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Fig. 7L,M). This indicates that rotational planar cell polarity of the
central pair was perturbed in the Spag 7°°#’"¢4° muytant respiratory
cilia. SPAG17 is not only essential for central pair development but
could also be indispensable for establishing the central pair
rotational polarity. The observed degree of central pair
disorientation could have a strong negative influence on the

Fig. 7. SPAG17 is essential for central pair
development and stability in the respiratory epithelial
cilia. (A-C) TEM cross-section of the ependymal cilia from
Spag 17" (A) and Spag17Fedo/Pedo (B,C) showing no
clear ultrastructural defects in the mutant ependymal cilia
(n=58 cilia from wild-type and n=64 cilia from mutant
cross-sections; three different specimens for each).

(D-K) Higher magnification of the respiratory cilia
axoneme cross-sections, showing lack of (arrows in F,G) or
abnormal (arrows in J,K) C1 microtubule structure of the
central pair apparatus in the Spag177°@°/Pedo mutants
(F,G,J,K; n=2 animals) compared with cross-sections of
wild-type (D,E,H,l; n=2 animals) respiratory cilia. (L,M)
TEM images of the respiratory epithelium of Spag 177" (L)
and Spag177°4°/Pedo (M) animals (red lines indicate the axis
of orientation of the central pair; the Spag177cd/Fedo
mutant central pair(s) were abnormally oriented in different
directions; thin white arrows in M point to cross-sections of
cilia that have no C1 microtubule). (N,O) Basal processes
of the basal bodies were normally and equally aligned in the
respiratory epithelial cells from Spag17*/*! (N) and
Spag17FedePedo (O) mutants (red arrows). Scale bars:
250 nmin C,K; 500 nm in L,M; 1 ym in N,O.

highly coordinated ciliary beating and thereby contribute to
impaired directional fluid flow and mucociliary clearance in the
lung.

The observed central pair orientation defect prompted us also to
assay the orientation of the basal body basal feet in the mutant
respiratory cilia compared with wild type. The directionality of

10

(%]
S
gD
c
©
<
|9
o)
=
o
g
0}
)
o
=
o)
(%)
©
Q
4
(@]




RESEARCH ARTICLE

Disease Models & Mechanisms (2020) 13, dmm045344. doi:10.1242/dmm.045344

ciliary beating is determined by the orientation of the basal feet of
the basal bodies, which are usually positioned at the fourth, fifth and
sixth circularly arranged triplets of microtubules within the basal
bodies. The basal feet associated with the basal bodies are usually
oriented in the direction of the effective stroke of the ciliary beating,
and this is controlled by the planar cell polarity pathway (Boisvieux-
Ulrich et al., 1985; Gibbons, 1961; Kunimoto et al., 2012).
However, we found that in the Spag!77°@’Fed> muytant cilia (n=16
cilia), the basal feet of the basal body appeared to be aligned
normally when compared with wild-type control cilia (n=52 cilia;
Fig. 7N,0). We did not observe further defects in other structures
required for ciliary motility, such as inner and outer dynein arms.

Altogether, our data indicate that there is a differential
requirement for SPAG17 among the different cell types that
produce motile cilia. Based on the phenotypes we observe in the
testis, lung and brain, we conclude that SPAG17 is crucial for
initiation and formation of the sperm flagellum, whereas it has a
more specific role (limited to central pair apparatus and Cla
projection development and orientation) during structural
development of the respiratory cilia and an even more limited role
during differentiation and maturation of cilia of the brain ependymal
cells.

