible for mucus clearance
310 (38). It has been suggested that male infertility associated with sperm defects is highly

311 prevaent (up to 75%) among individuals with PCD (39). Axonemal defects caused by
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312  variants within DNAH family members, including DNAH5, DNAH6, DNAH7, DNAH9 and
313 DNAH11, are causative factors for PCD (40-42). Moreover, deficiency in these PCD-
314 causing DNAHs has also been associated with male infertility (9, 14, 20, 21, 43-45).
315  Additionaly, other DNAHS, such as DNAH1, DNAH2, DNAH8, DNAH10, DNAH12 and
316 DNAHL17, are suggested to be pathogenic genes of isolated male infertility (18, 19, 22, 24,
317  25). These phenotype—genotype correlations may be attributed to the fact that ciliary and
318 flagellar axonemes have cell type-specific or cell type-enriched DNAHs (46). DNAH3
319 residesinthe IDA and is expressed in testis and ciliary tissues, including the lung, brain, eye,
320 and oviduct. However, despite its presence in these tissues, the relationship between
321 deficient DNAH3 and disease is unclear to date. Intriguingly, in our study, none of the
322 patients with DNAH3 deficiency reported experiencing any of the principa symptoms
323 associated with PCD. Additionally, our Dnah3 KO mice exhibited normal ciliary
324  development in the lung, brain, eye, and oviduct. Similarly, Meng et a. did not mention any
325 PCD symptoms in their DNAH3-deficient patients, and their Dnah3 KO mice aso
326  demonstrated normal ciliary morphology in the trachea and brain (36). These combined
327 observations suggest that DNAH3 may play a more important role in sperm flagellar
328  development than in other motile cilia functions. Given that DNAH3 is expressed in ciliary
329 tissues, its role in these tissues remains intriguing and could be elucidated through
330 sequencing of larger cohorts of individuals with PCD.

331 ICSI has been an efficient treatment for male infertility (47, 48). However, the outcomes
332 of ICSI for male infertility caused by variants in different DNAH genes are variable. It has

333  been demonstrated that infertile males with variants in DNAH1, DNAH2, DNAH7, and
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334 DNAHS have a favorable prognosis (22, 49-53), while patients with variants in DNAH17
335 have poor outcomes after ICSI treatment (25, 54). Meanwhile, the ICSI outcomes in male
336 infertility caused by DNAH6 variants may depend on the specific mutation or be
337 controversial (20, 55, 56). The patients with DNAH3 mutations in our study experienced
338 different clinical outcomes of ICSI treatment. The partners of Patient 1 and Patient 3
339 achieved clinical pregnancy. The wives of Patient 2 and Patient 4 obtained favorable
340 fertilization and cleavage rates but experienced no clinica pregnancy due to the
341  nonimplantation of the transferred embryos. Remarkably, despite the diverse variants within
342 DNAH3 observed in the four patients, all variants led to a complete absence of DNAH3
343  expression. Additionally, we did not identify any pathogenic variants that associated with
344  fertilization failure and early embryonic development in the two patients with failed 1CSI
345 outcomes. Therefore, these different ICSI outcomes might be attributed to additional
346  unexplained factors from the female partners. Importantly, in the study from Meng et al., one
347  patient carrying DNAH3 variants received ICSI treatment, and the partner obtained clinical
348  pregnancy (36). Combined with the successful ICSI outcomes observed in Dnah3 KO mice,
349  we suggest ICSI as an optimized treatment for infertile men carrying variants in DNAHS.
350 More cases are needed to precisely estimate the prevalence of DNAH3 mutations and
351  determine aprognosisfor ICSI treatments.

352 In conclusion, our study revealed an unexplored role of DNAH3 in male reproduction in
353 humans and mice, suggesting DNAH3 as a novel causative gene for human
354  asthenoteratozoospermia. Moreover, ICSl is as an optimized treatment for infertile men with

355 DNAH3 variants. This study expands our knowledge of the relationship between DNAH
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356 proteins and disease, facilitating genetic counseling and clinical treatment of male infertility
357 inthefuture.

