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Primary ciliary dyskinesia (PCD) is an autosomal recessive disease
caused by defective cilia motility. The identified PCD genes ac-
count for about half of PCD incidences and the underlying mech-
anisms remain poorly understood. We demonstrate that Reptin/
Ruvbl2, a protein known to be involved in epigenetic and tran-
scriptional regulation, is essential for cilia motility in zebrafish. We
further show that Reptin directly interacts with the PCD protein
Lrrc6/Seahorse and this interaction is critical for the in vivo func-
tion of Lrrc6/Seahorse in zebrafish. Moreover, whereas the expres-
sion levels of multiple dynein arm components remain unchanged
or become elevated, the density of axonemal dynein arms is re-
duced in reptin®?*** mutants. Furthermore, Reptin is highly enriched
in the cytosol and colocalizes with Lrrc6/Seahorse. Combined,
these results suggest that the Reptin-Lrrc6/Seahorse complex is
involved in dynein arm formation. We also show that although
the DNA damage response is induced in reptin"?3** mutants, it
remains unchanged in cilia biogenesis mutants and Irrc6/seahorse
mutants, suggesting that increased DNA damage response is not
intrinsic to ciliary defects and that in vertebrate development,
Reptin functions in multiple processes, both cilia specific and
cilia independent.
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Ithough the sensory function of the cilium has garnered

significant attention only in the past decade, defective cilia
motility was recognized nearly four decades ago as the cause of
primary (genetic) ciliary dyskinesia (PCD) (1). PCD is a group of
rare human genetic diseases characterized by recurrent infec-
tions of the respiratory system, male infertility, and frequently
laterality defects, all of which are tightly linked to cilia motility
abnormalities. Up to now, 19 PCD genes have been identified
(2-20). However, combined they account for about 50% of all
PCD cases, suggesting the existence of multiple additional causa-
tive genes. Despite such significant advances, our understanding
of how cilia motility is regulated is limited and the list of genes
involved in cilia motility remains incomplete.

In motile cilia or flagella, dynein arms are large protein com-
plexes powering cilia motility. Not surprisingly, multiple PCD genes
encode dynein arm components, including DNALI, DNAII,
DNAI2, DNAHS, and DNAH11 (2-6). In addition, it is understood
that dynein arm subunits are preassembled in the cytosol, trans-
ported into cilia/flagellum, and docked onto the axoneme, although
the underlying mechanisms are poorly understood (21). In recent
years, three PCD genes, i.e., DNAAFI/LRRC50 (7, 8), DNAAF2/
KTU (9), and DNAAF3/PF22 (10) have been shown to be involved
in the assembly of dynein arm subunits, highlighting the relevance
and importance of this process in cilia motility and PCD.

Very recently, mutations in human LRRC6/SEAHORSE were
linked to PCD (18). Similar to the three known dynein arm as-
sembly factors, mutations in LRRC6/SEAHORSE lead to the
absence of both the outer and the inner dynein arms, suggesting
that this might be an additional dynein arm assembly factor (18).
Strikingly, lrrc6/seahorse mutants were previously identified in
a genetic screen in zebrafish together with reptin mutants and the
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two mutants share nearly identical abnormalities: ventral body
curvature and kidney cysts (22, 23).

Reptin (or Reptin52/Ruvbl2/Ino80J/Tip48) contains an AAA-
family ATPase domain resembling the bacterial RuvB, a DNA
helicase (for a review, see ref. 24). It regulates transcription
through multiple chromatin remodeling complexes (25-28). It
is also found in protein complexes involved in telomere main-
tenance, small nucleolar RNA assembly and DNA damage
responses (29-32). Interestingly, the transcription of reptin is up-
regulated during flagellum regeneration in Chlamydomonas (33).
However, the role of Reptin in cilia biology and vertebrate de-
velopment was rarely studied before this study.