DISCUSSION

Pcdo is an allele of Spag17 revealing tissue-specific effects
on SPAG17 translation

In this study, we present a detailed characterization of the Pcdo
mutant we recovered from an ENU forward genetic screen and
identified as a nonsense allele of Spagl7 (Fig. 1A,B). The Pcdo
variant is a ¢.5236 A>T nonsense mutation predicted to introduce a
premature stop codon at position 1746 of the 2320 amino acid
SPAG17 protein. Significantly higher levels of Spagl7 RNA were
expressed in the testis in comparison to the lungs and brain tissues of
the adult mice. These data are consistent with previous Spagl7
expression analyses (Zhang et al., 2005). The Pcdo mutation
resulted in only a slight reduction in RNA expression in mutant
tissues (Fig. 1C,D), indicating that the Pcdo mutation does not
induce nonsense-mediated decay in any tissue examined. Protein
analyses of mutant tissue samples from testis and brain indicated
that the Pcdo mutation leads to the loss of multiple SPAG17 protein
isoforms in testis but not in brain, although the ENU-induced
variant is common to the full-length isoform of Spag!7 known to be
expressed in testis, brain and lung. Our analysis also identified very
low levels of the SPAG17 97 kDa isoform in the brain, which did
not seem to be affected in the Pcdo mutants. The precise mechanism
leading to loss of the SPAG17 protein in the Pcdo mutants remains
to be determined. Similar observations have been documented in
studies of another motile cilia gene, adenylate kinase 7 (4k7), in
which mutation leads to loss of protein in the testis but not in the
respiratory cilia (Lores et al., 2018). Our data indicate that proteins
expressed in both motile cilia and sperm flagella might have tissue-
specific properties in each of these two highly related organelles.
This might be attributable to the major differences between sperm
flagella and simple motile cilia in the brain and the respiratory
epithelium.

Mild phenotypes observed in Pcdo mutant animals indicate
that Pcdo is a hypomorphic allele of Spag17

Spagl77e@’Pedo mice developed early postnatal communicating
hydrocephalus and had accumulation of mucus in the respiratory
passages, and male mutants were infertile. Although the majority of
Pcdo mutant animals survived weaning, they had a shortened

lifespan compared with controls. All these phenotypes are
consistent with deficits of the motile cilia in the Pcdo mutants.
Despite these indicators of deficits of the motile cilia, beating and
fluid flow were not reduced in the mutant lateral ventricle. Instead,
we determined the cause of the hydrocephalus to be progressive
aqueductal stenosis leading to CSF fluid turbulence and disrupted
ventricular bulk flow. Pcdo mutant mice did not have obvious
defects in formation of the primary cilia in the MEFs that we
examined directly. Furthermore, the Pcdo mutants did not have the
hallmark phenotypes of mouse models lacking primary cilia (e.g.
Marszalek et al., 1999). These findings that Pcdo mutants develop
milder gross anatomical and ciliary motility phenotypes and survive
longer than the Spag!7 knockout mouse phenotypes (Teves et al.,
2013) support our conclusion that Pcdo is a hypomorphic allele of
Spagl7. Previous data have shown some variability in PCD
phenotypes based on genetic background; therefore, we cannot
exclude the idea that this might contribute to the discrepancy with
published results. Our experiments were performed in mice of a
mixed C57BL/6J and FVB/NJ background, and the previous report
of the null allele used mice of a mixed C57BL/6J and 129S4/Sv]
background. However, at least one report has suggested that these
phenotypes tend to be less severe on the 129 background (Finn et al.,
2014). Taken together, we do not favor a model wherein the
differences in phenotype are largely attributable to effects of the
genetic background, but this should be considered.