358

359 Methods

360 Human subjects

361 Four unrelated Han Chinese infertile men and their family members were recruited from
362  West China Second University Hospital of Sichuan University and Women and Children’'s
363 Hospital of Chongging Medical University. All patients exhibited a normal karyotype (46
364 XY) without deletion of the azoospermia factor (AZF) region in the Y-chromosome. All of
365 the participants were provided informed consent, and the study was approved by the ethics
366 committee of West China Second University Hospital and The First Affiliated Hospital of
367 Chongging Medical University.

368

369 Genetic analysis

370  Peripheral blood samples were obtained from the subjects to extract genomic DNA using a
371 DNA purification kit (TIANGEN, DP304). For WES, 1 ug of genomic DNA was utilized for
372 exon capture using the Agilent SureSelect Human All Exon V6 Kit and sequenced on the
373 Illumina HiSeq X system (150-bp read length). The quality of WES, including clean reads,
374  sequencing depth, sequencing coverage, and mapping quality are listed in Table S1. The
375 variants identified through WES were annotated and filtered using Exomiser. Next, the
376  variants were screened to obtain candidate variants based on the following criteria: (1) the

377  dllele frequency in the East Asian population was less than 1% in any database, including
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378 the EXAC Browser, gnomAD, and the 1000 Genomes Project; (2) the variants affected
379 coding exons or canonical splice sites; (3) the variants were predicted to be possibly
380 pathogenic or damaging. The remain genes were then analyzed using the Human Protein
381 Atlas(HPA) database (https://www.proteinatlas.org/) and Mouse Genome Informatics (MGI)
382 database (https://informatics.jax.org/) to access their expression in human and mouse testis.
383 Additionally, OMIM database (https.//www.omim.org/) and relevant literature were used to
384 understand their relationship with human infertility. Given the assumption of a recessive
385 inheritance pattern, monoallelic variants were excluded from consideration. The remained
386 candidate pathogenic variants were verified by Sanger sequencing on DNA from the
387 patients families. The primer pairs used for PCR amplification are listed in Table S2.

388

389  Electron microscopy

390 For scanning electron microscopy (SEM), sperm samples were fixed in glutaraldehyde
391  (2.5%, w/v) and dehydrated using an ethanol gradient (30, 50, 75, 85, 95, and 100% ethanol).
392 The samples were dried using a CO, critical-point dryer (Eiko HCP-2, Hitachi) and
393 observed under SEM (S-3400, Hitachi).

394 For transmission electron microscopy (TEM), sperm samples were fixed in
395 glutaraldehyde (3%, w/v) and osmium tetroxide (1%, w/v) and dehydrated with an ethanol
396 gradient. The samples were embedded in Epon 812. Ultrathin sections were stained with
397  uranyl acetate and lead citrate and analyzed under TEM (Tecnai G2 F20).

398

399 STA-PUT velocity sedimentation

18


https://doi.org/10.1101/2024.02.19.580977
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.580977; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

400 Singletesticular cells from obstructive azoospermia and 8-week-old C57BL male mice were
401  obtained using the STA-PUT velocity sedimentation method as described previously (57,
402  58). In brief, total spermatogenic cells were harvested by digesting seminiferous tubules
403  with collagenase (Invitrogen, 17100017), trypsin (Sigma, T4799) and DNase (Promega,
404 M6101) for 15 min each at 37 °C. Cells were diluted in bovine serum albumin (BSA, 3%,
405  wiv) and filtered through an 80 mm mesh to remove fragments. Then, the cells were
406  resuspended in BSA (3%, w/v) and loaded into an STA-PUT velocity sedimentation cell
407  separator (ProScience) to obtain germ cells at different stages.

408

409 RNA isolation and quantitative PCR (qPCR)

410 Total RNA of mouse tissues was extracted using TRIzol reagent (Invitrogen,15596026,) and
411  reverse-transcribed using the 1st Strand cDNA Synthesis Kit (Yeasen, HB210629) according
412  to the manufacturer’s instructions. gPCR was carried out on an iCycler RTTTPCR Detection
413  System (Bio-Rad Laboratories) using SYBR Green gPCR Master Mix (Bimake, B21202).
414  Primer sequences are listed in Table S2.