In this study, we demonstrate that Reptin is essential for cilia
motility in zebrafish. We further show that Reptin directly
interacts with Lrrc6/Seahorse and that this interaction is im-
portant for the in vivo function of Lrrc6/Seahorse, indicating that
reptin functions together with lrrc6/seahorse in a process essential
for cilia motility and is a candidate gene for PCD. We further
provide evidence that although the expression levels of multiple
dynein arm components are not decreased, the number of dynein
arms on the axoneme is reduced in reptin mutants. Moreover,
Reptin is highly enriched in the cytosol and colocalizes with
Lrrc6/Seahorse. Combined, these results suggest that the Reptin-
Lrrc6/Seahorse complex functions in dynein arm assembly. Ad-
ditionally, we investigated the level of the DNA damage re-
sponse (DDR) because of its recent association with ciliopathies
(34). Our results show that although DDR is induced in reptin
mutants, it remains unchanged in both lrrc6/seahorse and the cilia
biogenesis mutant ift/72, suggesting that DDR induction is not
intrinsic to defective cilia and that the Reptin-Lrrc6/Seahorse
interaction is not involved in Reptin’s role in DDR.

Results

Inactivation of reptin Leads to Cilia-Associated Phenotypes. 72394
was identified in a large scale insertional mutagenesis screen
conducted in zebrafish (22, 23). The homozygous mutants showed
ventral body curvature and kidney cyst (Fig. 14), whereas het-
erozygous carriers are viable with no obvious phenotypes. Cross-
sections verified large cysts in the glomerular—tubular region, as
well as grossly dilated pronephric duct, which was confirmed by
whole-mount immunostaining using a renal epithelial marker
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Fig. 1. Phenotypes of reptin mutants. (A) Reptin mutant (rep) at
3 d postfertilization (dpf) showing kidney cyst (red box, magnified in Lower
Right) and body curvature, compared with wild-type (WT) fish. (B) RT-PCR
using lysates of 2-dpf reptin™?3%4 (rep) and WT siblings. Two pairs of primers,
one to the 5’ side of the proviral insertion and one to the 3’ side, were used.
(C) The greatly reduced Reptin protein in 4-dpf reptin™?3%% mutant (rep).
(Upper) Samples precipitated and blotted with anti-Reptin. (Lower) Lysates
blotted with anti-g-tubulin as a loading control. (D) Microinjection of reptin-
eGFP mRNA (rep) reduced the percentages of body curvature (Upper) and
kidney cysts (Lower) in embryos from reptin™2**#+'~ crosses, with eGFP mRNA
(gfp) microinjection as a negative control. Data are represented as mean + SD,
from three replicates. *P < 0.05. (E-G) Immunostaining showing cilia (in
green) in reptin™?3** mutants (rep) in the posterior pronephric duct (E)
(stained with anti-Cdh17, a marker for kidney epithelial cells, in red and
lined with dotted lines), the olfactory placode (F), and the lateral line organ
(G) [F-actin (F-act) stained with rhodamine phalloidin in red]. (Scale bar,
20 pm in E and F and 10 pm in G.)

(Fig. S1 A4 and B). Notably, this specific combination of pheno-
types was also detected in a collection of cilia mutants, including
mutants of intraflagellar transport (IFT) genes (23, 35), which
encode IFT particle components essential for cilia biogenesis,
suggesting that hi2394 may interfere with cilia biogenesis
or function.

Inverse PCR revealed that the proviral insertion hi2394 was
located in the first intron of reptin. To determine the impact of
the insertion on reptin expression, we performed RT-PCR. Al-
though in wild-type embryos, RT-PCR led to bands of predicted
sizes, no transcript was detected in 4i2394 mutants (Fig. 1B). The
absence of reptin mRNA in hi2394 mutants was further sup-
ported by in situ hybridization using antisense reptin probe.
Strong staining is detected in wild-type embryos at multiple
stages, whereas the signal is lost in 42394 mutants (Fig. S2C).
Consistently, whereas in lysate of wild-type fish immunoprecip-
itation (IP) followed by Western Blot using anti-Reptin detected
a clear band at around 50 kDa, the predicted size of Reptin, this
signal was greatly reduced in 4i2394 mutants (Fig. 1C). Taken
together, these findings suggest that reptin expression is dramati-
cally reduced, if not completely abolished, in #i2394 mutants.