Motile and primary ciliopathies can overlap in the same
model

Motile and primary ciliopathies have long been considered as two
distinct dysfunctions of two related but functionally different
organelles, the motile and nonmotile cilia, respectively. However,
recent advances and further characterization of ciliopathy mutants
have indicated that motile and primary ciliopathies can overlap in
the same animal model and/or human patients (Bukowy-Bierylto
et al., 2013; Ferkol and Leigh, 2012; Fliegauf et al., 2007; Moore
et al.,, 2006). Characterization of the Spagl7 knockout mice
provided new evidence that motile and primary ciliopathies can
overlap or develop in the same model organism (Teves et al., 2013,
2015). SPAGI7 mutations are reported to cause human PCD
(Andjelkovic et al., 2018), and variants in the gene have been linked
to human height (Kim et al., 2010; Takeuchi et al., 2009; Weedon
and Frayling, 2008; Weedon et al., 2008; Zhao et al., 2010) and
multiple body measurements in goats (Zhang et al., 2019).
Interestingly, combined missense changes in SPAGI7 and
WDR35 cause complex neurodevelopmental malformations and
skeletal cranioectodermal dysplasia, a primary ciliopathy (Cordova-
Fletes et al., 2018). These studies confirm that Spag!7 has a role in
the development and function of both motile and immotile primary
cilia, but the effects differ based on the precise allele in question.

Similar to other mutants in central pair genes, Pcdo mutants
have no laterality defects

A hallmark of a central pair PCD ciliopathy is the absence of
laterality defects, subtle ciliary beating abnormalities, and
unequivocal ultrastructural defects of the ciliary axoneme.
Vertebrate organ asymmetry is well known to require the nodal
cilia that generate leftward flow across the node. These cilia are
motile because they express inner and outer dynein arms but do not
have a central pair apparatus. It is therefore intriguing to see that
almost no central pair protein mutants, including this allele of
Spagl7, develop laterality defects (Cindric et al., 2020; Davy and
Robinson, 2003; Lechtreck et al., 2008). However, mutants of the
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dynein complexes consistently develop various degrees of laterality
defects, including dextrocardia and heterotaxy (Abdelhamed et al.,
2018; Bartoloni et al., 2002; Dougherty et al., 2016; Loges et al.,
2018; Ta-Shma et al., 2018). The lack of laterality phenotypes in the
Spag1 77@o’Pedo mutants further supports the model that central pair
proteins, including Spag!7, are dispensable for the development of
organ asymmetry and body laterality.

Ependymal cilia show normal ultrastructure and minimal
beating defects

The main function of the ependymal cilia is to beat and generate
CSF flow. The forebrain ependymal cilia in the Spag] 77°% mutant
have no apparent ultrastructural abnormalities, and the ciliary
beating frequency was unaffected in the ependymal cilia of the
aqueduct (Fig. 3J). Surprisingly, a subset of the ependymal cilia on
the medial wall of the lateral ventricle in the Spagl7"edo/Pedo
mutants are hyperkinetic and beat with a rate significantly higher
than that of the control cilia (Fig. 3J). Our data suggest, however,
that this hyperkinetic beating does not disrupt the local cilia-
mediated flow in the acute ex vivo isolated medial wall forebrain
slice (Fig. 3K). It is possible that this could have a more prominent
effect in vivo, where there are more limiting space constraints.
Alternatively, the lack of an effect on the structural development and
function of the ependymal cilia could be attributable to the
expression of near-normal levels of SPAGI17 proteins in brain
ependymal cells (Fig. 1). Interestingly, the hyperkinetic cilia
phenotype in the Spagl 77°%/Ped° mutants is consistent with other
motile cilia mutant phenotypes that have normal motile cilia
ultrastructure but hyperkinetic cilia, such as DNAH11 PCD patients
(Bartoloni et al., 2002; Dougherty et al., 2016; Knowles et al., 2012;
Pifferi et al., 2010; Schwabe et al., 2008) and a mouse model
(Handel and Kennedy, 1984). Assessment of this beating pattern of
the CSF flow in vivo would be a better indicator of the effect of the
hyperkinetic cilia on the fluid flow and development of
hydrocephalus. This would also be helpful to explain whether the
hyperkinetic cilia phenotype is causing the hydrocephalus in this
model directly or whether other mechanisms are responsible.