415

416  Immunofluorescence staining

417  Sperm samples were fixed in paraformaldehyde (4%, w/v), permeabilized with Triton X-100
418  (0.3% v/v) and blocked with BSA (3%, w/v) at room temperature. Samples were incubated
419  with primary antibodies, including DNAH1 (Cusabio, CSB-PA878961LA01HU, 1:100),
420 DNAH3 (Cusabio, CSB-PA823461LA01HU, 1:100), DNAH6 (Proteintech, 18080-1-APR,

421 RRID: AB_2878493, 1:50), DNAHS8 (Atlas, HPA028447, RRID: AB_10599600, 1:200),
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422 DNAH17 (Proteintech, 24488-1-AP, RRID: AB_2879568, 1:50), DNAI1 (Proteintech,
423  12756-1-AP, RRID: AB_10643244, 1:50), DNALI1 (Proteintech, 17601-1-AP, RRID:
424  AB_ 2095372, 1:50), TOM20 (Proteintech, 11802-1-AP, RRID: AB_2207530, 1:50),
425  SLC25A4 (Signalway, 32484, RRID: AB_2941094, 1:100), lectin PNA (Invitrogen, L-
426 32460, 1:50) and alpha tubulin (Abcam, ab7291, RRID: AB_2241126, 1:500), overnight at
427 4 °C. The next day, the samples were washed and incubated with the secondary antibody
428  Alexa Fuor 488 (Invitrogen, A11008, RRID: AB_143165, 1:1000) or Alexa Fluor 594
429  (Invitrogen, A11005, RRID: AB_141372, 1:1000), and the nuclei were labeled with 4',6-
430 diamidino-2-phenylindole (DAPI, Sigma’lAldrich, D9542). Image capture was performed
431 by alaser scanning confocal microscope (Olympus, FV 3000).

432 For staining of mouse tissues, samples were first fixed in paraformaldehyde (4%, w/v) and
433  dehydrated with an ethanol gradient. Then, the samples were embedded in paraffin and
434  dliced into 5-um sections. After deparaffinization and rehydration, sections were processed
435  with 3% hydrogen peroxide and incubated in sodium citrate for antigen repair. Subsequently,
436  sections were blocked with goat serum and incubated with primary antibodies against
437  DNAH3 (Cusabio, CSB-PA823461L A01HU, 1:100) or ac-Tubulin (Abcam, ab24610, RRID:
438 AB_448182, 1:500) at 4 °C overnight. The next day, the sections were incubated with the
439  secondary antibody Alexa FHuor 488, followed by labeling the nuclei with DAPI. Image
440  capture was performed using a fluorescence microscope (Zeiss, Ax10).

441

442  Western Blotting

443  Sperm samples were lysed in RIPA buffer (Beyotime, PO013B) to extract the total protein.
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444  For analysis of DNALIL, the protein samples were mixed with SDS loading buffer (PO015,
445  Beyotime, China), boiled at 95 °C for 5 minutes, and separated by 12.5% SDS-PAGE. For
446  anaysis of DNAH1, DNAH3, DNAHS6, the protein samples were mixed with NUPAGE™
447  LDS sample buffer (Invitrogen, NPOOO7), denatured at 70°C for 10 minutes, and separated
448 by 3-8% NUPAGE™ Tris-Acetate gels (EA0375BOX, Invitrogen). Then the resolved
449  proteinswere transferred to 0.45 um PVDF membranes (Merck Millipore, IPVH00010). The
450 membranes were blocked, incubated with primary antibodies, including DNALI1
451  (Proteintech, 17601-1-AP, RRID: AB_2095372, 1:150), DNAH3 (Cusabio, CSB-
452  PA823461LA01HU, 1:200), DNAH6 (Proteintech, 18080-1-AP, RRID: AB_2878493, 1:150)
453  and aphatubulin (Proteintech, 11224-1-AP, RRID: AB_2210206, 1:1000) at 4 _| overnight.
454  The following day, membranes were washed and incubated with HRP-conjugated secondary
455 antibody (Proteintech, SA00001-2, RRID: AB_2722564, 1:5000). Protein bands were
456  visualized using enhanced chemiluminescence reagents (Millipore, WBKLS0500).