Although the expression of reptin is greatly diminished in
hi2394 mutants, it remains possible that 4i2394 disrupts addi-
tional genes that are responsible for the mutant phenotypes. We
therefore designed a morpholino oligo (MO) against the trans-
lational initiation site of reptin. Results showed that wild-type
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embryos injected with 400 pg reptin MO displayed similar phe-
notypes as hi2394 mutants, including ventral body curvature and
kidney cysts (Fig. S1C). Further, we introduced a 5-nucleotide
mismatch into a reptin cDNA clone so that the encoded mRNA
was no longer a target of reptin MO. Coinjection of the mis-
matched mRNA rescued the morphant (Fig. S1D). Finally, we
tested whether expression of reptin could rescue 4i2394 mutants.
Specifically, we injected 150 pg reptin-egfp mRNA or as a control,
150 pg myc-egfp mRNA into embryos from crosses of heterozy-
gous carriers of 4i2394. From three repeated experiments, an
average of 13.0% body curvature and 10.3% kidney cyst phe-
notypes were observed in the reptin-egfp—injected group, com-
pared with an average of 31.5% body curvature and 28.6%
kidney cyst phenotypes in the control group (Fig. 1D). Com-
bined, the above results demonstrate that 4i2394 is a loss-of-
function allele of reptin.

Reptin Transcripts Are Enriched in Tissues with Motile Cilia. Reptin’s
function in vertebrate development, aside from its potential role
in heart growth (36), has not been examined. To understand the
role of reptin in development, we examined the expression pat-
tern of reptin through multiple developmental stages via in situ
hybridization. Reptin RNA was present as early as one- to two-
cell stage in wild-type embryos (Fig. S24). Because in zebrafish,
zygotic transcription does not commence until around the 500-
1,000-cell stage, this result indicates that reptin transcripts are
deposited maternally. Up to the bud stage, reptin was expressed
almost ubiquitously (Fig. S24). Later, although still widely dis-
tributed, reptin transcripts became more concentrated in highly
ciliated tissues, including the neural tube, the lateral line organ,
and the pronephric duct (Fig. S24). In contrast, the control
reptin sense mRNA probe failed to detect any signal, verifying
the specificity of the antisense probe (Fig. S2B).

Reptin Is Essential for Cilia Motility. Because reptinhi2394 mutants
manifested similar phenotypes as cilia-specific mutants and reptin
transcripts are enriched in ciliated tissues, we examined whether
reptin is involved in cilia-mediated pathways by testing poten-
tial genetic interactions between reptin and the cilia biogenesis
gene ift172.

We first inspected reptin’3%=/=; ift172"?2"1~/~ double mutants
and found ventral body curvature and cystic kidney phenotypes
(Fig. S34). The cyst size and onset time in double mutants is
comparable with that in each single mutant. The body curva-
ture phenotype in double mutants resembles that in reptin”***
single mutants, in which it tends to be more severe than in
ift172"2!1 single mutants. Furthermore, combining suboptimal
doses of morpholino oligos against ift/72 and reptin significantly
increased the percentage of phenotypic embryos compared with
the same dose of morpholino against either of the two genes
(Fig. S3B). Combined, these results suggest that reptin geneti-
cally interacts with ift172.

To investigate the precise function of reptin in cilia biology,
we first examined cilia morphology in reptin?*** mutants by
immunostaining with the cilia marker antiacetylated tubulin. No
difference in cilia formation was detected in single-ciliated cells
(SCCs) in the kidney duct, the olfactory placode, and the lateral
line in reptin™?*** mutants (Fig. 1 E-G). In multiciliated cells
(MCCs) of the pronephric duct, abundant cilia were detected
in reptin”?3** mutants, albeit in a disorganized fashion in the
grossly dilated lumen of the pronephric duct compared with wild-
type embryos (Fig. S3C).

