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ABSTRACT 

 

Role of ZMYND10 in the cytoplasmic preassembly 

of dynein arms in multiciliated cells 

 

Kyeong Jee Cho 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Heon Yung Gee) 

 

ZMYND10 is a cytoplasmic protein that causes primary ciliary dyskinesia (PCD) 

when mutated. PCD is characterized by respiratory symptoms and situs inversus, 

which is observed in 50% of patients. Up to now, 34 genes have been identified as 

the causative genes of PCD, and most of them are found in the structural components 

of cilia. ZMYND10 is one of the causative genes and present in cytoplasm of 

multiciliated cells. However, its function is not clearly identified. 

Therefore, we examined by generating a mouse model. Zmynd10-/- mice had 

growth retardation compared to wild type littermates, and could not survive more 

than 30 days. Zmynd10-/- mice showed typical PCD-like phenotypes including 

hydrocephalus and laterality defects. Although the morphology and 9 + 2 axoneme 

structure of motile cilia as well as ciliogenesis remained normal, both outer and inner 

dynein arms were missing in motile cilia of Zmynd10-/- mice, indicating that the 

absence of dynein arms is the primary cause of ciliary defects observed in Zmynd10-

/- mice. 

To find the molecular mechanism of missing dynein arms in Zmynd10-/- mice, 

we first performed RNA sequencing. mRNAs of dynein arm components were not 

changed in Zmynd10-/-, suggesting that ZMYND10 does not regulate transcription of 
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dynein arms. ZMYND10 interacted with DYX1C1, C21ORF59 and LRRC6 which 

cause PCD, if defective, and also with IQUB, TCTEX1D1, DNAI1, and DNAI2 in 

cytoplasm. Protein levels of dynein arm components and interacting factors were 

significantly reduced in Zmynd10-/- testis and trachea, whereas mRNAs of them were 

not downregulated in Zmynd10-/- mice, indicating ZMYND10 regulates interactors 

and dynein arms at the protein level. To confirm this, we performed protein stability 

assay which showed that LRRC6 and DNAI1 are more stable when they are 

coexpressed with ZYMND10 compared to when they are expressed alone. DNAI2 

was not stabilized when coexpressed with ZMYND10 alone, but was stabilized by 

coexpression with both DNAI1 and ZMYND10. This suggests that ZMYND10 

stabilizes DNAI1, which subsequently stabilizes DNAI2. 

In conclusion, our results suggest that ZMYND10 is necessary for motile cilia 

function. Moreover, ZMYND10 forms a cytoplasmic complex that regulates 

cytoplasmic preassembly of the dynein intermediate chain proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Key words: motile cilia, primary ciliary dyskinesia (PCD), dynein arm, 

cytoplasmic preassembly, ZMYND10 
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I. INTRODUCTION 

 

Primary Ciliary Dyskinesia (PCD) is an autosomal recessive disorder that 

occurs due to abnormal ciliary motility. It results from abnormal structures of motile 

cilia present in various parts of the body. Chronic respiratory diseases such as chronic 

cough and chronic sinusitis, and infertility are the main symptoms in PCD patients.1,2 

Situs inversus totalis due to defects of the embryonic nodal cilia is present in 50% of 

the total patients.3 Up to date, about 34 genes have been identified as the causative 

genes for PCD, and mutations in these genes are known to account for up to 70% of 

PCD.3 PCD is caused by a mutation in the genes that encode the dynein arm or a 

structure that supports it. Most of these are components of motile ciliary structures 

such as outer dynein arm (ODA), inner dynein arm (IDA), radial spoke, and NDRC. 

Motile cilia has a structure similar to that of flagella, and is found in a variety 
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of species. The motile cilia are cell organelles protruding out of the cell by a structure 

consisting of microtubules. The '9 + 2' axoneme forms the structure of cilia. Motile 

cilia get motility by the dynein arm, a type of motor protein attached to the 

microtubules. The motile cilia are specifically present in epithelial cells such as 

respiratory, ventricular, and fallopian tubes, and they are involved in functions such 

as mucus migration and cerebrospinal fluid circulation. There are dozens to hundreds 

of motile cilia in one cell. 

Dynein arm is a massive multisubunit protein complex containing light, 

intermediate, and heavy chains.4 The completeness of the components of the heavy 

chain determines the ability of the dynein arm to function as a molecular motor, 

because it has an ATPase activity that provides the force to move between the 

microtubules. PCD-related genes include dynein arm components such as DNALI1, 

DNAI1, DNAI2, DNAH5 and DNAH6.5,6,7,8,9,10 

Dynein arm is known to be preassembled in the cytoplasm prior to docking 

to the motile cilia and docking in the surrounding microtubules. The detailed 

mechanism is not yet well known.11 Dynein axonemal assembly factors (DNAAFs) 

are involved in assembly, and their mutations are known to be associated with PCD. 

Currently, there are four DNAAFs: LRRC50 (DNAAF1), KTU (DNAAF2), 

DNAAF3 and DYX1C1 (DNAAF4). DNAAFs are known to work with chaperone 

complexes, which serve to induce heavy chains to fold properly and facilitate 

assembly with the intermediate chains. Thus, without DNAAFs, a defect in ODA and 

IDA occurs in axoneme.12,13,14,15 

Mutations in ZMYND10, LRRC6, C21ORF59, ARMC4, and HEATR2 are 

also known to cause PCD.16,17,18,19,20,21,22 These also cause loss of ODA or IDA.21, 

22,23,24 The exact function of proteins and their relationship to DNAAFs are not well 

known, but they appear to work at different stages of preassembly of dynein arms, or 

function in an ODA or IDA-specific manner. 