457

458  Histology hematoxylin-eosin (H& E) staining

459  Tissue samples from mice were fixed with 4% paraformaldehyde (w/v) overnight. Following
460  dehydration by ethanol, the samples were embedded in paraffin and sliced into 5-um
461  sections. The sections were stained with hematoxylin and eosin and observed under a
462  microscope (Zeiss, Axio Imager 2).

463

464  Generation of the Dnah3 KO mouse model

465  Animal experiments in this study were approved by the Experimental Animal Management
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466  and Ethics Committee of West China Second University Hospital, Sichuan University, and
467 complied with the Animal Care and Use Committee of Sichuan University. A Dnah3
468  knockout mouse model was generated by the CRISPRLICas9 system. Briefly, Cas9 and
469 signal-guide RNAs (5 -GTATCAAGTGGATGTAAACC-3') were transcribed using T7
470 RNA polymerase in vitro and comicroinjected into the cytoplasm of single-cell C57BL/6J
471 mouse embryos to generate frameshift mutations by nonhomologous recombination through
472 introduction of a 1 bp insertion in exon 13. Then, the embryos were cultured and transferred
473  into the oviducts of pseudopregnant female mice at 0.5 days post-coitum. A mutation of
474  Dnah3 in the founder mouse and their offspring was confirmed using PCR and Sanger
475  sequencing. The primers used for the generation of animal models are listed in Table S2.

476

477  Intracytoplasmic sperm injection (ICSl)

478 ICSl was carried out using standard technigues. In brief, one-month-old female KM mice
479  were injected with 5 IU of equine chorionic gonadotropin (eCG) (ProSpec, HOR-272) to
480  induce superovulation. Metaphase |l-arrested (MI1l) oocytes were acquired through another
481 injection of 51U human chorionic gonadotropin after 48 hours. MIl oocytes were incubated
482  with Chatot-Ziomek-Bavister medium (Easycheck, M2750) at 37.5 °C and 5% CO, until use.
483  Mouse cauda epididymal spermatozoa were incubated in human tubal fluid (HTF) medium
484  (Easycheck, M1150) and then frozen and thawed repeatedly to remove sperm tails. For ICSI,
485 a single sperm head was microinjected into an MIl oocyte by using a NIKON inverted
486  microscope and a Piezo (PrimeTech, Osaka, Japan) in Whitten’ssHEPES medium containing

487  0.01% polyvinyl alcohol (Gibco,12360-038) and cytochalasin B (3.5 g/ml; SigmallAldrich,
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488 C-6762). The successfully injected oocytes were transferred into G1-Plus medium (Vitrolife,
489  10132) and incubated at 37.5 °C and 5% CO,. The animal experiments were approved by
490 the Experimental Animal Management and Ethics Committee of West China Second
491  University Hospital, Sichuan University.

492

493  Statistical analysis

494  Prism (version 8.4.0, GraphPad, Boston, MA, USA) and SPSS (verson 18.0, IBM
495  Corporation, Armonk, NY, USA) were used to perform statistical analyses. All data are
496  presented as the means + SEMs. Data from two groups were compared using an unpaired,
497  parametric, two-sided Student’s t test, and a p value less than 0.05 was considered
498  statistically significant.

499

500 Ethicsapproval

501 This study was approved by Ethical Review Board of West China Second University
502 Hospital, Sichuan University. Informed consent was obtained from each participate in this
503  study before taking part.

