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Significance

 Axonemal dynein, the 
macromolecular machine that 
powers ciliary motility, is 
produced in large quantities in 
the crowded cytosol. However, 
how the production and 
assembly of multiple 
components are efficiently 
coordinated at scale remains 
unclear. Here, we unveil a 
cotranslational molecular 
condensation mechanism. We 
show that large stable scaffolds 
consisting of translating heavy 
chains, ribosomes, and encoding 
mRNAs drive molecular 
condensation of cochaperones 
and assembly factors. We identify 
cotranslational assembly as an 
early step of axonemal dynein 
biogenesis and placed the dynein 
axonemal assembly factor Lrrc6 
and the cochaperones Ruvbl1 
and Ruvbl2 in this step. Our 
model provides a potential 
mechanism for coordinating 
heavy chain translation, folding, 
and assembly at scale.
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Axonemal dynein, the macromolecular machine that powers ciliary motility, assembles 
in the cytosol with the help of dynein axonemal assembly factors (DNAAFs). These 
DNAAFs localize in cytosolic foci thought to form via liquid–liquid phase separation. 
However, the functional significance of DNAAF foci formation and how the production 
and assembly of multiple components are so efficiently coordinated, at such enormous 
scale, remain unclear. Here, we unveil an axonemal dynein production and assembly 
hub enriched with translating heavy chains (HCs) and DNAAFs. We show that mRNAs 
encoding interacting HCs of outer dynein arms colocalize in cytosolic foci, along with 
nascent HCs. The formation of these mRNA foci and their colocalization relies on 
HC translation. We observe that a previously identified DNAAF assembly, containing 
the DNAAF Lrrc6 and cochaperones Ruvbl1 and Ruvbl2, colocalizes with these HC 
foci, and is also dependent on HC translation. We additionally show that Ruvbl1 is 
required for the recruitment of Lrrc6 into the HC foci and that both proteins function 
cotranslationally. We propose that these DNAAF foci are anchored by stable interactions 
between translating HCs, ribosomes, and encoding mRNAs, followed by cotranslational 
molecular condensation of cochaperones and assembly factors, providing a potential 
mechanism that coordinates HC translation, folding, and assembly at scale.

cilia | dynein axonemal assembly factors | co-translational assembly | primary ciliary dyskinesia |  
Ruvbl1/Ruvbl2

 Motile cilia are essential cellular appendages distributed in multiple organs/tissues to drive 
cell movement or extracellular fluid flow and are fundamental to an array of physiological 
processes. For example, motile cilia contribute significantly to establishing left–right asym-
metry during embryonic development, propel sperm movement, and function in the 
respiratory epithelium to orchestrate the rhythmic, high-frequency beating [over 10 Hz 
(beats/s)] that drives airway clearance—a frontline defense mechanism against patho-
gens ( 1 ).

 The motile cilium is powered by inner and outer dynein arms (IDAs and ODAs), 
subunits of which are folded and preassembled in the cytosol before being delivered into 
the cilium ( 2 ,  3 ). Axonemal dyneins are the motor of dynein arms and they are composed 
of proteins with varying sizes, ranging from small light chains (LCs; <200 amino acids) 
to large heavy chains (HCs; ~4,500 residues). Large numbers of these proteins need to 
be synthesized during motile ciliogenesis ( 4 ,  5 ). Our understanding of the molecular 
mechanisms that ensure the efficient and accurate biogenesis of axonemal dynein at scale 
in the crowded cytosol remains limited.

 The leading hypothesis suggests that a group of dynein axonemal assembly factors 
(DNAAFs) facilitate axonemal dynein assembly ( 6               – 14 ) by concentrating into 
droplet-shaped foci ( 15   – 17 ) via liquid–liquid phase separation (LLPS), a phenomenon 
through which components condense from a liquid and segregate to form another mem-
braneless liquid compartment via a plethora of weak interactions ( 18 ). However, in vivo 
evidence supporting the functional significance of LLPS in axonemal dynein assembly is 
limited. In addition, the current model does not address how intercomponent interactions 
occur efficiently and accurately in the crowded cytosol at scale, how aggregate formation 
is prevented, given the very high local concentration of translating HCs, and how the 
production of multiple dynein arm components of different sizes is coordinated.

 We previously isolated a group of mutants with almost identical cilia-associated phe-
notypes in zebrafish via a large-scale insertional mutagenesis screen ( 19 ). Using these 
mutants, we subsequently showed that Ruvbl1/Pontin and Ruvbl2/Reptin (R2) function 
as cochaperones for dynein arm assembly, and observed that Ruvbl1, Ruvbl2, and the 
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DNAAF Lrrc6, form cytosolic round foci in motile ciliated cells 
( 15 ,  16 ,  20 ). Here, we present a cotranslational molecular con-
densation mechanism that connects HC translation and DNAAF 
foci formation. We show that active translation of HCs leads to 
the formation of nascent HC-mRNA scaffolds that initiate molec-
ular condensation of cochaperones Ruvbl1, Ruvbl2, and the 
DNAAF Lrrc6, and that Ruvbl1 and Lrrc6 function cotransla-
tionally. Our findings reveal a significant role for the stable inter-
actions between HC mRNA and translating HCs in foci-formation, 
offer insights into axonemal dynein biogenesis and provide a 
potential mechanism that ensures the folding and assembly of 
highly concentrated nascent HCs. 

Results

HC mRNAs Colocalize in Cytosolic Foci Containing Translating 
HCs. Considering the scale and complexity of the biogenesis of 
axonemal dynein motors, we hypothesized that a cotranslational 
mechanism could potentially coordinate the synthesis of multiple 
protein subunits and their organization into a functional complex 
in the crowded cytosol. We utilized the zebrafish pronephric duct 
(PND) to test this hypothesis.