The hydrocephalus in the Spag17°cde/Pede mutants is
attributable to aqueductal stenosis

The aqueduct of Sylvius in the Pcdo mutants appeared stenotic, with
collapsed walls, and was associated with a slight enlargement of the
SCO (Fig. 4). In other models, patency of the aqueduct is
compromised in the presence of a dysfunctional SCO or SCO
ependymal cilia (Pérez-Figares et al., 2001; Swiderski et al., 2012),
leading to aqueductal stenosis or occlusion and noncommunicating
hydrocephalus. Ciliary beating function and directionality were
defective when assayed in the intact aqueduct lumen. The stenosis
could have led to a mechanical constraint on the ciliary beating and
thus to significantly reduced flow of CSF into the fourth ventricle. We
concluded that Pcdo mutants had communicating hydrocephalus
because the aqueduct was stenotic and not completely occluded,
indicative of a potentially milder dysfunction of the SCO.

Tissue-specific effects of reduced Spag17 function

Surprisingly, we noted severely defective structure of the respiratory
motile cilia consistent with a central pair protein insult. The
Spag17°°% mutant cilia either lack one of the central microtubule
pair or have an abnormal central pair structure. The orientation of the
central pair also appeared not to align in one direction, indicative of
disorganization of ciliary central pair polarity (Fig. 7L,M). This is
expected to interfere with a directional fluid flow in the respiratory

passages and lead to mucus accumulation and recurrent infection.
The axis of polarity is controlled by signaling and mechanical
cues. The mechanical cue is a cilia-generated fluid flow (Mitchell
et al,, 2007). The intense mucus accumulation observed in the
Spag17Fed’Pedo mutants indicates that ciliary motility in the lung is
defective. This is consistent with the structural defects and is likely to
contribute significantly to increased morbidity and the shortened
lifespan in these mutants. We should note a limitation to our
ultrastructural studies. We were able to analyze multiple cilia, but
these were from a relatively limited set of animals. Current world-
wide experimental conditions are challenging our ability to
collaborate in order to obtain more robust sample sizes for this
portion of the study. Moreover, development of the sperm flagellum
was completely inhibited in the Pcdo mutants, and no mature sperm
with a flagellum can be detected at any postnatal stage of testicular
development (Figs SE-J and 6I-L).

Altogether, our data indicate that SPAG17 is necessary for sperm
flagellum development and important for proper assembly of the
respiratory motile cilia central pair apparatus but is not required in a
similar manner in the development of ependymal cilia. Spagl7 is
highly expressed in the testis, with moderate expression levels in the
lungs, and the lowest levels observed in the brain (Fig. 1C,D). We
note a correlation between the basal Spagl7 expression levels and
the downstream results of Pcdo mutation in the different motile cilia
examined. Spermatocytes and round spermatids seem to have an
absolute requirement for SPAG17. Although other cell types of
motile cilia can be more tolerant of Pcdo mutation, the respiratory
cilia cannot compensate for the mild reduction in Spagl7. At the
protein level, SPAG17 is known to interact with other central pair
proteins, such as SPAG16 and SPAG6, and to form a complex at the
Cla microtubule projections (Fu et al., 2019; Wargo et al., 2005;
Zhang et al., 2005; Zhao et al., 2019). One explanation of this finding
is that the minimal levels of SPAG17 produced in the Pcdo mutant
ependymal cells were sufficient to facilitate the interaction with other
proteins and to form the Cla projection, but much more SPAG17 was
needed in the respiratory cilia to form these protein complexes and
thereby form the correct central pairs of the motile respiratory cilia.
All isoforms of SPAG17 were completely abolished in the Pcdo
mutant testis; therefore, it seems that the Cla projection interactome
was unable to form, and this led to complete failure of formation of
the sperm flagellum. Several testis-specific proteasome/ubiquitin
enzymes have been reported in rodents (Mochida et al., 2000; Nishito
et al., 2006) and humans (Mitchell et al., 1991; Uechi et al., 2014). It
is therefore also possible that the mutant SPAG17 protein is degraded
in the testis by a sperm-specific proteasome-mediated quality control
mechanism (Morales et al., 2003; Sutovsky, 2011; Zimmerman and
Sutovsky, 2009). Other possibilities include the simple explanation
that not all tissues construct axonemes from the same protein set, and
SPAG17 is functionally compensated for in cilia outside the testis.
Altogether, these data are consistent with recent reports that effects of
specific gene mutations on protein translation and thereby function
might differ dramatically between various cell types expressing the
same allele (Lucas et al., 2019).