ZMYND10 has myeloid, nervy and DEAF-1 (MYND)-type zinc finger 

domain at the C-terminus that is involved in protein-protein interactions.25 

ZMYND10 is found more in ciliated than in non-ciliated cells, 26 and is predominantly 
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expressed in motile ciliated tissue. ZMYND10 interacts with LRRC6, but it is not 

known how it functions in motile ciliated cells. In this study, we generated Zmynd10-

/- mice, which recapitulate phenotypic aspects of human PCD, including defects of 

ODA and IDA. In addition, DNAI1 and DNAI2, which are components of ODA, 

decreased in Zmynd10-/- mice. ZYMND10 facilitated the assembly of the intermediate 

chains by binding to DNAI1 and stabilizing it. Our data suggest that ZMYND10 plays 

a role in the preassembly of dynein arms by regulating dynein arm components at the 

protein level rather than at the mRNA level and facilitating assembly with 

cytoplasmic protein complexes.  
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II. MATERIALS AND METHODS 

 

1. Mice 

The experimental protocol was reviewed and approved by the Animal Care 

Committee of Yonsei University College of Medicine. Targeted Zmynd10tm1(KOMP)Wtsi 

embryonic stem cells were obtained from the Knockout Mouse Project Repository 

and injected into blastocysts. Chimeric mice were bred with C57BL/6J mice to 

establish germline transmission. Wild-type littermates were used as controls for 

Zmynd10−/− mice. 

Genotyping was performed by standard PCR using the primers indicated in 

Table 1. 

 

2. β-Galactosidase staining 

P14 mice were sacrificed and testes and lungs were dissected. After three washes 

with phosphate-buffered saline (PBS), the tissue was fixed in 4% paraformaldehyde 

(PFA)/0.02% NP-40 for 2 h at room temperature and permeabilized with 0.02% NP-

40 in PBS for 1 h. Samples were incubated overnight at 37°C in X-gal staining 

solution composed of 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 0.01% 

sodium deoxycholate, 0.02% NP-40, and 1 mg/ml X-gal in PBS. They were then 

washed three times with PBS for 5 min each and post-fixed with 4% PFA for 24 h 

before embedding with paraffin. Sections cut at a thickness of 10 μm were 

deparaffinized and rehydrated through a graded series of ethanol followed by 

counterstaining with Nuclear Fast Red (Vector Laboratories, Burlingame, CA, USA). 

 

3. Histology 

Lung and snout tissue specimens were fixed with 4% paraformaldehyde for 24 

h. To decalcify the snout tissues, 0.5M EDTA solution (pH 8.0) was used. The tissues 

were immersed in the EDTA solution for about 3-4 weeks. The solution was changed 
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once every three days. Tissues were embedded in a paraffin block, sectioned at a 

thickness of 5 m, and stained with hematoxylin and eosin, and Alcian blue staining 

reagent for histologic examination. 

 

4. TEM analysis 

The trachea of Zmynd10+/+ and Zmynd10−/− mice at P10 were dissected and fixed 

in 2.5% glutaraldehyde, 1.25% PFA, and 0.03% picric acid in 0.1 M sodium 

cacodylate buffer (pH 7.4) overnight at 4°C. They were washed in 0.1M phosphate 

buffer, postfixed with 1% OsO4 dissolved in 0.1M PBS for 2hr, dehydrated in 

ascending gradual series (50 ~ 100%) of ethanol and infiltrated with propylene oxide. 

Specimens were embedded by Poly/Bed 812 kit (Polysciences). After pure fresh resin 

embedding and polymerization at 65℃ oven (TD-700, DOSAKA, Japan) for 24hr. 

Sections of about 200~250 nm thickness were initially cut and stained with toluidine 

blue (sigma, T3260) for light microscope. 70 nm thin section were double stained 

with 6% uranyl acetate (EMS, 22400 for 20 min) and lead citrate (Fisher, for 10 min) 

for contrast staining. There sections were cut by LEICA EM UC-7 (Leica 

Microsystems, Austria) with a diamond knife (Diatome) and transferred on copper 

and nickel grids. All of the thin sections were observed by transmission electron 

microscopy (JEM-1011, JEOL, Japan) at the acceleration voltage of 80kV. 

 

5. Videomicroscopy of ependymal cilia in mice 

P10 mice were deeply anesthetized and then decapitated. The brain was rapidly 

removed and immersed in ice-cold Dulbecco’s Modified Eagle’s Medium (DMEM, 

Invitrogen) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich). 

Sagittal sections were cut at a thickness of 150 μm by using a vibratome (VT1200S, 

Leica). Sections from the third ventricle were visualized on an Axio Observer A1 

microscope with a 63× phase contrast objective lens (LD Plan-Neofluor 0.75 Corr 

Ph2 M27; Carl Zeiss) equipped a high-speed charge-coupled device camera 

(optiMOS sCMOS; QImaging, Surrey). Movies were acquired at 100 frames per 
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second. 

 

6. Antibodies 

A polyclonal antibody recognizing the C-terminal sequence (amino acids 339–

362, DRLERENKGKWQAIAKHQLQHVFS) of mouse ZMYND10 was recovered 

from rabbit injected with the corresponding antigen (AbFrontier). LRRC6 and 

DNAH5 antibodies have been previously described.31, 32 Antibodies against DNAI2 

(H00064446-M01); REPTIN (ab89942); DNAH7 (NBP1-93613); DNAI1 

(SAB4501181); IQUB (HPA020621); TCTEX1D1 (HPA028420); acetylated α-

tubulin (T7451 and 5335S); FLAG (#8146; Myc (#2276); C21ORF59 (sc-365792); 

β-actin (sc-1615) were purchased from commercial sources. Secondary antibodies 

were purchased from Invitrogen and Santa Cruz Biotechnology for 

immunofluorescence analysis and immunoblotting, respectively. 