 In zebrafish, the PND is lined with motile cilia ( 21 ). Previous 
studies revealed both multiciliated and monociliated cells in the 
PND and suggested that both are formed by 48 h postfertilization 
(hpf ) ( 21   – 23 ). To investigate the dynamic process of axonemal 
dynein biogenesis and maintenance, we investigated the timeline 
of ciliogenesis in the PND in more detail. We first visualized cilia 
at 36 hpf via immunostaining using the cilia marker anti-acetylated 
tubulin. Consistent with previous reports, ciliary signal could be 
seen throughout the PND but significantly stronger in a region 
next to the transition between the yolk ball and yolk extension, 

which we called the “middle” region (SI Appendix, Fig. S1 A  and 
B ). We then expanded this analysis to include more timepoints 
and the basal body marker anti- γ-tubulin. Notably, at 25 hpf, 
although long single cilia were detected in all regions, basal body 
clusters emerged in the mid-region (SI Appendix, Fig. S1C﻿ ), sug-
gesting that multiciliogenesis commences earlier and is already 
active at 25 hpf in the middle region. Therefore, in this study, we 
focused on this region unless otherwise specified ( Fig. 1A  ).        

 We first investigated the subcellular localization patterns of 
mRNAs encoding ODA dynein components at 25 hpf using flu-
orescence in situ hybridization. The zebrafish ODA dynein con-
sists of two HCs (β and γ-HCs), together with intermediate chains 
(ICs) and light chains (LCs). While mRNAs encoding IC (dnai1.2  
and dnai2b ) and LC (dnal1 ) components formed dispersed 
puncta, dnah5  and dnah9  mRNAs, encoding a pair of interacting 
γ- and β-HCs, respectively, were observed in foci of varying sizes 
( Fig. 1B  ). In addition, dnah5  and dnah9  mRNA foci partially 
colocalized ( Fig. 1B  ). The specificity of the signals was verified by 
their enrichment within the PND, but not in surrounding regions 
(SI Appendix, Fig. S1D﻿ ). Pixel-based, slice-by-slice colocalization 
analysis on Z-stacks showed an average Pearson correlation coef-
ficient of 0.59 between signals of dnah5  and dnah9  mRNA, sup-
porting significant correlation between the localization of the two 
mRNAs ( Fig. 1 C  and D   and Movie S1 ). In contrast, the average 
correlation coefficient between dnah5  mRNA and dnai1.2, 
dnai2b,  or dnal1  mRNA was 0.08, 0.07, and 0.08, respectively, 
suggesting no significant correlation ( Fig. 1 C  and D   and Movie 
S1 ). Combined, these results revealed partial but specific colocal-
ization between dnah5  and dnah9  mRNA.

 We then analyzed the subcellular localization of Dnah9 protein 
at 25 hpf by immuno-fluorescence staining combined with in situ 
hybridization. Dnah9 protein was found in cilia-like structures 
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Fig. 1.   mRNAs encoding interacting HCs partially colocalize in cytosolic foci containing translating HCs. (A) A diagram depicting the imaged area (boxed). (B) 
Z-projections showing localization patterns of axonemal dynein mRNAs at 25 hpf. Cilia indicated by AceTub (cyan). (C) Z-projections of scatter plots of pixel 
intensity between two mRNAs. Bracket in the Top panel indicates pixels showing intensity correlation in two channels. (D) Pearson correlation coefficient between 
signals of two mRNAs. Pooled from slices of three embryos per condition. (E) Localization of Dnah9 protein shown by Z-projections at 25 hpf. Upper: Dnah9 
protein (red) in foci with dnah9 mRNA (green), and cilia-like structures (arrows). Lower: Dnah9 (red) on cilia (AceTub, cyan) and cytoplasmic foci. (F) Dnah9 protein 
(green) foci are sensitive to puromycin treatment as shown by Z-projections. Cdh17 in red labels the PND. AceTub: anti-acetylated tubulin signal; Veh: vehicle; 
Pur: puromycin; Pur+Cyc: puromycin and cycloheximide; Pur+Em: puromycin and emetine.
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( Fig. 1 E  , Upper  panels, arrow), which was verified by colabeling 
with the cilia marker anti-acetylated tubulin ( Fig. 1 E  , Lower  pan-
els). Interestingly, we additionally detected Dnah9-positive foci 
in the cytosol that colocalized with dnah9  mRNA foci ( Fig. 1 E  , 
﻿Upper  panels), indicating active translation rather than storage of 
﻿dnah9  mRNA at these sites. To validate this finding, we blocked 
protein translation acutely using puromycin, a Tyr-tRNA mimetic 
that induces premature translation termination and release of nas-
cent peptides from mRNA. Fifteen minutes after puromycin 
injection, Dnah9 foci in the cytosol had rapidly dissipated, while 
the Dnah9 signal within cilia, representing mature Dnah9 already 
trafficked to cilia, remained unchanged ( Fig. 1F  ). Automatic seg-
mentation followed by quantification verified a significant reduc-
tion of foci number in puromycin treated samples (SI Appendix, 
Fig. S1E﻿ ). As controls, we coinjected puromycin together with 
cycloheximide or emetine, elongation inhibitors that immobilize 
nascent peptides on ribosomes and thus prevent the release of 
nascent peptides by puromycin. The results showed that in the 
presence of emetine or cycloheximide, puromycin failed to disrupt 
Dnah9 foci, supporting the specificity of this treatment ( Fig. 1F   
and SI Appendix, Fig. S1E﻿ ). These findings suggest that Dnah9 
signal in cytosolic foci represents translating peptides.  