Because abundant cilia form in reptin mutants, we hy-
pothesized that reptin may be involved in cilia motility. To test
this hypothesis, we performed differential interference contrast
(DIC) videomicroscopy to examine cilia motility at 3 dpf. Strikingly,
in all reptinh’23 ¢ mutants examined, cilia in the pronephric duct
were completely paralyzed and orientated in random directions;
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whereas in wild-type siblings, cilia were tightly bundled and beat
in a coordinated and cyclic fashion (Fig. 24 and Movie Sl)
Because the lumen of the kidney duct was grossly enlarged in
reptin”?3°* mutants, to rule out the possibility that the observed
cilia motility defect was secondary to the grossly enlarged lumen
size, we performed the same assay in the olfactory placode, in
which cilia were freely exposed to the environment and not
confined by the organ structure. Consistently, motile cilia on the
border of the placode were entirely paralyzed in reptin’3%*
mutants. By contrast, cilia in wild-type siblings beat vigorously
(Movie S2). Combined, these results suggest that Reptin is es-
sential for cilia motility.

Reptin Is a Binding Partner of Lrrc6/Seahorse. Unexpectedly, Reptin
was identified twice as the only hit in a yeast two-hybrid screen
we performed aimed to search for binding partners of Seahorse
(also known as leucine-rich repeat-containing 6, Lrrc6), encoded
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Fig. 2. Reptin is essential for cilia motility. (A and B) Kymographs showing the
rhythmic beating of a multicilia bundle in the posterior pronephric duct in
a wild-type (WT) embryo and paralyzed cilia in a reptin™?*4 mutant (rep), or
a slower beating cilium in a seahorse"®*°¢ mutant (sea) at 3 dpf. (C) Cilia
beating frequency in wild-type (black bar) and seahorse™>3% (white bar)
pronephros at 3 dpf. Data are represented as mean + SD, from eight replicates.
*P < 0.05. (D) Cilia beating frequency in the olfactory placode of wild-type
(black bar, WT) and seahorse*3°% mutant (white bar, sea) embryos at 3 dpf.
Data are represented as mean + SD, from five replicates. *P < 0.05. (E) Electron
micrographs of cross-sections of cilia in WT and reptin"2*** mutants (rep) at
5 dpf. Outer and inner dynein arms are pointed out by white and black
arrowheads, respectively. (F) Number of outer and inner dynein arms in WT
and reptin"?3** mutants (rep) per section at 5 dpf. Data are represented as
mean + SD. **P < 0.01. (G) Expression levels of multiple factors involved in
dynein arm formation as shown by quantitative PCR (qPCR). Y axis shows the
fold changes in reptin23** mutants. Data are represented as mean + SD, from
three replicates. *P < 0.05, **P < 0.01. NS, nonsignificant.
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by another zebrafish cystic kidney gene identified in the same
genetic screen (22, 23). This interaction was verified by co-IP
experiments using lysates of zebrafish embryos overexpressing
Reptin tagged with the Flag epitope. Anti-Flag IP was able to
pull down endogenous Lrrc6/Seahorse (Fig. 34). In contrast, no
Lrrc6/Seahorse was precipitated by anti-Flag when Flag-tagged
eGFP was overexpressed.

Because reptin and Ilrrc6/seahorse encode two proteins that
physically interact, we compared the phenotypes of reptin”3%*
and seahorse33% double mutants with those in each smgle mutant.
Results showed that the cyst size and onset time in double
mutants was comparable with that in each single mutant. In
addition, double mutants displayed similar body curvature phe-
notype as in reptin single mutants (Fig. S44). We additionally
performed a morpholino knockdown-based synergy assay be-
tween reptin and lrrc6/seahorse. Coinjection of suboptimal doses
of seahorse MO and reptin MO leads to significantly increased
percentage of embryos showing kidney cyst and body curvature
compared with coinjection of the same doses of reptin or seahorse
MO combined with a control MO (Fig. S4B). Combined, these
results suggest that reptin genetically interacts with lrrc6/seahorse
to modulate common processes underlying the two phenotypes.