 

7. mTEC cultures 

mTECs were isolated from Zmynd10+/+ and Zmynd10−/− mice at P14 as 

previously described.33 Briefly, cells were isolated by overnight digestion with 

pronase (Roche Diagnostics) at 4°C and then separated from contaminating 

fibroblasts by incubation in mTEC basal medium on a Primaria cell culture plate 

(Corning Inc.) for 3–4 h. mTECs were seeded in collagen-coated apical chambers of 

transwell permeable supports (0.4 μm polyester membrane; Corning Inc.). 

Proliferation medium was applied to the apical and basal chambers of the well and 

cells were cultured at 37°C in 5% CO2.34 For air-liquid interface (ALI) culture 

conditions, the medium was removed from the apical chamber when mTECs became 

confluent and differentiation medium was added to the basal chamber. 
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8. Immunofluorescence analysis 

Mouse tracheal epithelial cells (mTECs) grown on inserts were fixed in 4% PFA 

for 10 min and permeabilized with 0.1% Triton X-100 for 20 min at room temperature. 

Tracheal tissue was fixed in 4% PFA overnight at 4°C, embedded in a paraffin block, 

and cut into 5 μm sections that were mounted on slides, deparaffinized, and 

rehydrated through a graded series of ethanol. After rehydration, antigen retrieval was 

performed by boiling sections for 30 min in Retrieve-All Antigen unmasking system 

1 (pH 8; BioLegend). Sections were permeabilized with 1% sodium dodecyl sulfate 

for 10 min at room temperature. mTECs and incubated in blocking buffer containing 

10% donkey serum and 1% bovine serum albumin for 1 hr at room temperature. 

Samples were incubated overnight at 4°C with primary antibodies diluted in blocking 

buffer. After washes with PBS, samples were incubated with secondary antibodies 

and 4ꞌ,6-diamidino-2-phenylindole (DAPI) for 30 min at room temperature, washed, 

and covered with mounting medium and cover slips. Images were obtained with a 

SP5X laser scanning microscope (Leica) or LSM 700 microscope (Carl Zeiss). 

 

9. RNA isolation 

Total RNA was isolated from testis (P31), lung (P14) and brain (P14) tissue 

obtained from Zmynd10+/+ and Zmynd10−/− mice using a Qiagen RNA extraction kit 

(Qiagen, Valencia). Each tissue was homogenized and incubated at RT for 5 min. 200 

ml of chloroform was added and incubate the mixture at RT for 2 min. Centrifuge the 

mixture 12,000 g for 15 min at 4°C, and then transfer aqueous phase to a fresh tube. 

1 volume of RB1 buffer was added to the sample and mixed by inverting. Transfer 

the mixture to a mini spin column and centrifuge at ≥ 10,000 g for 30 seconds to allow 

RNA to bind to the membrane. Add 500 ml of SW1 buffer to the column and 

centrifuge at ≥ 10,000 g for 30 seconds. Subsequently, add 500 ml of RNW buffer to 

the column and centrifuge at ≥ 10,000 g for 30 seconds to wash RNA. Add 50 ~ 100 

ml of free-water to the center of the membrane in the column to elute RNA. Incubate 

for 1 min. Centrifuge at ≥ 10,000 g for 1 min, and RNA is completely isolated. 
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10. RNA sequencing 

RNA sequencing was performed by Theragen Etex. Libraries were constructed 

with the TruSeq RNA Library Sample Prep kit (Illumina) and the enriched library 

was sequenced on an Illumina HiSeq 2500 system. Sequence reads were mapped 

against the mouse reference genome (NCBI GRCm38/mm10) and analysed using 

CLC Genomics Workbench v.9.0.1 software (CLC Bio, Cambridge, MA, USA). 

 

11. Cell culture and transfection 

HEK293T cells were maintained in DMEM supplemented with 10% FBS and 

penicillin (50 IU/ml)/streptomycin (50 μg/ml). HEK293T cells were seeded into 

60mm dishes at 2.5 x 106 cells/well and incubated at 37 °C, 5% CO2, overnight. The 

cells were transfected with plasmids using Lipofectamine PLUS reagent (Invitrogen) 

and standard protocol recommendations were used. 

 

12. Immunoblotting 

Testis samples from P14 mice were dissected in PBS and lysed in the lysis buffer 

[150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl (pH 7.4), 1% NP-40, and complete 

proteinase inhibitors]. Lysates were centrifuged at 13,200rpm for 10 min at 4°C, and 

the supernatant was used for immunoblotting. Total protein concentration was 

measured using Bradford Protein Assay. Protein samples were resolved on SDS-PAG 

(4-12%) gels and gels were transferred onto nitrocellulose blotting membranes. 

Membranes were blocked with 5% skim milk for 30 min at room temperature. 

Primary antibodies were diluted in 5% skim milk and incubated for overnight at 4°C. 

After washing with TBST, membranes were incubated with secondary antibodies. 

Protein blots were visualized by using West pico chemiluminescent substrate or West 

femto maximum sensitivity substrate kit (Pierce). Immunoblotting was quantified by 

densitometry using ImageJ software (National Institutes of Health, Bethesda, MD, 

USA). 
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13. Immunoprecipitation 

HEK293T cells were seeded into 6-well plates at 1 x 106 cells/well and incubated 

at 37 °C, 5% CO2 incubator overnight. Cells were lysed in lysis buffer. For 500 μg of 

proteins, 400 μl of lysis buffer was added. An agarose bead covalently bounded to 

anti-FLAG M2 antibody or anti-c-Myc antibody (Sigma-Aldrich) was washed twice 

with lysis buffer, and 400 μl of lysis buffer and protein lysates was added. Lysate-

bead/antibody conjugate mixture was incubated overnight at 4°C. After the end of the 

incubation, centrifuge the tubes, and remove the supernatant from beads. To remove 

non-specific binding, the beads were washed with lysis buffer 3~4 times. When the 

wash was end, 20 μl of 2x SDS buffer was added and samples were incubated at 37 °C 

for 30 min. After the elution, the elutes were analyzed by immunoblotting. 