HC mRNA Foci Formation and Colocalization Require Active HC 
Translation. Due to the sheer size of HC mRNA and the need for 
large numbers of HCs, it is likely that single HC mRNA molecules 
are decorated by multiple copies of nascent HCs during protein 
synthesis. Moreover, β and γ HCs interact via their N-terminal tail 
(24), suggesting that interactions between translating HCs would 
bring multiple copies of β and γ HC mRNA together, leading to 
foci formation and colocalization of β and γ HC mRNAs (Fig. 2A).

 In this model, blocking HC translation should disrupt the for-
mation and colocalization of Dnah5  and Dnah9  mRNA foci. To 
target ODA HC translation specifically, we used translation block-
ing morpholinos, which bind to target sequences and interfere 
with translation initiation through steric hindrance without affect-
ing mRNA levels ( 25 ,  26 ). We targeted the translation of the 
γ-chain Dnah5, a common component of multiple types of ODAs 
that interact with β-chains Dnah9 and Dnah11 ( 27 ), together 
with Dnah5l, a duplicated ortholog that is also expressed in the 
zebrafish PND ( 28 ). Morphants (morpholino knockdown 
embryos) displayed classic phenotypes caused by defective motile 
cilia in zebrafish, including randomized heart placement along the 
left–right axis, ventral body curvature, and kidney cysts, while 
embryos injected with a nontargeting control morpholino 
appeared normal (SI Appendix, Fig. S2 A –C ). As expected, the 
levels of dnah5  and dnah9  mRNA were comparable between mor-
phants and controls by quantitative RT-PCR (RT-qPCR) using 
whole embryo lysates ( Fig. 2B  ). We verified that ciliary motility 
was defective with cilia beating frequency reduced from 61.81 Hz 
± 0.65 in controls to 13.25 ± 1.39 in morphants, and ODA num-
ber was reduced from 8.30 ± 0.13 to 2.91 ± 0.18 (SI Appendix, 
Fig. S2 D –G  and Movie S2 , Mean ± SEM). Since Dnah5 is 
required for Dnah9 trafficking to cilia ( 27 ), we sought additional 
validation by performing immunofluorescence staining for 
Dnah9. In dnah5/5l  morphants, Dnah9 protein was diminished 
in cilia, and interestingly, cytosolic foci were reduced as well 
(SI Appendix, Fig. S2H﻿ ). We then performed fluorescence in situ 
hybridization for dnah5  and dnah9  mRNA. Strikingly, not only 
﻿dnah5 , but also dnah9  mRNA signals became more dispersed in 
morphants ( Fig. 2C  ). We used the PND membrane marker 
anti-Cdh17 ( 15 ) to outline the PND in mounted embryos, per-
formed image segmentation on projections of Z-stacks and meas-
ured the size and density of mRNA foci. Results indicated that 

the size of mRNA foci was significantly reduced, while the density 
of RNA foci significantly increased in morphants, suggesting a 
change of mRNA localization pattern ( Fig. 2 D  and E  ). Moreover, 
colocalization between dnah5  and dnah9  mRNAs was lost, with 
the average Pearson correlation coefficient reduced from 0.63 in 
control siblings to 0.07 in morphants ( Fig. 2 F  and G   and Movie 
S3 ). These results are consistent with the above puromycin treat-
ment results and support the hypothesis that translation of HCs 
and interactions between nascent HCs brings multiple molecules 
of encoding mRNAs into concentrated foci ( Fig. 2A  ). Blocking 
of HC translation would thus prevent HC mRNA aggregation, 
leading to smaller but more HC mRNA foci, although we could 
not rule out the possibility that tubule dilation contributed to the 
disruption of foci formation.

 Our model also predicts that the time course of HC mRNA 
foci formation and colocalization would correlate with multicili-
ogenesis. We therefore examined HC mRNA foci at multiple 
timepoints. Results showed that in the middle region of the PND, 
﻿dnah5  and dnah9  mRNA foci were small and showed limited 
colocalization at the 20-somite stage (SI Appendix, Fig. S2I﻿ ). Both 
foci size and colocalization increased at 25 hpf and persisted at 36 
hpf and 48 hpf. The pattern in the anterior region was similar but 
lagged in time with colocalization evident by 36 hpf (SI Appendix, 
Fig. S2I﻿ ). By contrast, dnah5  and dnah9  mRNA foci remained 
small and did not show colocalization at any timepoints in the 
posterior region (SI Appendix, Fig. S2I﻿ ). Overall, the dynamic 
patterns of HC mRNA foci in different regions correlate with the 
progression of multiciliogenesis in the PND.

 Combined, these results support the hypothesis that active 
translation of HCs leads to aggregation and colocalization of 
mRNAs encoding interacting HCs, which further increases the 
local concentration of nascent HCs ( Fig. 2A  ).  