504

505 Data availability

506 The published article includes all datasets generated or analyzed during this study. The
507 whole exome-sequencing data were deposited in the National Genomics Data Center
508 (NGDC) (https://ngdc.cnch.ac.cn/, accession number: HRA007467).
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668 FigureL egends

669 Figure 1. Identification of biallelic pathogenic variantsin DNAH3 from four unrelated
670 infertile families. (A) Pedigrees of four families affected by DNAH3 variants (M1-M7).
671  Black arrows indicate the probands in these families. (B) Location of the variants and
672  conservation of affected amino acids in DNAH3. Black arrows indicate the position of the
673 variants. (C) Immunofluorescence staining of DNAH3 in sperm from the patients and
674 normal control. Red, DNAH3; green, a-Tubulin; blue, DAPI; scale bars, 5 um. (D) Western
675  blotting analysis of DNAH3 expressed in spermatozoa from the patients and normal control.
676

677  Figure 2. Defects in sperm mor phology of the patients harboring DNAH3 variants. (A,
678 B) Abnormal sperm morphology was observed through Papanicolaou staining (A), and SEM
679 anaysis(B) compared to normal control. Scale bars, 5 um.

680

681  Figure 3. Ultrastructural and mitochondrial defects in sperm from infertile men with
682 DNAH3 variants. (A) TEM analysis of sperm obtained from a normal control and patients
683  harboring DNAH3 variants. Cross-sections of the midpiece, principa piece and endpiece of
684  sperm from normal control showed the typical “‘9 + 2 microtubule structure, and an IDA
685 and an ODA were displayed on the A-tube of each microtubule doublet. Cross-sections of
686 the midpiece, principa piece and endpiece of sperm from the patients displayed absent or
687 disordered CPs, MTDs and ODFs, as well as an evident missing of the IDAs in different
688  pieces of the flagella. M, mitochondria sheath; ODF, outer dense fiber; MTD, microtubule

689  doublets; CR, central pair; IDA, inner dynein arms; ODA, outer dynein arms. Scale bars, 200
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690 nm. (B) Immunofluorescence staining of TOM20 in sperm from the patients and normal
691  control. Red, TOM20; green, a-Tubulin; blue, DAPI; scale bars, 5 um.

692

693 Figure 4. Dnah3 KO male mice are infertile. (A) Fertility of Dnah3 KO mice. The KO
694 male mice were infertile (n = five biologically independent WT mice or KO mice; Student’s
695 ttest; *, P < 0.05; NS, no significance; error bars, s.em.). (B) TEM analysis of the cross-
696  sections of spermatozoa from Dnah3 KO mice revealed an obvious absence of IDAS in
697  different pieces of the flagella compared to WT mice. M, mitochondrion sheath; ODF, outer
698 dense fiber; MTD, microtubule doublet; CP, central pair; IDA, inner dynein arm; ODA,
699 outer dynein arm. Scale bars, 200 nm. (C) Disrupted mitochondria were observed in
700  spermatozoa tail from Dnah3 KO mice by TEM anaysis. The yellow arrows indicate the
701 normal mitochondria. The red arrowheads indicate the dilated intermembrane spaces and
702  dissolved mitochondrial material. M, mitochondrion sheath. Scale bars, 200 nm. (D)
703  Immunofluorescence staining of SLC25A4 indicated impaired mitochondrial formation in
704  Dnah3 KO mice compared to WT mice. Red, SLC25A4; green, a-Tubulin; blue, DAPI;
705  scalebars, 5 um.

706

707  Figure5. Immunofluorescence staining and wester n blotting analysis of | DA-associated
708 proteins in spermatozoa obtained from normal control and patients with DNAH3
709  variants. (A — C) Immunofluorescence staining of DNAH1 (A), DNAHG6 (B) and DNALI1
710  (C) in spermatozoa from patients and normal controls. Red, DNAH1 in (A), DNAH®6 in (B),

711 DNALI1 in (C); green, a-Tubulin; blue, DAPI; scale bars, 5 um. (D — F) Western blotting

30


https://doi.org/10.1101/2024.02.19.580977
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.580977; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

712 anaysis of DNAH1(D), DNAHG6 (E), DNALI1 (F) in sperm lysates from the patients and
713 normal control.