 

14. GST pulldown assay 

mTECs were lysed in the lysis buffer. Lysates were centrifuged, and the lysate 

supernatants were supplemented with 900 μl of buffer prior to addition of 10 μg of 

each GST fusion protein. The mixture was incubated overnight at 4 °C. After the end 

of the incubation, samples were supplemented with 80 μl of glutathione-Sepharose 

and incubated at 4 °C for 4 hr. The glutathione-Sepharose was pelleted and washed 

for 3 times at 4 °C with wash buffer (phosphate-buffered saline containing 0.1% 

Triton X-100 and 100 mm β-mercaptoethanol) prior to resuspension in SDS sample 

buffer and SDS-PAGE. Samples are ready to run on a western blot. 

 

15. Protein stability assay 

Cycloheximide (C4859; Sigma-Aldrich) chase was used to assess the stability 

of LRRC6, DNAI1, and DNAI2. HEK293T cells were transfected with Myc-tagged 

LRRC6, DNAI1, or DNAI2 with or without FLAG-tagged ZMYND10; at 24 h post-

transfection, cells were treated with 100 μg/ml cycloheximide to inhibit new protein 

synthesis. Cells were harvested at predetermined time points and LRRC6, DNAI1, 
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and DNAI2 levels were detected by Western blotting. 

 

16. Statistical analysis 

Data are presented as the means ± standard error of the mean. Statistical analysis 

was performed with Student's t-test, followed by Tukey's multiple comparison using 

the GraphPad Prism software package (version 5.0). P<0.05 was considered 

statistically significant. 
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III. RESULTS 

 

1.  Zmynd10−/− mice recapitulate human PCD phenotypes 

To investigate the function of Zmynd10, we generated mice with targeted 

deletion of the Zmynd10 gene locus (Fig. 1A, B) with a lacZ-containing targeting 

cassette (Zmynd10tm1[KOMP]Wtsi). β-Galactosidase staining of Zmynd10+/− lung tissue 

on postnatal day (P)1 showed that Zmynd10 is expressed in the bronchus and 

bronchioles, but not in alveoli (Fig. 1C, D). Zmynd10 expression was also observed 

in spermatids and earlier-stage germ cells of the Zmynd10+/− testes at P28 (Fig. 1E, 

F). Deletion of coding exons 2 to 11 yielded a Zmynd10 null allele (Zmynd10−/−), and 

the absence of ZMYND10 was proved by western blot of testes lysates (Fig. 2A) and 

immunofluorescence analyses of tracheal tissue (Fig. 2B and C). 

Zmynd10−/− mouse litters followed Mendelian ratios. They showed no gross 

abnormalities, revealing that loss of Zmynd10 does not cause embryonic lethality; 

however, mutant mice were much smaller at P10, indicating growth retardation. All 

mutant died within 30 days of birth (Fig. 3A-C), with a mean survival of 14 days. 

Zmynd10−/− mice developed hydrocephalus (Fig. 4A and B), observed by 

hematoxylin and eosin (H&E) staining, with the dilated cerebral ventricles and 

thinned cortical tissues (Fig. 4C-F). Moreover, 42% of Zmynd10−/− mice showed 

lateral defects (Fig. 3D and E). Mucus congestion in Zmynd10−/− mice was indicated 

by Alcian Blue staining of paranasal cavities, suggesting that mucociliary clearance 

is defective in Zmynd10−/− mice (Fig. 4G and H). Mutant mice died before P20 did 

not show lung inflammation, whereas mutants which survived over P25, revealed 

inflammation in lung tissue evidenced by loss of alveolar structure, and collapse of 

the alveolar space (Fig. 4I and J). Taken together, these data showed that loss of 

Zmynd10 causes defects consistent with PCD. 
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Table 1. List of primers used for genotyping of different Zmynd10 alleles 

Primer Sequence 

Zmynd10-ex2F TGGAGGAGCTTGGAACTGACꞌ 

Zmynd10-ex2R GGAGGCAGACACAGTTAGGC 

CSD-RAF5-F ACACCTCCCCCTGAACCTGAAA 

SR1 TGCTTTATTGTGCGAAAGGAAGAGGG 
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Figure 1. Generation and validation of Zmynd10 targeted alleles. (A) Diagram of 

Zmynd10 targeted allele. (B) Wild-type, heterozygous, and homozygous sex-matched 

littermates were genotyped by PCR based on the presence of the neomycin cassette, 

exon 2, exon3 or exon4. Wild-type allele was 529 bp, mutant allele was 764 bp. (C-

F) X-gal staining of Zmynd10 wild-type and heterozygote lung (C and D), and testis 

(E and F). Each sections were counterstained with nuclear fast red. (C and D) X-gal 

staining in a section of Zmynd10+/- lung confirmed Zmynd10 expression in the 

bronchiole. Scale bars, 200 μm. (E and F) X-gal staining revealed that Zmynd10 was 

expressed from spermatocytes to spermatids in Zmynd10+/- testis. Scale bars, 100 μm. 
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Figure 2. ZMYND10 antibody generation and validation. (A) Immunoblotting of 

lysates of HEK293 cells transfected with FLAG-ZMYND10 and of mouse testis. 50 

μg protein samples was used for the testis from Zmynd10+/+ and Zmynd10-/- mice. 