HC Translation Leads to the Enrichment of Ruvbl1, Ruvbl2, 
and Lrrc6 Into the HC Ribonucleoprotein Foci. We previously 
identified Ruvbl1/Pontin and Ruvbl2/Reptin as cochaperones 
essential for dynein arm assembly and found them enriched in 
round foci in the cytosol of motile ciliated cells, together with 
Lrrc6, a DNAAF associated with the motile ciliopathy primary 
ciliary dyskinesia (PCD) (15, 16). We termed these foci “Ruvbl1/
Ruvbl2 Hubs for Axonemal Dynein” (R2HADs) here. We first 
asked whether the Dnah9 ribonucleoprotein (RNP) foci and 
R2HADs represented the same compartment. Since antibodies 
against Ruvbl1 and Dnah9 were both generated in rabbits, we 
utilized GFP-tagged Ruvbl1, which we previously showed capable 
of rescuing ruvbl1 mutants (16). We expressed Ruvbl1-GFP by 
injecting mRNA into zebrafish embryos at the 1-cell stage, fixed 
embryos at 1 d post fertilization (dpf ) and performed immuno-
fluorescence staining. We found that Dnah9 foci overlapped with 
a proportion of Ruvbl1-GFP foci (47.9%, Fig. 3A), indicating that 
at least a subset of R2 foci contain translating Dnah9. As motile 
ciliated cells produce multiple types of ODAs and IDAs, Dnah9-
negative Ruvbl1 foci may represent translation sites of other HCs.

 We then investigated whether endogenous R2 foci formation 
correlated with multiciliogenesis by performing immunostaining 
with anti-Ruvbl1 and anti-Ruvbl2. The specificity of the anti-
bodies was validated in our previous studies by the absence of 
signals in corresponding loss-of-function mutants ( 15 ,  16 ). 
Results here showed that at the 20-Somite stage, Ruvbl1 foci were 
small in all regions of the PND (SI Appendix, Fig. S3A﻿ ). They 
became most prominent in the middle region, especially at 25 
hpf, but remained minimal in the posterior region, consistent 
with the status of multiciliogenesis. Ruvbl2 foci showed a very 
similar pattern (SI Appendix, Fig. S3B﻿ ).
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 To directly test whether the formation of R2HADs was depend-
ent on active protein translation, we injected puromycin into 
zebrafish embryos to block protein translation (as above) and 
performed immunofluorescence staining with anti-Lrrc6, the 
specificity of which was verified in our prior study by its absence 
in lrrc6  mutants ( 20 ). While Lrrc6 was localized in cytosolic foci 
in control embryos, these foci were abolished after 15 min in 
puromycin-treated embryos, and this change in localization was 
prevented by coinjection with cycloheximide or emetine ( Fig. 3 
﻿B  and C  ), indicating that active translation is required for R2HAD 
formation. We also examined whether R2HADs were affected by 
targeted blocking of Dnah5 translation. Indeed, Ruvbl1, Ruvbl2, 
and Lrrc6 foci were reduced in dnah5/dnah5l  morphants, while 
the levels of the proteins in whole embryo lysates remained 
unchanged as shown by western blot ( Fig. 3 D –G  ), supporting 
the role of HC translation in recruiting R2HAD components.  

Ruvbl1 Functions Downstream of HC RNP Foci Formation But 
Upstream of Lrrc6 Foci Formation. To determine the molecular 
function of R2HAD components in HC mRNA-nascent peptide 
foci formation, we utilized zebrafish mutant alleles isolated in an 
insertional mutagenesis screen (19). Previously we showed that 
hi1055B is a loss-of-function allele of ruvbl1 (16). Here, we first 
examined the impact of ruvbl1 inactivation on the localization 
pattern of dnah5 and dnah9 mRNA by fluorescence in  situ 
hybridization. Results showed that dnah5 and dnah9 mRNA 
foci and colocalization persisted in ruvbl1hi1055B/hi1055B mutants 
compared to sibling controls (Fig.  4A). The average Pearson 
correlation coefficients between signals of dnah5 and dnah9 
mRNA were 0.65 and 0.66 in mutants and controls, respectively, 
and not statistically different (Fig. 4 B and C and Movie S4). We 
additionally investigated the localization pattern of Dnah9 protein 
by immunofluorescence staining. Cytosolic Dnah9 foci remained 
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Fig. 2.   HC mRNA foci formation and colocalization is disrupted in dnah5/5l morphants at 23.5 hpf. (A) A model depicting translating and interacting β and γ-HCs 
bringing multiple molecules of encoding mRNAs together. (B) Levels of dnah5 and dnah9 mRNA measured by RT-qPCR of embryo lysates. n = 3 biological replicates, 
pools of 20 or more embryos each. (C) Z-projections showing distribution patterns of dnah5 (green) and dnah9 (red) mRNA. PND in cyan by Cdh17. DAPI in blue. 
(D) RNA foci size and (E) density (pooled from three embryos per condition). (F) Z-projection of scatter plots of pixel intensity. (G) Pearson correlation coefficients 
between dnah5 and dnah9 mRNA signal (pooled slices of three embryos per condition). Ctrl: siblings injected with control morpholino; Mph: dnah5/5l morphants.
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in ruvbl1hi1055B/hi1055B mutants, despite greatly diminished Dnah9 
signal in cilia (SI Appendix, Fig. S4A).

 We then asked whether Ruvbl1 and Lrrc6 are interdependent 
for foci formation. In the PND cells of ruvbl1hi1055B/hi1055B   mutants, 
Lrrc6 signal became diffusive, in contrast to the punctate pattern 
in control siblings ( Fig. 4D  ). By contrast, in lrrc6hi3308/hi3308   
mutants, which were loss-of-function mutants as shown previously 
( 20 ), Ruvbl1 foci persisted ( Fig. 4E  ).

 Together, these results suggest that Ruvbl1 functions down-
stream from the formation of HC ribonucleoprotein foci but 
upstream of the recruitment of Lrrc6.  