714

715  Figure 6. Immunofluor escence staining and wester n blotting analysis of | DA-associated
716  proteins in spermatozoa from WT and Dnah3 KO mice. (A — C) Immunofluorescence
717  staining of DNAH1 (A), DNAHG6 (B) and DNALI1 (C) in spermatozoa from Dnah3 KO and
718  WT mice. Red, DNAHL1 in (A), DNAH®6 in (B), DNALIL in (C); green, a-Tubulin; blue,
719 DAPI; scale bars, 5 um. (D — F) Western blotting analysis of DNAH1(D), DNAH6 (E) and
720  DNALIL (F) in spermatozoa lysates from Dnah3 KO and WT mice.

721

722 Figure 7. ICSl outcomes of DNAH3-deficient patients and Dnah3 KO mice. (A) The
723 embryonic development of Patient 1 and Patient 3 after ICSI treatment. MI1, metaphase I1;
724 PN, pronucleus; scale bars, 40 um. (B) There was no difference in the fertilization rate or 2-
725  cell and blastocyst embryo formation rates between the Dnah3 KO and WT groups (n =
726  three biologically independent WT mice or KO mice; Student’s t test; NS, no significance;
727  error bars, s.em.).

728
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729 Table 1. Semen analysis of the patientsin the present study.

Patient 1 Patient 2 Patient 3 Patient 4 Reference
Semen volume (ml) 43 33 0.8 4.6 215
Semen Semen concentration (10%ml) 2.0 0.5 11.0 210 215.0
parameters  \qility (%) 6.0 30 0 0 240.0
Progressive motility (%) 0 23 0 0 232.0
Sperm Normal (%) 13 11 18 12 24.0
morphology 14| defects (%) 913 87.5 96.5 975 ;

730 -, not applicable.
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731 Table 2. Variants analysis of the patientsin the present study.

Patient 1 Patient 2 Patient 3 Patient 4
cDNA mutation ! €.3590C>T ¢.3590C>G c.4837G>T ¢.5587del €.10355C>T €.2314C>T ¢.4045G>A
Variant Protein alteration p.Pro1197Leu p.Prol197Arg p.Alal613Ser p.Leul863* p.Ser3452L eu p.Arg772Trp p.Asp1349Asn
Mutation type Missense Missense Missense Nonsense Missense Missense Missense
EXAC_EAS 0.0001 0 0.004165 0 0.0006 0.0019 0.0065
Allele
GnomAD_EAS 0.00005016 0 0.00277415 0 0.0008 0.002 0.007
frequency
1000 Genomes Project_EAS 0 0 0.0050 0 0 0.0040 0.0069
SIFT Deleterious Deleterious Deleterious / Tolerated Deleterious Deleterious
Function Polyphen 2 Probab.ly Probaply Probeblly / Probaply Probeblly Probab.ly
prediction damaging damaging damaging damaging damaging damaging
) Disease Disease Disease Disease Disease Disease
Mutation Taster ] ] ) / ) ] ]
causing causing causing causing causing causing
CADD 2 33 295 275 / 254 279 %

732 ', NM_017539.2; % score > 4.0 s predicted to be damaging. /, not applicable.
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733  Table 3. Semen analysisusing CASA in the Dnah3 KO mice.

WT KO P value
Semen parameters
Sperm concentration (10° /ml) ° 112.32 £ 18.26 105.17 + 11.15 0.059
Motility (%) ° 7156 + 3.97 437+1.15 <0.01
Progressive motility (%) ° 60.36 + 4.32 437+1.15 <0.01
Sperm locomotion parameters
Curvilinear velocity (VCL) (um/s)® 67.54 + 6.79 9.07+1.22 <0.01
Straight-line velocity (VSL) (um/s)® 28.91 + 4.86 2.68 +0.52 <0.01
Average path velocity (VAP) (umi/s)® 39.02 +5.31 3.85+0.82 <0.01
Amplitude of lateral head displacement (ALH) 0.71+ 0.03 0.13+0.04 <0.01
(um)®
Linearity (LIN)" 0.43 £ 0.07 0.30 £ 0.02 0.037
Wobble (WOB, = VAP/VCL)" 0.58 + 0.06 0.42 +0.05 0.024
Straightness (STR, = VSL/VAP) 0.74+0.22 0.70+0.13 0.80
Beat-cross frequency (BCF) (Hz)° 4.86+0.12 0.73+£0.08 <0.01

734 *Epididymides and vas deferens.