The Lrrc6/Seahorse Reptin Binding Domain Is Essential for the in Vivo
Function of Lrrc6/Seahorse. We further investigated whether the
physical interaction between Lrrc6/Seahorse and Reptin is func-
tionally significant. Through a serial deletion analysis using the
yeast two-hybrid system, we first narrowed down the Reptin-
interacting domain in Lrrc6/Seahorse to a C-terminal 60-aa region
(amino acids 381-440) (Fig. S5B). No functional domain could be
identified in this region (Fig. S5B). However, sequence alignment
revealed that two stretches of amino acids within this region,
amino acids 392-396 and 435439, were conserved (Fig. S5C). We
separately substituted the two conserved epitopes in the minimum
binding domain with alanines and tested the ability of the mutated
proteins to interact with Reptin using the yeast two-hybrid system.
Interestingly, the mutated protein with the amino acid 392-396
substitution could no longer interact with Reptin, whereas the one
with the amino acid 435-439 substitution still could, suggesting
that amino acid 392-396 in Lrrc6/Seahorse is essential for its
interaction with Reptin (Fig. S5B). Using this knowledge, we
performed rescue experiments to test the importance of the
Lrrc6/Seahorse-Reptin interaction for the in vivo function of
Lrrc6/Seahorse. Whereas injection of 4 pg wild-type full-length
Irrc6/seahorse mRNA into emb1;yos from crosses between het-
erozygous carriers of seahorse¥ reduced phenotypic embryos
(22.7% in the control group) to 3.6% and 3.0% for cystic kidney
and body curvature, respectively, the full-length lrrc6/seahorse
mRNA with the amino acid 392-396 substitution failed to do so,
with 22.3% of the injected embryos displaying kidney cysts and
23.8% body curvature (Fig. 3B). Western blot verified that both
proteins were expressed at similar levels (Fig. 3C). Combined,
these results suggest that the Lrrc6/Seahorse—Reptin interaction
is essential for the in vivo function of Lrrc6/Seahorse.
Previously it was shown that two different alleles of seahorse
sed™” and sea’**** in zebrafish display a variable cilia motility
defect, although we failed to detect such a defect in the pronephric
duct of seahorse"**® mutants using standard DIC videomicroscopy
techniques (37, 38). In light of the erc6/Seahorse—Rept1n inter-
action and the severe cilia motlhty defect in reptin™?*** mutants,
we reanalyzed cilia motility in seahorse™3% mutants using an
improved ultraspeed DIC camera with an acquisition speed of
2,000 frames per second. Results showed that in the pronephric
duct of wild-type embryos, cilia beat at 13.3 Hz in the anterior
region, slower than the 58.3 Hz observed in the posterior region.
In seahorse?*® mutants, whereas cilia motility was 50.8% re-
duced in the posterior region, beat rate became variable in the
anterior region (Fig. 2 B and C and Movies S3 and S4). Further
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analysis in the olfactory placode revealed variable beating
speed in seahorse"3%% mutants as well (Fig. 2D and Movie S5),
ruling out duct dilation as the cause of motility variation in
seahorse"3% mutants. Together, these results support an im-
portant role for the Reptin-Lrrc6/Seahorse protein complex in
cilia motility.