Ruvbl1, Ruvbl2, and Lrrc6 Function Cotranslationally. To 
investigate whether Ruvbl1 functions cotranslationally, we 
examined the sensitivity of Dnah9 foci to puromycin treatment 
in ruvbl1 mutants. Interestingly, Dnah9 foci persisted 15 min 
after puromycin treatment in ruvbl1hi1055B/hi1055B mutants, and 
residual foci were still detected 30 min after injection, whereas 
foci were dispersed in control siblings (Fig. 5A and SI Appendix, 
Fig.  S5A). We expanded this analysis to two DNAAF genes 
associated with PCD (PCD-DNAAFs), lrrc6 and pih1d3. 
Similar to ruvbl1hi1055B/hi1055B mutants, ciliary localization of 
Dnah9 was disrupted, while cytosolic foci persisted (SI Appendix, 
Fig. S4 B and C) in both lrrc6hi3308/hi3308 and pih1d3hi1392/hi1392, 
another loss-of-function mutant isolated in the same genetics 

screen and characterized in our prior studies (12, 19). Dnah9 
foci became resistant to puromycin treatment in lrrc6hi3308/hi3308 
mutants (Fig.  5B and SI  Appendix, Fig.  S5B), whereas foci in 
pih1d3hi1392/hi1392 mutants remained sensitive to puromycin and 
dispersed as in their control siblings (Fig. 5C and SI Appendix, 
Fig. S5C). This result is consistent with the physical interaction 
between Lrrc6 and Ruvbl2 we identified previously (15), placing 
Lrrc6 in a very early step in axonemal dynein assembly, consistent 
with a previous study that implicated Lrrc6 in a chaperone relay 
of HC assembly (29).

 It is possible that fully synthesized Dnah9 was misfolded and 
formed aggregates resistant to puromycin treatment in R2HAD 
(ruvbl1 , ruvbl2,  and lrrc6 ) mutants. Alternatively, Dnah9 trans-
lation could be stalled and therefore resistant to puromycin incor-
poration ( Fig. 5D  ). To test the latter, we quantified translating 
HC mRNAs in response to puromycin treatment. We first con-
firmed that the levels of total dnah5  and dnah9  mRNA were not 
significantly different in ruvbl1hi1055B/hi1055B   and pih1d3hi1392/hi1392   
mutants compared to their sibling controls and remained 
unchanged by acute puromycin treatment using RT-qPCR 
( Fig. 5 E  and F   and SI Appendix, Fig. S5 D  and E , total lysate). 
We then used immunoprecipitation with anti-RPL19, a ribosome 
component, to pull down translating mRNA from total lysates 
and quantified the amount of pulled-down dnah5  and dnah9  
mRNA using RT-qPCR. While control IgG failed to pull down 
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Fig. 3.   R2HADs are RNPs initiated by translating HCs. (A) Colocalization of Ruvbl1-GFP (green) foci with Dnah9 protein (red) foci at 25 hpf shown by Z-projections. 
Examples indicated by arrows. Cilia indicated by AceTub (cyan). (B) Cytosolic foci of Lrrc6 (green) are sensitive to puromycin treatment as shown by Z-projections. 
Embryos were processed at 26 hpf. Cdh17 in red labels PND cells. (C) Quantification of Lrrc6 foci normalized by the length of PND analyzed. (D–F) Foci of Ruvbl1 
(green in D), Ruvbl2 (green in E), and Lrrc6 (green in F) are reduced in dnah5/5l morphants at 23.5 hpf. Cilia are indicated by AceTub in red and PND cells are 
labeled by anti-Cdh17 in cyan. (G) Western blot of R2HAD components using total embryo lysates. Ruvbl1 and Lrrc6 are detected with direct western, and GAPDH 
from the same blot was used as a loading control. Ruvbl2 is detected by immuno-precipitation followed by western using aliquots of the same lysates used in 
direct western. AceTub: anti-acetylated-tubulin signal; Ctrl: siblings injected with control morpholino; Mph: dnah5/5l morphants; Veh: vehicle; Pur: puromycin; 
Pur+Cyc: puromycin and cycloheximide; Pur+Em: puromycin and emetine.
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﻿dnah5  and dnah9  mRNA, anti-RPL19 isolated sufficient dnah5  
and dnah9  mRNA for RT-qPCR analysis. As expected, in control 
sibling embryos the amount of translating dnah5  and dnah9  
mRNA was significantly reduced by puromycin treatment 
( Fig. 5E   and SI Appendix, Fig. S5D﻿ , pull down). This reduction 
was diminished in ruvbl1hi1055B/hi1055B   mutants ( Fig. 5E   and 
﻿SI Appendix, Fig. S5D﻿ , pull down), supporting a cotranslational 
function of R2HADs. In contrast, the amount of translating 
﻿dnah5  and dnah9  mRNA was reduced in pih1d3hi1392/hi1392   
mutants by puromycin treatment, similar to control siblings 
( Fig. 5F   and SI Appendix, Fig. S5E﻿ , pull down), suggesting that 
﻿pih1d3  functions downstream of cotranslational HC assembly 
( Fig. 5D  ).

 Combined, these results support a model of multistep axonemal 
dynein assembly ( Fig. 5D  ), where R2HAD components Ruvbl1, 
Ruvbl2, and Lrrc6 are involved in a cotranslational step, albeit 
downstream of HC ribonucleoprotein foci formation mediated 
by inter-HC interaction via the N-terminal region. By contrast, 
Pih1d3 functions further downstream, leaving translating HC 
sensitive to puromycin treatment.  