ZMYND10 was approximately 50 kDa. (B and C) Immunofluorescence analysis of 

tracheal epithelium in Zmynd10+/+ (B) and Zmynd10-/- (C) mice. ZMYND10 (red) 

was localized in apical membrane and not colocalized with acetylated-α-tubulin 

(green), a ciliary marker, in Zmynd10+/+ mouse trachea (B). However, ZMYND10 

was not detected in Zmynd10-/- (C). Scale bars, 10 μm (B and C).  
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Figure 3. Zmynd10-/- mice were runted, and developed hydrocephalus and/or 

situs inversus. (A) Picture of Zmynd10 wild-type and homozygote. Zmynd10-/- mice 

were notably smaller than Zmynd10+/+ sibling. (B) Body weight was quantified at the 

age of 10 days. Zmynd10-/- mice exhibited severe growth retardation compared to 

Zmynd10+/+ or Zmynd10+/- littermates. (C) Survival graph of the indicated genotypes 

and numbers (n). All of Zmynd10-/- mice died within 30 postnatal days. (D and E) 

Zmynd10-/- mice showed situs inversus, consistent with randomization of left–right 

body asymmetry (E). The locations of stomach, heart, liver, and spleen were indicated. 

The location of stomach, heart, liver and spleen was reversed in Zmynd10-/- mouse 

(E). H, heart; K, kidney; Sp, spleen; St, stomach. 
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Figure 4. Zmynd10−/− mice indicated phenotypes consistent with motile cilia 

defects. (A, B) Zmynd10−/− mice showed severe hydrocephalus which resulted in 

typical head deformation. Scale bars, 1 mm. (C, D) Coronal brain sections exhibited 

enlarged ventricular cavity with reduced cortical tissue in Zmynd10−/− mice. Scale 

bars, 1 mm. (E, F) H&E staining of coronal brain sections revealed enlarged 

ventricles in Zmynd10−/− mice. (G, H) Alcian Blue staining of paranasal cavities 

revealed mucus congestion in Zmynd10−/− mice. (I, J) H&E staining of lung sections 

at P30 demonstrated severe pulmonary inflammation in mutants. Original 

magnification, 40× (scale bar, 500 μm), 100×, and 200× (scale bar, 100 μm). 
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2.  Loss of Zmynd10 causes defects of axoneme ODA and IDA  

Since the Zmynd10−/− phenotype demonstrated defects in motile cilia, we 

observed ultrastructure of motile cilia by transmission electron microscopy (TEM). 

Tracheal cilia and basal bodies were abundant in tracheal epithelial cells of both 

Zmynd10+/+ and Zmynd10−/− mice (Fig. 5A–D). Tracheal cilia analyzed in cross 

sections showed the typical 9+2 microtubular structure in both wild-type and 

Zmynd10−/− mice (Fig. 5E and F). However, both ODA and IDA structures were 

defective in Zmynd10−/− cilia (Fig. 5H), while they were present in the peripheral 

microtubules of Zmynd10+/+ mice (Fig. 5G).  

We next observed the subcellular distribution of the ODA intermediate chain 

protein DNAI2 by immunofluorescence microscopy in mouse tracheal epithelial cells 

(mTECs) cultured at the air-liquid interface (ALI) for 14 days. In mTECs from 

Zmynd10+/+ mice, DNAI2 was detected in cilia and colocalized with acetylated α-

tubulin (Fig. 5I; Left). However, expression of DNAI2 was remarkably reduced in 

the cytoplasm of mTECs from Zmynd10−/− mice. When Zmynd10 is absent, DNAI2 

seemed to fail to move to motile cilia from cytoplasm (Fig. 5I; Right). Therefore, 

phenotypes observed in Zmynd10−/− mice resulted from ciliary motility defect 

associated with the loss of axonemal ODA and IDA. 
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Figure 5. Zmynd10-/- mice exhibit ODA and IDA defects. (A–D) Multiciliated cells 

from trachea of P14 Zmynd10+/+ and Zmynd10-/- were analyzed by TEM. The number 

and morphology of cilia and basal bodies were almost same between Zmynd10+/+ (A, 

B) and Zmynd10-/- (C, D) mice. Scale bars, 500 μm. (E, F) TEM of motile cilia 

axonemes indicates normal 9+2 microtubule structures in both Zmynd10+/+ and 
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Zmynd10-/- mice. Scale bars, 500 μm. (G, H) In peripheral microtubule doublets of 

motile cilia in Zmynd10+/+mice, ODAs and IDAs (white arrows) were observed (G), 

however, they were absent in that of Zmynd10-/- mice (H, black arrows). Scale bars, 

500 μm. (I) In mTEC cultures at ALI day 14, acetylated-α-tubulin (green) and DNAI2 

(red) expression was analyzed by immunofluorescence. In Zmynd10-/- mTECs, 

DNAI2 did not colocalize with acetylated α-tubulin, indicating that ODAs were 

absent in motile cilia. Acetylated α-tubulin was expressed in both Zmynd10+/+ and 

Zmynd10-/- mTECs, showing that loss of Zmynd10 did not affect ciliogenesis. Scale 

bars, 10 μm. 
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3.  Transcript levels of ODA and IDA components are unaltered in 