Reptin Is Enriched in Cytoplasmic Puncta. Previously we demon-
strated that Lrrc6/Seahorse is enriched in cytoplasmic puncta
(37). Reptin was previously shown to be localized to both the
cytosol and the nucleus in cultured mammalian cells (39).
Prompted by the physical interaction between Reptin and Lrrc6/
Seahorse, we analyzed the subcellular localization pattern of
Reptin in the zebrafish pronephric duct by immunostaining.
Results show that Reptin is localized in cytoplasmic puncta with
no obvious enrichment on the cilium (Fig. 3D). The specificity of
the anti-Reptin antibody is confirmed by the lack of Reptin
signal in reptin”?3** mutants (Fig. 3D).
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Fig. 3. Reptin binds to and colocalizes with Lrrc6/Seahorse. (A) Anti-Flag IP
brings down endogenous Lrrc6/Seahorse in lysates of 2-dpf embryos over-
expressing Flag-tagged Reptin (rep), but not in embryos overexpressing Flag-
tagged eGFP (gfp). Bottom arrow points to Reptin-Flag (Left) and Gfp-Flag
(Right). To avoid interference from the signal of IgG light chain, the blot was
cut at the bottom before exposure. (B) The percentage of body curvature
(Left) and kidney cyst (Right) in embryos from seahorse">3%5+/~ crosses
uninjected (uninj), injected with wild-type seahorse mRNA (WT), and mutant
seahorse mRNA encoding full-length Seahorse with the amino acids 392-396
alanine substitution (MT). Data are represented as mean + SD, from three
replicates, **P < 0.01. (C) Western blot on whole embryo lysate of embryos
from seahorse™3%+/~ crosses unjected (uninj), injected with GFP-tagged
wild-type seahorse mRNA (WT), or GFP-tagged mutant seahorse mRNA as in
B (MT). (D) Immunostaining of the pronephric duct (white line) in 4-dpf
wild type (WT) and reptin?3** mutants (rep). Cilia are labeled with anti-
acetylated tubulin (Ace-Tub) in red, and Reptin is labeled with anti-Reptin
(Rep) in green. (Scale bar, 20 um.) (E) Immunostaining of the pronephric duct
in 1-dpf embryo showing overexpressed Reptin-eGFP (Upper, green) and
endogenous Seahorse (Sea, red). Overexpressed Myc-eGFP is shown (Lower)
as a negative control. Arrowheads point to puncta positive for both Reptin
eGFP and Seahorse. (Scale bar, 10 pm.)
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We then examined whether Reptin and Lrrc6/Seahorse
colocalize. As both the anti-Reptin and the anti-Seahorse anti-
bodies were derived from rabbits, we compared localization
patterns of overexpressed Reptin-eGFP and the endogenous
Lrrc6/Seahorse in the zebrafish kidney duct. Although more
diffusive than the endogenous Reptin, anti-GFP showed en-
richment of Reptin-eGFP in cytoplasmic punta and more im-
portantly, these punta colocalize with endogenous Lrrc6/Seahorse
(Fig. 3E). In contrast, no puncta were detected with anti-GFP
when Myc-eGFP was overexpressed, validating the specificity of
this signal (Fig. 3E).

Reptin Is Involved in Dynein Arm Formation. To search for the
mechanism of the observed cilia motility defect in reptin’>***
mutants, we performed transmission electron microscopy using
5-dpf embryos. In cross-sections, we frequently, but not always,
observed missing dynein arms in reptin™**** mutant cilia (Fig. 2E).
Due to imperfect sample preparation, dynein arms are not al-
ways visible on every microtubule doublet even in cross-sections
of wild-type cilia. We therefore counted dynein arms in 28 cilia
cross-sections in three reptin?*** mutants and 30 cilia cross-
sections in three wild-type embryos at 5 dpf. Statistical analysis
suggests that the number of both inner dynein arms (IDAs)
and outer dynein arms (ODAs) decreased significantly in
reptin™?3%* mutants cilia compared with wild-type cilia (Fig. 2F).

To directly test the role of Reptin in transcriptional regulation
of cilia motility genes, we performed real-time PCR using rep-
tin"#3** mutants and wild-type siblings at 2 dpf. Surprisingly, the
expression levels of dynein arm components are either not
changed or up-regulated (Fig. 2G). Strikingly, the expression
levels of all of the three known dynein arm assembly factors were
increased, two of them significantly (Fig. 2G). Moreover, the
level of foxj1 was increased threefold (Fig. 2G). Combined, these
results suggest that the reduced dyneim arm defect is not caused
by decreased expression of these genes. Interestingly, a previous
study shows that the expression of cilia motility gene is up-
regulated in response to injury and epithelial stretch (40), sug-
gesting that there exists a compensatory transcriptional regulation
of this group of genes.