Both Stable and Weak Interactions Contribute to HC-R2HAD 
Formation. To probe the biophysical properties of R2HADs, 
we treated zebrafish embryos with 1,6-hexanediol, an aliphatic 
compound known to disrupt weak hydrophobic protein–protein 
and protein–RNA interactions, and frequently used to dissolve 
phase-separated liquid droplets (30–34). After 30 min of treatment, 
the size and number of Dnah9 foci remained unchanged, along with 

the ciliary signal of Dnah9 (Fig. 6A and SI Appendix, Fig. S6A). By 
contrast, Ruvbl1, Ruvbl2, and Lrrc6 foci appeared dispersed but still 
granular (Fig. 6 B–D). In treated samples, many seemingly granular 
structures were not detected by automatic segmentation, and the 
size of segmented objects was reduced significantly (SI Appendix, 
Fig. S6 B–D). The sensitivity of Ruvbl1, Ruvbl2, and Lrrc6 foci 
to 1,6-hexanediol treatment, compared to the resistance of Dnah9 
foci, support a model where a stable core, consisting of translating 
HCs tethered to the encoding mRNA through ribosomes, initiates 
molecular condensation of cochaperones and DNAAFs through 
transient and weak interactions. While the stable core and mature 
HC already trafficked to cilia are resistant to the acute 1,6-hexanediol 
treatment, the interaction of Ruvbl1, Ruvbl2, and Lrrc6 with the 
core is sensitive (Fig. 6E). Whether the interaction between β and 
γ HCs is sensitive to 1,6-hexanediol remains unknown. However, 
the size of the scaffold, consisting of a 14 K mRNA and multiple 
copies of ribosomes and nascent HCs, would limit its diffusion.

Discussion

 The synthesis and assembly of large and interacting proteins, such 
as axonemal HCs, poses a significant challenge for the cell. To put 
this into context, differentiated multiciliated epithelial cells in the 
zebrafish PND display up to 16 motile cilia per cell, each meas-
uring 9 μm in length ( 21 ). The ODAs decorate each of the 9 
microtubule doublets every 24 nm along the length of the motile 
cilium, thus approximately 54 K ODAs are manufactured per cell 
from 19 hpf to 48 hpf (SI Appendix, Fig. S1C﻿ ) ( 21 ). Despite the 
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Fig. 4.   Ruvbl1 functions between Dnah9 foci formation and Lrrc6 recruitment. (A) dnah5 (green) and dnah9 (red) mRNA foci and colocalization persist in ruvbl1 
mutant PND at 25 hpf shown by projections of Z-stacks. (B) Z-projections of scatter plots of pixel intensity between two mRNAs. (C) Pearson correlation coefficient 
between signals of two mRNAs in ruvbl1 mutants and control siblings. Pooled from slices of Z-stacks of three embryos per condition. (D) Lrrc6 (green) distribution 
pattern in ruvbl1 mutant PND in comparison to sibling controls at 27 hpf. Cilia indicated by AceTub in red. (E) Ruvbl1 (green) distribution pattern in lrrc6 mutant 
PND in comparison to sibling controls at 27 hpf. Cilia indicated by AceTub in red. AceTub: anti-acetylated-tubulin signal; Ctrl: control; Mut: mutant.
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daunting task of finding proper binding partners in the crowded 
cytosol, while preventing aggregate formation of highly concen-
trated nascent HCs, efficient and accurate assembly of dynein 
arms is achieved by every motile ciliated cell.

 Our study unravels the pivotal role of cotranslational recruit-
ment of chaperones and assembly factors as an initial and indis-
pensable step in orchestrating the production and assembly of 
axonemal dynein. We show that HC and R2HAD foci are initi-
ated by the stable attachment between translating HCs and encod-
ing mRNAs through ribosomes, and interactions between the N 
terminus of HCs ( Fig. 6E  ). In contrast to dnah9  mRNA, dnai1.2 , 
﻿dnai2b,  and dnal1  mRNA showed no significant colocalization 
with dnah5  mRNA, suggesting that the interactions between HCs 
with ICs or LCs may occur post-HC translation.

 Since R2HAD represents a cytosolic entity with concentrated spe-
cific components, it fits the simplest definition of biomolecular con-
densate ( 35 ,  36 ). Instead of being mainly driven by weak interactions, 
polysome mRNA decorated with nascent interacting HCs appears 
to form a percolated network and initiate R2HAD formation, con-
sistent with a form of molecular condensation called phase separation 
coupled to percolation ( 36 ). The characteristics of DNAAF foci 
observed previously, including their shape, fission and fusion, and 
mobility of molecules within ( 18 ), are also consistent with our model 
of molecular condensation initiated by large stable scaffolds. Moreover, 
the rapid dispersion of R2HADs when translation is aborted by puro-
mycin treatment in our study underscores the importance of stable 

interactions between nascent peptide chains and mRNAs, but is less 
compatible with foci formation driven mainly by component con-
centration reaching saturation ( 35 ,  37 ).

 Although cotranslational assembly is increasingly recognized as 
a mechanism for protein complex formation ( 38             – 45 ), cotransla-
tional molecular condensation of cochaperones and assembly 
factors has not been shown before for axonemal dynein and pro-
vides a mechanism connecting translation, folding, and assembly. 
We propose that instead of concentrating components to speed 
up axonemal dynein biogenesis, R2HAD foci formation is a result 
of active translation, supported by our finding that Ruvbl1 is 
dispensable for HC RNP foci formation and consistent with the 
concept of a dynein arm factory proposed by a recent opinion 
article ( 5 ). Subsequent molecular condensation of chaperones and 
DNAAFs ensures the dynamics and fluidity of highly concentrated 
nascent HCs by facilitating cotranslational folding and assembly. 
Interestingly, mRNAs encoding a HC of cytoplasmic dynein, and 
several nondynein proteins are also found in cytoplasmic foci that 
are sensitive to puromycin treatment ( 46 ), suggesting a more wide-
spread role of nascent peptides in aggregating mRNA.