735 °A significant difference, two-sided student’s t-test. n = 3 biologically independent WT mice or KO mice.
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736  Table 4. Outcomesof ICS treatment in the patientswith DNAH3 mutations.

Patient Patient 1 Patient 2 Patient 3 Patient 4
Subjects Female age (y) 24 30 30 36
Length of primary infertility history (y) 6 1 3 8
FSH (1U/L) 7.1 85 349 4.3
Basal LH (1U/L) 4.44 25 4.2 26
hormones E2 (pg/mL) 83 50 43.49 68
Prog (ng/mL) 0.2 0.6 0.3 0.3
Cyclel Cyclel Cycle2 Cyclel Cyclel Cycle2 Cycle3 Cycle4
E2 level on the trigger day (pg/ml) 3366 1519.6 1582.4 >5000 4440 5000 3152 2206
ICSI Cycles  No. of follicles> 14 mmonthetrigger day 15 6 5 20 13 12 14 11
No. of follicles> 18 mmonthetrigger day 10 3 4 8 1 9 7 5
No. of oocytes retrieved 24 6 5 25 16 20 21 14
No. of MII oocytes 21 6 5 20 12 13 8 7
cs Fertilization rate (%) 80.95 17/21) 50 (3/6) 100 (5/5) 95 (19/20) 41.67 (5/12) 46.15(6/13) 50 (4/8) 42.86 (3/7)
Cleavage Rate (%) 100 (17/17) 100 (2/2) 100 (5/5) 100 (19/19) 100 (5/5) 100 (6/6) 100 (4/4) 66.7 (2/3)
progress Available D3 embryos 13 2 5 15 2 2 0 0
Blastocyst formation rate (%) 61.5 (8/13) 0 66.7 (2/3) 66.7 (10/15) - - - -
o No. of embryos transferred 2 blastocysts 0 2D3 lblastocyst 2D3 2D3 - -
Clinical Implantation rate (%) 50 (1/2) 0 0 100 (1/1) 0 0 - -
outcomes Clinical pregnancy Yes No No Yes - - - -
No. of live birth ongoing - - ongoing - - - -

737 -, not applicable.

738
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739 Supporting information

740 Figure Sl. Statistics analysis of aberrant sperm morphology and axonemal
741  ultrastructure observed in DNAH3-deficient patients. (A, B) The percentage distribution
742 (A) and histogram (B) of various flagellar morphology in the normal control and patients. (C)
743  The percentage of ultrastructure in different cross-sections of sperm from the normal control
744  and patients (n = three biologically independent WT mice or KO mice; error bars, s.e.m.).
745

746 Figure 2. The expression of DNAH3 in mouse testis. (A) gPCR analysis revealed that
747  Dnah3 was highly expressed in the mouse testis. (B) gPCR anaysis showed that Dnah3
748  expression was significantly elevated beginning on postnatal Day 12, peaked at postnatal
749  Day 30, and maintained a stable expression level thereafter.

750

751  Figure S3. DNAH3 is expressed during spermatogenesis in mice and humans. (A)
752  Immunofluorescence staining of DNAHS3 in isolated mouse germ cells. Pink, PNA; green,
753 DNAHS3; blue, DAPI; scale bars, 5 um. (B) Immunofluorescence staining of DNAH3 in
754  isolated human germ cells. Pink, PNA; green, DNAH3; blue, DAPI; scale bars, 5 um.

755

756  Figure $4. Generation of Dnah3 KO mice. (A) Schematic illustration of the strategy for
757  the generation of Dnah3 KO mice. (B, C) PCR sequencing (B) and gPCR (C) were used to
758  confirm the genotype and KO efficiency (n = three biologically independent WT mice or
759 KO mice; Student’st test; *, P<0.05; error bars, s.em.). (D) Immunofluorescence staining of

760 DNAH3 in testis of Dnah3 KO mice and WT mice. Green, DNAH3; blue, DAPI; scale bars,

36


https://doi.org/10.1101/2024.02.19.580977
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.580977; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

761 75 pum. (E) Immunofluorescence staining of DNAHS3 in spermatozoaisolated from the cauda
762  epididymis of Dnah3 KO mice and WT mice. Red, DNAH3; green, a-Tubulin; blue, DAPI;
763  scalebars, 5um.