Reptin"2*** Mutants Show Additional Cilia-Independent Phenotypes,
Including Increased DDR. Compared with classic cilia mutants, such
as cilia biogenesis mutants ift72"?*!! which show body curva-
ture and kidney cysts (23), reptin”*?*** mutants display additional
phenotypes. More than 80% of the mutants died at around 5 dpf
with severe necrosis throughout the body, whereas most IFT
mutants could survive to 7 dyf. In addition, we observed that the
size of the eye in reptin™?3* mutants was considerably reduced
compared with either wild type or ift172"??!! mutants. Histo-
logical sections of the eye showed that in ift]72""??/! mutants,
whereas the outer segment, a form of specialized cilia of the
photoreceptor layer, was greatly diminished, the other layers
were relatively well maintained (Fig. 44), consistent with pre-
vious reports of other IFT mutants (41, 42). Moreover, the struc-
ture of the eye in seahorse™?? mutants seems normal (Fig. 44).
In contrast, in reptinhiz‘?g 4 mutants, the layered structure of the
eye is grossly disrupted (Fig. 44).

In addition, because recently it was suggested that in some
ciliopathies DDR was activated as shown by an increased level of
phosphorylated H2AX (34), we performed the same immunos-
taining assay using antiphosphorylated H2AX. Results showed
that whereas the signal in ift172"??!1 and seahorse>*% mutants
is comparable to wild-type siblings, it is greatly increased in the
brain of reptin>*** mutants (Fig. 4 B-E). Taken together, these
results suggest that reptin™?*** mutants have additional cilia-
independent defects.
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Fig. 4. reptin mutants show cilia-independent phenotypes. (A) Sec-
tions of the eye at 5 dpf. RPE, retinal pigment epithelium; OS, outer seg-
ment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer. (Scale bar, 20 pm.) (B-E) The head and eye region at 2-dpf
mutants stained with an anti-yH2AX antibody in red. The boxed regions
(Left) of B-E are magnified on corresponding Right. The pair of bright
red circles in each image is the pair of lenses. (Scale bar, 100 um.) WT,
wild type; ift172, ift172"22'" mutant; sea, seahorse"*3% mutant; rep,
reptin™?3%4 mutant.

Discussion

In this study, we demonstrate that the known epigenetic factor
Reptin is required for cilia motility. Biochemically, Reptin is
a DNA-stimulated ATPase critical for transcriptional control,
either as a key component in chromatin remodeling complexes,
such as TIP60 and INOS8O (25, 28) or by interacting with tran-
scription factors, including p-catenin (43) and c-Myc (44).
However, little is known about the precise function of Reptin in
vertebrate development, except that a zebrafish reptin mutant
showed hyperplastic heart, possibly via abnormal activation of
the B-catenin pathway (36). Here we report that a loss-of-func-
tion allele of reptin develops characteristic phenotypes of ciliary
mutants, including ventral body curvature and kidney cysts. We
further show that reptin genetically interacts with ift172, a gene
essential for cilia biogenesis and maintenance. However, in reptin
mutants, abundant cilia are able to form in all of the organs we
examined. Because wild-type transcripts of reptin are deposited
into mutant eggs by heterozygous mothers, it is possible that
a cilia biogenesis requirement is masked by the maternal con-
tribution. However, in IFT mutants, whereas maternal contri-
bution of the gene product is able to support cilia biogenesis in
single ciliated cells in the kidney duct during early development,
it is insufficient for cilia formation later in development, e.g.,
cilia in MCCs of the kidney duct and the lateral line organ (35),
in contrast to reptin mutants, suggesting that Reptin is dispens-
able for cilia formation per se. In the zebrafish pronephros, cilia
are motile. Strikingly, in the dilated pronephric duct of reptin
mutants, cilia become completely paralyzed. To rule out the
possibility that the observed cilia motility defect was secondary to
ductal dilation, we further analyzed cilia motility in the zebrafish
nose, which opens to the outer environment, and observed
similar cilia motility defects in reptin mutants, suggesting that
Reptin is essential for cilia motility.
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We further show that Reptin directly interact with Lrrc6/
Seahorse, a protein very recently linked to PCD (18, 45). Consistent
with this physical interaction, mutants of reptin and lrrc6/seahorse
were identified in the same genetic screen in zebrafish and both
show similar body curvature and kidney cyst formation (22, 23).
Moreover, we found that amino acid substitutions disrupting
the Reptin—-Lrrc6/Seahorse interaction also interfere with the
ability of Lrrc6/Seahorse to rescue cilia-related phenotypes in
seahorse33% mutants. Together, these results suggest that Reptin
and Lrrc6/Seahorse form a functional protein complex essential for
cilia motility. Interestingly, previous yeast two-hybrid assay and af-
finity capture-mass spectrometry (46-48) identified Dpcd, encoded
by a gene disrupted in a mouse PCD model (49), as a Reptin binding
protein, providing additional support for a multiprotein complex
in cilia motility control and REPTIN as a candidate gene for PCD.