 Clinically, defective ciliary motility underlies PCD. PCD patients 
develop progressive lung disease characterized by mucus impaction, 
recurrent sinopulmonary infections, and accelerated lung function 
decline originating from impaired mucociliary clearance ( 47 ,  48 ). 
Male infertility and laterality defects of internal organ placements 
are also frequent findings in PCD patients. Currently there is no 
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Fig. 5.   R2HAD is a cotranslational hub for dynein arm assembly. (A–C) Sensitivity of Dnah9 (green) foci to puromycin treatment in ruvbl1 (A), lrrc6 (B), and pih1d3 
(C) mutants as shown by Z-projections. Cdh17 in red labels the PND. Embryos were processed at 26 hpf. (D) A model depicting stalled translation of HCs, hence 
resistance of HC foci to puromycin treatment, in R2HAD but not pih1d3 mutants. (E and F) The level of translating dnah5 and dnah9 mRNA in ruvbl1 and pih1d3 
mutants treated with vehicle or puromycin shown by RT-qPCR. n = 3 technical repeats using 120 embryos each. A biological repeat is shown in SI Appendix, 
Fig. S5 D and E. Unit 1 is defined as the expression level in control siblings treated with vehicle. WT: wild type siblings; Mut: mutant; Veh: vehicle; Pur: puromycin.
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specific therapy for PCD and management of symptoms, including 
improving mucus clearance and treating recurrent infections, has 
been the main approach. Our results provide a molecular framework 

and readouts, from RNA localization to R2 foci formation and sen-
sitivity to translation inhibition, for dissecting the precise molecular 
functions of PCD-DNAAFs and identifying potential therapeutic 

A B

C

E

D

Fig. 6.   Both stable and weak interactions contribute to R2HAD formation. (A–D) Response of Dnah9 (A), Ruvbl1 (B), Ruvbl2 (C), and Lrrc6 (D) foci to 1,6-hexanediol 
treatment shown by Z-projections. Embryos were processed at 26 hpf. Cilia indicated by AceTub in red. PND in cyan by Cdh17. DAPI in blue. (E) A model of R2HAD 
formation and function that incorporates steps depicted in Figs. 2A and 5D. Active HC translation leads to high local concentration of HC nascent peptides. 
Physical interactions between the N-terminal regions of nascent β- and γ-HCs bring multiple copies of mRNAs together, forming a stable core, which recruits R2 
via weaker interactions, followed by Lrrc6. R2 and Lrrc6 function cotranslationally to allow the folding and completion of HC translation. 1,6-hexanediol disrupts 
the interaction of R2 and Lrrc6 with the core, but not HC polysomes. AceTub: acetylated-tubulin; Veh: vehicle; Hex: 1,6-hexanediol.
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targets. Moreover, the connection between translation, folding, and 
assembly raises the intriguing possibility that a subset of PCD syn-
dromes, specifically those caused by partial loss-of-function muta-
tions in DNAAFs, could be ameliorated by reducing translation rate. 
Treatment with chemical chaperones, suggested by a previous study 
( 29 ), may also be beneficial.

 Ruvbl1 and Ruvbl2 are closely related AAA ATPases that interact 
and function as cochaperones, facilitating the assembly of multiple 
protein complexes ( 49   – 51 ). Additionally, they play critical roles in 
the formation of multiple RNPs, including the stress granule ( 52 ) 
and snoRNPs ( 53 ). A recent study found that in Drosophila , Ruvbl1 
and Ruvbl2 are localized to RNPs containing mRNAs encoding 
testis-specific dynein HCs ( 54 ). However, knockdown of Ruvbl1  
and Ruvbl2  via RNAi disrupted the formation of HC mRNA clusters 
( 54 ), in contrast to our finding that HC mRNA foci persist in the 
PND of zebrafish ruvbl1  mutants. Since in Drosophila  sperm, flagella 
form through a unique cytosolic pathway distinct from intraflagellar 
transport-dependent compartmentalized ciliogenesis ( 55   – 57 ), it is 
thought that the formation and localization of these granules allow 
for efficient incorporation of HCs into the growing axoneme in the 
cytosol ( 54 ). It will be interesting to investigate whether Ruvbl1 and 
Ruvbl2 have additional cotranslational function in this system.

 In summary, we propose that axonemal dynein folding and 
assembly commence cotranslationally, accompanied by molecular 
condensation of chaperones and assembly factors. Our findings 
define key components of an early cotranslational hub that facili-
tates the assembly process, and raise intriguing questions, for exam-
ple, whether ribosome pausing is involved, whether there are 
sequence features to allow for coordinated translation, and how 
RNA entanglement is prevented. Importantly, the synthesis of other 
large proteins poses similar challenges, and it is attractive to propose 
that our model may be employed as a more general mechanism to 
ensure efficient folding and prevent aggregate formation.  

Materials and Methods

Materials. Materials used in the study, including antibodies, fish strain, genetic 
mutants, commercial assays and kits, chemicals, oligos, morpholinos, and soft-
ware are listed in the “Key Sources Table” in SI Appendix.

Zebrafish Husbandry. Zebrafish were of the TU/AB background and were main-
tained according to standard protocols (58). Embryos were obtained through 
natural spawning.

Molecular Cloning. The full-length coding sequence of ruvbl1 and fragments 
of dnah5, dnah9, dnai1.2, dnai2b, dnal1 were PCR amplified from a zebrafish 
cDNA pool using oligos listed in the Key Resources Table, subcloned into vectors 
and verified by sequencing. More details in SI Appendix.