Zmynd10−/− mice 

The mRNA levels of DNAH5, ODA heavy chain and DNALI1, ODA light 

chain proteins were downregulated by ZMYND10 knockdown in cultured human 

tracheal epithelial cells.18 We examined this in Zmynd10+/+ and Zmynd10−/− mice by 

transcriptional profiling/RNA sequencing using total RNA isolated from testis, lung, 

and brain tissues. ODA and IDA components showed similar transcript levels both in 

mutant and wild-type mice (Fig. 6), indicating that the transcription of dynein arm 

components is not affected by Zmynd10. 
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Figure 6. Zmynd10 did not regulate mRNA expression of dynein arm 

components. (A-C) Graphs comparing reads per kilobase of transcript per million 

mapped reads (RPKM) of ODA and IDA components. Total RNAs were extracted 

from P21 testis (A), P14 lung (B), and P14 brain (C) tissue from Zmynd10+/+ and 

Zmynd10-/- mice. The expression of most dynein arm components was similar 

between wild-type and mutant mice. 
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4.  ZMYND10 forms a cytoplasmic protein complex 

It was reported that ZMYND10 interacts with LRRC6.18, 19 Since both 

proteins are cytoplasmic, we examined whether they interact with other cytoplasmic 

proteins that are known to be defective in PCD by co-immunoprecipitation in 

HEK293T cells. ZMYND10 interacted with IQUB, TCTEX1D1, DYX1C1, 

DNAAF4, C21ORF59 and DNAI1 but not with DNAI2 (Fig. 8). Interaction of 

ZMYND10 with LRRC6, REPTIN (RUVBL2), which is essential for cilia motility,27 

and with C21ORF59 was confirmed with the glutathione S-transferase (GST) 

pulldown assay using lysates from mTECs (Fig. 7A). These protein interaction 

networks are shown in Fig. 7B. REPTIN and C21ORF59 expression in mTECs was 

also examined at ALI 14 by immunofluorescence microscopy. In Zmynd10−/− mTECs, 

REPTIN and C21ORF59 signals were reduced remarkably (Fig. 7C and D). Our 

results show that ZMYND10 interacts with cytoplasmic proteins linked to PCD and 

that some interaction partners are reduced when Zmynd10 is absent. 
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Figure 7. ZMYND10 formed a cytoplasmic protein complex. (A) GST pulldown 

assay of purified MYND domain of ZMYND10 or the full-length ZMYND10. 

REPTIN, LRRC6, and C21ORF59 in mTECs were pulled down by full-length 

ZMYND10 but not by the MYND domain alone. (B) Protein interaction network of 

ZMYND10 and its binding partners. Proteins in orange nodes were identified in this 

study. E2F1, CTCF, and LRRC6 (green nodes) were known interaction partners of 

ZMYND10. The first neighbors (blue nodes) of ZMYND10-interacting proteins were 

determined from a protein-protein interaction (PPI) network based on public data 

sources including GeneMANIA (http://genemania.org/, 190 references of PPI in 

human, 35 references of PPI in Mus musculus). (C) Immunofluorescence analysis of 



26 

 

DNAI2 (green) and C21ORF59 (red) in mTECs. In Zmynd10+/+ mTECs, C21ORF59 

was observed in the cytoplasm whereas DNAI2 was mostly localized in cilia at ALI 

day 14 (C; Left). DNAI2 was completely missing from motile cilia, and DNAI2 and 

C21ORF59 were downregulated in Zmynd10-/- mTECs (C; Right). Nuclei were 

stained with 4ꞌ,6-diamidino-2-phenylindole (DAPI). Scale bars, 10 μm. (D) 

Immunofluorescence analysis of acetylated α-tubulin (green) and REPTIN (red) in 

mTECs. REPTIN was localized in the cytoplasm in Zmynd10+/+ mTECs (D; Left), 

but was completely absent in Zmynd10-/- cells (D; Right). Scale bars, 10 μm. 
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Figure 8. ZMYND10 interacted with cytoplasmic proteins. (A-L) Interactions 

between FLAG-tagged ZMYND10 and Myc-tagged IQUB (A and B), Myc-

TCTEX1D1 (C and D), DYX1C1-V5 (E and F), Myc-C21ORF59 (G and H), Myc-

DNAI1 (I and J), or Myc-DNAI2 (K and L). All constructs were co-transfected into 

HEK293T cells and lysates were coimmunoprecipitated with a FLAG antibody (A, 

C, E, G, I, and K) or a Myc antibody (B, D, F, H, J and L). The immunoblots indicated 

that antibodies did not show nonspecific bands. These results showed protein-protein 

interaction between ZMYND10 and IQUB, TCTEX1D1, DYX1C1, C21ORF59, or 

DNAI1 (A-J). However, ZMYND10 did not interact with DNAI2 (K and L). 

  



28 

 

5.  ZMYND10 stabilizes the cytoplasmic protein complex and regulates 

the preassembly of the dynein arm in the cytoplasm 

Our immunofluorescence results in mTECs demonstrated that protein levels 

of dynein arm components (Fig. 5I) and their interaction partners (Fig. 7C and D) 

were decreased in Zmynd10−/− mice. To examine this in detail, we carried out 

immunoblotting using testis lysates. The levels of proteins interacting with 

ZMYND10 such as C21ORF59, IQUB, and LRRC6 as well as dynein arm 

components including DNAH7, DNAI1, and DNAI2 were decreased in Zmynd10−/− 

mice (Fig. 9A and B). Immunofluorescence analysis of mouse tracheal tissue also 

confirms this. DNAH5, DNAI2, and IQUB signals were much weaker in Zmynd10−/− 

than Zmynd10+/+ mice (Fig. 9C–E). The mRNA levels of dynein arm components 

were similar between Zmynd10+/+ and Zmynd10−/− mice (Fig. 6). These data suggest 

that in the absence of Zmynd10, ODA and IDA are unstable, probably due to improper 

assembly. We assumed whether dysregulated transcription in Zmynd10−/− mice 

resulted in the decrease in protein levels of ZMYND10-interacting factor. To inspect 

this speculation, we examined the transcript levels of these factors and of DNAAFs, 