764

765  Figure Sb. Ciliary development of Dnah3 KO mice. (A) H&E staining of lung, brain, eye,
766  and oviduct from Dnah3 KO mice and WT mice. Scale bars, 100 um. (B) Analysis of ciliary
767  development in the lung, brain, eye, and oviduct from Dnah3 KO mice and WT mice by
768  using immunofluorescence staining. Green, Ac-Tubulin; blue, DAPI; scale bars, 20 um.

769

770  Figure S6. Fertility of Dnah3 KO mice. (A) H&E staining of ovary tissue sections from 8-
771 week-old Dnah3 KO female mice and WT femae mice. Scale bars, 75 um (n = three
772 biologicaly independent WT mice or KO mice). (B) Sizes of the testis and epididymis of
773  the 8-week-old Dnah3 KO and WT mice (n = three biologically independent WT mice or
774 KO mice; Student’s t test; NS, no significance; error bars, s.em.).

775

776 Figure S7. Morphology and ultrastructure of sperm isolated from Dnah3 KO mice. (A,
777  B) Papanicolaou staining (A), and SEM analysis (B) revealed morphological defects in
778  partial spermatozoa from Dnah3 KO mice compared to WT mice. Scale barsin (A), 5 um;
779  scale bars in (B), 25 um. (n = three biologically independent WT mice or KO mice;
780  Student’st test; error bars, s.em.). (C) The percentage of aberrant axonemal arrangement in
781  different cross-sections of sperm from WT mice and Dnah3 KO mice. (n = three biologically

782  independent WT mice or KO mice; error bars, s.e.m.). (D) The percentage of microtubule
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783  doublets that presented IDAs in WT mice and Dnah3 KO mice. (n = three biologically
784  independent WT mice or KO mice; Student’s t test; error bars, se.m.). (E) Statistics of
785  malformed mitochondriain the midpiece of sperm from WT mice and Dnah3 KO mice. (n
786 = threebiologically independent WT mice or KO mice; Student’st test; error bars, s.em.).
787

788  Figure S8. Immunofluorescence staining of ODA-associated proteins in spermatozoa
789  obtained from variants within DNAHS3 patients. (A — C) The expression of DNAHS8 (A),
790 DNAH17 (B) and DNAI1 (C) in spermatozoa of the patients was comparable to that in
791 normal controls. Red, DNAH8 in (A), DNAH17 in (B), DNAIL in (C); green, a-Tubulin;
792  blue, DAPI; scale bars, 5 um.

793

794  Figure S9. Immunofluor escence staining of ODA-associated proteinsin sper matozoa of
795 Dnah3 KO and WT mice. (A — C) The expression of DNAH8 (A), DNAH17 (B) and
796  DNAIL (C) in spermatozoa from Dnah3 KO mice was comparable to that in spermatozoa
797  from WT mice. Red, DNAH8 in (A), DNAH17in (B), DNAIL in (C); green, a-Tubulin; blue,
798 DAPI; scalebars, 5 um.

799

800 Table S1. Summary of whole exome sequencing and the candidate variantsidentified.
801 Table S2. Primer pairsused in the present study.

802

803 Movie S1. CASA of sperm from WT mice. Sperm from the epididymis of WT mice were

804  collected, incubated, and recorded under a phase-contrast microscope. A normal quantity
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805 and motility of sperm were observed in the WT mice (n = three biologically independent WT
806  mice).

807

808 Movie S2. CASA of sperm from Dnah3 KO mice. Epididymal sperm of Dnah3 KO mice
809  were collected, incubated in HTF medium at 37 °C for 10 minutes, and recorded under a
810  phase-contrast microscope. The movie showed a significantly reduced motility of sperm

811  from Dnah3 KO (n = three biologically independent Dnah3 mice).
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