RNA Probe Synthesis. RNA probes were synthesized via in vitro transcription 
using T7 RNA polymerase with DIG or Fluorescein RNA labeling mix. More detailed 
procedures and coverage of each probe in SI Appendix.

Immunofluorescence Staining. Zebrafish embryos fixed in Dent’s fixative 
(80% methanol/20% DMSO) were incubated in primary antibody, followed by 
secondary antibody, deyolked manually, flat mounted, and imaged. More detailed 
procedures in SI Appendix. Antibodies used were specified in the Key Resources 
Table in SI Appendix.

Fluorescence In  Situ Hybridization Coupled with Immunostaining. A 
previous published protocol was followed (59). Zebrafish embryos fixed with 
4% paraformaldehyde were subjected to in situ hybridization procedures first, 
followed by immunostaining. More details in SI Appendix.

Pixel-Based Colocalization Analysis in Zen Blue (Figs. 1 C and D, 2 F and 
G, and 4 B and C). The “Colocalization” tool in Zen Blue was used to analyze the 
potential overlap between two RNA signals. Optimal thresholds were determined 

automatically using the “Costes” function based on a statistical method described 
before (60). Z-projection of scatter plots were generated in ImageJ. More details 
in SI Appendix.

Microinjection. Microinjection was performed as described previously (61). 
Briefly, mRNA synthesized in vitro or morpholino oligos were injected into zebraf-
ish embryos at the one cell stage. Injected embryos were incubated, followed by 
analysis at later stages. More details in SI Appendix.

RT-qPCR. Total RNA was extracted from zebrafish embryos. cDNA was synthesized 
and used as template for RT-qPCR. More detailed procedures in SI Appendix. 
Primers listed in the Key Resources Table in SI Appendix.

Ciliary Motility Analysis. High-speed DIC videomicroscopy recordings of the 
pronephric duct cilia were acquired at ~492 Hz for ~1 s. Kymographs and analysis 
of the ciliary beating frequency (CBF) were done using Fiji (62). More detailed 
procedures in SI Appendix.

Electron Microscopy. Zebrafish embryos at 48hpf were fixed, partially dissected, 
embedded, and poststained. Grids were viewed in a FEI Tecnai G2 Spirit BioTWIN 
transmission electron microscope, and images were captured. More detailed pro-
cedures in SI Appendix.

Puromycin, Cycloheximide, and Emetine Treatment. Embryos at 26 hpf 
were collected. Vehicle, puromycin, puromycin in combination with cycloheximide 
or emetine were injected into the brain ventricle. 15 min after injection, embryos 
were fixed in Dent’s fixative. More detailed procedures in SI Appendix.

Quantification of RNA Foci Size and Density (Fig. 2 D and E). MATLAB was 
used to quantify the size and density of RNA foci. The region of interest (ROI) 
in each image was identified using the anti-Cdh17 immunostaining signal, 
which labels the membrane of pronephric duct cells. Marker-controlled water-
shed segmentation was then used to segment dnah5 and dnah9 mRNA foci 
in the ROI.

The size and number of RNA foci segments identified within the ROI were 
quantified. RNA foci density was defined as RNA segment number divided by 
ROI size.

More detailed procedures in SI Appendix.

Automated Segmentation and Quantification of Protein Foci (Fig. 3C and 
SI Appendix, Figs. S1E, S5 A–C, and S6 A–D). The LabKit plugin in Fiji was used to 
segment and quantify protein foci automatically (63). A pixel classifier was trained 
with positive and background regions and used to segment foci automatically. 
More details in SI Appendix.

Protein Extraction, Immunoprecipitation, SDS-PAGE, and Western Blot. 
Zebrafish embryos were lyzed and protein concentration of lysates was measured. 
Equal amounts of total protein were used for subsequent analysis. For Ruvbl2, 
immunoprecipitation was performed using anti-Ruvbl2. For Ruvbl1 and Lrrc6, 
total lysates were used. Samples were run on a SDS-PAGE gel, transferred, and 
detected with western blot. For Ruvbl1 and Lrrc6, GAPDH on the same blot was 
used as a loading control. While cropped images were used in Fig. 3G, the orig-
inal images are presented in SI Appendix, Fig. S7. More details in SI Appendix.

Ribosome Pull Down. A STAR protocol was followed (64). Briefly, translating 
mRNAs were pulled down from zebrafish embryo lysates using anti-RPL19, fol-
lowed by RNA extraction and cDNA synthesis. More details in SI Appendix.

Hexanediol Treatment. Embryos at 26 hpf were incubated in 5% hexanediol for 
30 min, and then immediately fixed in Dent’s fixative. More details in SI Appendix.

Statistical Analysis. Figs. 2 B, D, E, and G and 4C and SI Appendix, Figs. S2 E and 
G, S5 A–C, and S6 A–D were analyzed by the unpaired two-tailed t test. Figs. 1D, 
3C, and 5 E and F and SI Appendix, Figs. S1E and S5 D and E were analyzed using 
one-way ANOVA followed by Tukey’s multiple-comparison test using GraphPad 
Prism 9 software. All data are presented as mean ± SEM.

Animal Care Ethics. Zebrafish experiments were conducted in Yale University 
School of Medicine in accordance with the guidelines of Yale University 
Institutional Animal Care and Use Committee (IACUC). Protocols were approved 
by IACUC (Protocol No. 2021-10778).
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Data, Materials, and Software Availability. Code data have been deposited 
in GitHub (65). All other data are included in the manuscript and/or supporting 
information.
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