which are involved in dynein arm assembly factor 3, by RNA sequencing. There were 

no differences in the mRNA levels of these proteins between Zmynd10+/+ and 

Zmynd10−/− mice (Fig. 9F-H). These results reveal that ZMYND10 stabilizes dynein 

arm components and their interaction partners at the protein level but not at the 

transcript level. 
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Figure 9. Dynein arm subunits and interaction partners of ZMYND10 were 

downregulated in Zmynd10-/- mice. (A) Representative immunoblot analyses of 

DNAH7, DNAI2, DNAI1, IQUB, LRRC6, C21ORF59, and ZMYND10 in testis 

extracts from Zmynd10+/+ and Zmynd10-/- mice. Intermediate chains of ODA and 
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interacting proteins were downregulated in Zmynd10-/- mice. (B) Bar graphs 

represented band intensities of the blot shown in panel (A) and data represented the 

mean ± SD of more than three independent experiments. (C–E) Tracheal multiciliated 

epithelia in Zmynd10+/+ and Zmynd10-/- mice were analyzed by immunofluorescence 

analysis. (C) DNAH5 (red), an ODA heavy chain protein, localized to both cilia and 

cytoplasm of Zmynd10+/+ trachea and colocalized with acetylated α-tubulin, but was 

almost completely absent from Zmynd10-/- trachea. DNAI2 (red) was present in both 

cilia and cytoplasm in Zmynd10+/+ trachea. However, DNAI2 expression was absent 

from Zmynd10-/- trachea (D). IQUB (red), a cytoplasmic protein and ZMYND10 

interaction partner, was not detectable in Zmynd10-/- trachea (E). Scale bars, 10 μm. 

(F-H) Graphs comparing RPKM values of dynein arm assembly factors and 

ZMYND10-interacting proteins in testis (F), lung (G), and brain (H) tissues of 

Zmynd10+/+ and Zmynd10-/- mice. There was no difference in expression levels of 

these proteins between Zmynd10+/+ and Zmynd10-/- mice. 
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6.  ZMYND10 stabilizes LRRC6 and dynein intermediate chain proteins 

We examined how ZMYND10 affects the stability of LRRC6, DNAI1, and 

DNAI2 in a heterologous system, to further examine whether ZMYND10 regulates 

dynein arms and its interaction partners at the protein level. LRRC6 and/or 

ZMYND10 were overexpressed in HEK293T cells, and treated with cycloheximide 

(100 μg/ml) for up to 48 h to inhibit protein synthesis (Fig. 10A). Only 7.8% of 

LRRC6 remained after 48 h cycloheximide treatment. However, when LRRC6 was 

co-expressed with ZMYND10, this value was increased to 44.4% (Fig. 10B), 

indicating that ZMYND10 prevented LRRC6 degradation. Likewise, when co-

expressed with ZMYND10, the amount of DNAI1 protein was increased from 31.0% 

to 56.9% (Fig. 10C and D). Otherwise, the stability of DNAI2, which does not interact 

with ZMYND10 (Fig. 8K and L), was unaffected when co-expressed with 

ZMYND10 (Fig. 10E and F). Given that both DNAI1 and DNAI2 levels were 

reduced in Zmynd10−/− mice, we considered that ZMYND10 stabilized DNAI1, 

which stabilized DNAI2 in order. We compared the protein levels of DNAI2 co-

expressed with DNAI1 without or with ZMYND10, to examine this hypothesis (Fig. 

11). When co-expressed with both DNAI1 and ZMYND10, DNAI2 was much more 

stable compared to DNAI1 alone (Fig. 11). These results demonstrate that ZMYND10 

stabilizes some of its interaction partners at the protein level and regulates the 

preassembly of intermediate chains by stabilizing DNAI1 (Fig. 12). 

 

 

 



32 

 

  

 

Figure 10. ZMYND10 stabilized LRRC6 and DNAI1, an intermediate chain 

protein of ODA. The stability of LRRC6, DNAI1, and DNAI2 was examined with 

the protein stability assay. Protein samples were harvested at indicated times after 

treatment with cycloheximide (100 g/ml). (A, B) Representative immunoblot of 

LRRC6 stability assay (A). The stability of LRRC6 was increased when co-expressed 

with ZMYND10 (B). (C, D) Representative immunoblot of DNAI1 stability assay 

(C). DNAI1 stability was increased when co-expressed with ZMYND10 (D). (E, F) 

Representative immunoblot of DNAI2 stability assay (E). Protein levels of DNAI2 

were not affected by ZMYND10 coexpression (F). Data were representative of at 

least three independent experiments. *P < 0.05; **P < 0.005. 
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Figure 11. DNAI2 was stabilized by coexpression of both DNAI1 and ZMYND10. 

The stability of DNAI2 was examined using protein stability assay in HEK293T cells. 

After treated with cycloheximide (100 μg/ml), protein samples were harvested at the 

indicated times. (A) DNAI2 was stabilized when coexpressed with both DNAI1 and 

ZMYND10. (B) The graph showed band intensities and is summarized from triplicate 

experiments. 
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Figure 12. Function of ZMYND10 in the cytoplasmic preassembly of dynein 

arms. (A) ZMYND10 bound to and stabilizes DNAI1. DNAI1 formed a complex 

with DNAI2 before heavy chain proteins were attached to the intermediate chain 

complex. ZMYND10 may also regulate proper folding of DNAI1 or the assembly of 

intermediate chain complex. (B) In the absence of ZMYND10, both DNAI1 and 

DNAI2 were unstable and degraded. 
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IV. DISCUSSION 

 

We generated a Zmynd10−/− mice that demonstrate the symptoms of human PCD. 