To search for potential mechanisms of the newly identified
Reptin-Lrrc6/Seahorse complex in cilia motility, we examined
the ultrastructure of cilia in reptin™?°* mutants. Results show
that the numbers of both ODAs and IDAs are significantly re-
duced in the mutants. However, despite the known role of Reptin
in transcriptional regulation, the expression levels of multiple
dynein arm components and dynein arm assembly factors are
not decreased in reptin”>** mutants, ruling out transcriptional
regulation of these factors as a major mechanism for reduced
dynein arm presence in reptin’?*** mutants. Interestingly, Reptin
was found to interact with PIH1D1 (47, 50), which contains
a PIH (protein interacting with Hsp90) domain implicated in the
preassembly of dynein arms (51), raising the possibility that the
Reptin-Lirc6/Seahorse complex regulates cilia motility via dy-
nein arm assembly.

Zebrafish has been used as a model organism for studying
cystic kidney diseases. A significant difference between mam-
malian kidney and the zebrafish pronephros is that, whereas cilia
in mammalian kidney are immotile primary cilia of the “9+0”
configuration, cilia in the zebrafish kidney are of the “9+2”
configuration with a central pair of microtubules and are motile.
Multiple previous studies suggest that cilia motility defect alone
may be sufficient to cause cyst formation in zebrafish (16, 52-54).
Our results that Reptin seems to affect cilia motility specifically
and that mutants develop kidney cysts provide further support
for this model. However, it is still possible that Reptin has addi-
tional function in cilia-mediated signaling. In agreement with
this hypothesis, the cilia motlhty defect in seahorse"3%% mutants
is much milder than reptln hi239% mutants and yet the severity of the
cystic kidney phenotype is comparable between the two mutants.

As an increasing number of human diseases are being attrib-
uted to ciliary defects, a pressing question is why different cil-
iopathies show overlapping and yet distinct constellations of
symptoms. Recent results suggest that multiple ciliopathies also
show defective DDR (34). We therefore compared the level
of DDR between wild type, the classic cilia biogenesis mutants
ift172"221 seahorse™33%  and reptin?3%*, Results show that whereas
the level of DDR s comparable among IFT mutants, seahorse/>3%
mutants and wild-type siblings, the level of DDR is significantly
increased in reptin™?3%* mutants. Interestingly, as an integral
component of the Tip60 complex, an activator of the DDR
pathway, Reptin is recruited to DNA damage sites and required
for the histone acetyltransferase activity of the Tip60 complex on
histone 4 (29). Combined, our results suggest that ciliary defect
itself does not lead to DDR activation. Instead, some cilia-related
genes, such as reptin, have multiple parallel functions, both cilia
specific and cilia independent. Thus, one potential mechanism for
the heterogeneous symptoms observed in ciliopathies is the diverse
additional functions of individual ciliopathy genes, highlighting the
importance of analyzing each ciliopathy gene in detail and resisting
the temptation to attribute all of the symptoms to ciliary defects.
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Methods

All materials and methods used in this study are detailed in S/ Methods. This
includes a detailed description of zebrafish husbandry, histological
analysis, molecular cloning, microinjection, immunohistochemistry, RT-PCR,
whole-mount in situ hybridization, protein extraction, immunoprecipitation,
Western blotting, high-speed videomicroscopy of cilia, electron microscopy,
and yeast two-hybrid, quantitative PCR, and statistical analysis. All antibodies
and primers used in this study are also listed in S/ Methodes.
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