The mice showed loss of ciliary motility and ODA and IDA components while 

ciliogenesis was maintained normally. They recapitulated the phenotype associated 

with ZMYND10 mutation and served as an appropriate model for studying PCD 

pathogenesis. 

 The assembly of dynein arms contains a number of regulatory factors including 

DNAAFs and chaperones that stabilize the dynein arm components, 14,23,28 help proper 

folding and then contribute to the preassembly.28 During the preassembly of ODA, 

HCs such as DNAH5 and DNAH11 are linked to ICs, DNAI1 and DNAI2. There are 

at least two steps of cytoplasmic preassembly of dynein HCs. The first step involves 

the folding of the dynein head domain which is required for HC stability. DNAAF1, 

DNAAF3 and DNAAF4 contribute to this step together with HSP70. The second step 

involves formation of the HC–IC complex and dissociation of chaperone involved in 

assembly, and require DNAAF3.14 IC-HC assembly fails when there is no IC subunit. 

11 Down-regulation of DNAI1 and DNAI2 in Zmynd10−/− mice indicate that 

ZMYND10 stabilizes these two proteins or mediates their assembly. Because the 

formation of IC complexes occurs prior to IC-HC assembly, reduced levels of DNAI1 

and DNAI2 may account for the reduction of the ODA component, DNAH5. (Fig. 

10C and D). 

 In this study, we showed that ZMYND10 forms a cytoplasmic protein network 

including LRRC6, C21ORF59, DYX1C1, IQUB and REPTIN. ZMYND10 is 

associated with REPTIN, but the expression level of various dynein arm components 

and ZMYND10 interactors did not decrease in Zmynd10−/− mice (Fig. 7 and Fig. 10F-

H). DYX1C1 interacts with KTU, HSP70 and HSP90,13,15 while REPTIN interacts 

with protein interacting with HSP90 (PIH) 1D1.29 PIH1D3 interacts with KTU, 

DYX1C1, and HSP90, 23,24 and is involved in the formation of IC complexes. Pih1d3 

is known to maintain the stability of the IC1–IC2 complex by directly interacting with 
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the complex. Pih1d3 can promote the formation of the IC-HC complex, and the 

absence of Pih1d3 may indirectly reduce levels of Dnaic and Dnahc proteins in the 

mouse testis.23 

ZMYND10 is functionally similar to PIH1D3 in that both proteins interact with 

DYX1C1. IC is also reduced in mice without Zmynd10 or Pih1d3. The difference is 

that ZMYND10 primarily acts on DNAI1, while PIH1D3 is not well known. 

 In conclusion, our results indicate that many cytoplasmic proteins, including 

ZMYND10, organize a protein network in motile ciliated cells that control various 

aspects of the dynein arm preassembly with chaperone. ZMYND10 works in the early 

stages of this process, specifically controlling IC assembly by regulating DNAI1 

stability or folding (Fig. 12). These results provide insights into the molecular 

mechanisms involved in dynein arm assembly and the pathogenesis of PCD-related 

defects. 
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V. CONCLUSION 

In this study, I demonstrated that ZMYND10 regulates the assembly of the 

intermediate chain proteins which is the early process of cytoplasmic preassembly of 

dynein arms. ZMYND10 forms protein networks with the dynein arm components 

and dynein arm assembly factors for dynein arm assembly. 

Our results revealed the molecular mechanisms of the dynein arm 

assembly and the pathogenesis of PCD-related defects. This study also 

suggests that the dynein arm assembly is strictly regulated from the beginning 

step. 
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ABSTRACT (in Korean) 

 

Multiciliated cell에서 dynein arm의 세포질 preassembly에 있어서 

ZMYND10의 역할 

 

<지도교수 지 헌 영> 

 

연세대학교 대학원 의과학과 

 

조  경  지 

 

 

Zinc finger MYND-type-containing(ZMYND)10은 섬모 세포에서 

발현되는 세포질 단백질이다. ZMYND10에 돌연변이가 생기면 원발성 섬모 

운동 이상증 (Primary Ciliary Dyskinesia; PCD)을 유발한다고 알려져 

있지만, ZMYND10의 구체적인 기능과 PCD 를 일으키는 기전은 제대로 

이해되지 않고 있다. 

이를 밝혀내기 위해 Zmynd10-/- (Zmynd10 KO) 마우스를 제작하였고, 

이 마우스는 수두증과 내장전위증을 비롯한 전형적인 PCD 와 유사한 

표현형을 보였다. 돌연변이 마우스에서 운동성 섬모의 형태와 수는 물론, 

9+2 axoneme 구조도 정상이었다. 그러나 섬모의 움직임에 필요한 

multisubunit인 dynein arm에 결함이 있었다. ZMYND10은 dynein arm의 

세포질 preassembly 에 관여하는 단백질, 그리고 outer dynein arm 

구성요소와 단백 상호작용을 하였다. Zmynd10-/- 마우스에서는 ZMYND10과 

상호작용하는 단백질들과 dynein arm 구성요소들의 단백질 양이 

현저하게 감소하였다. LRRC6와 DNAI1은 ZYMND10과 동시에 발현되었을 때 
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ZMYND10에 의해 안정화되었다. DNAI2는 DNAI1과 ZMYND10과 함께 발현될 

때 더 안정적이었는데, 이는 ZMYND10이 DNAI1을 안정화시킴으로써 

intermediate chain complex 의 assembly를 조절한다는 것을 암시한다. 

이와 같은 결과는 ZMYND10이 세포질에서 complex 를 형성하고, 

ZMYND10이 포함된 이 complex 가 dynein arm 의 intermediate chain 

단백질이 세포질에서 preassembly 되는 과정을 조절한다는 것을 

보여준다. 
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cytoplasmic preassembly, ZMYND10  
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