In summary, this study describes a new allele of Spag!7 that encodes
the Cla projection SPAG17 protein. The Pcdo allele recapitulated most
PCD phenotypes previously observed in other models due to central
pair abnormalities. These are often the most difficult to diagnose in
humans owing to lack of laterality phenotypes, only subtle beating
defects and largely undisturbed ciliary ultrastructure (Edelbusch et al.,
2017). We suggest that the Spag! 7% allele is a very useful model for
studying the pathogenesis and molecular mechanisms of human PCD
subsequent to central pair defects.
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MATERIALS AND METHODS

ENU mutagenesis and recovery of Pcdo mutants

ENU mutagenesis was performed as described by Herron et al. (2002) and
Stottmann and Beier (2014). Briefly, 6- to 8-week-old C57BL/6 Mus
musculus males (GO males) were injected intraperitoneally with three
weekly fractioned doses of ENU and then bred to FVB Mus musculus
females (The Jackson Laboratory) to generate G1 heterozygous carrier
males. These G1 males were then outcrossed to FVB females to generate G2
potentially heterozygous carrier females. These G2 females were
backcrossed to their respective G1 male parent to generate G3 embryos or
pups, which were screened for organogenesis phenotypes. The Pcdo mutant
mice were first identified with dilated brain ventricles and hydrocephalus.
All animals were maintained through a protocol approved by the Cincinnati
Children’s Hospital Medical Center IACUC committee (IACUC2016-
0098), and animal care and use complied with all relevant local animal
welfare laws, guidelines and policies. Mice were housed in a vivarium with a
12 h-12 h light-dark cycle, with food and water ad libitum.

Histological analysis

Neonatal pups were sacrificed by decapitation. For histology of the adults,
littermate animals underwent cardiac perfusion using cold heparinized PBS
and formalin (Sigma-Aldrich) solution. Brains, lungs and testes were
dissected and fixed for <72 h in formalin at room temperature, followed by
immersion in 70% ethanol (for histology). Samples were then paraffin
embedded and sectioned at 6 um thickness. Sections were processed for
Hematoxylin and Eosin staining with standard methods. Histological
sections were imaged using a Zeiss Discovery. V8 Stereoscope or Nikon NIE
upright microscope. The area of the lateral ventricles was measured from the
coronal brain sections. We limited our analysis to sections that contained the
anterior commissure as an anatomical landmark for consistency between
wild-type and Spagl77¢’P*d® mutant animals. Analysis was performed
using the area measurement tool within the Nikon Element 4.50 software.

Immunohistochemistry

Immunohistochemistry was performed as previously described by Driver
etal. (2017). Briefly, fixed paraffin blocks from control and mutant animals
were sectioned at a thickness of 6 um. Sections were deparaffinized and
rehydrated in graded ethanol. Antigen retrieval was performed by boiling in
citrate buffer pH 6.00 for 1 min in a microwave. Nonspecific antigens in the
tissue sections were blocked in 4% normal goat serum in PBS-Tween, and
the anti-acetylated o-tubulin antibody (1:2000, Sigma-Aldrich, cat# T6793)
was incubated with the tissue overnight at 4°C, followed by three stringent
washes in PBS-Tween and application of Alexa Fluor 596-conjugated goat
anti-mouse secondary antibody (1:500, Invitrogen, cat# A11005) for 1 h,
followed by three washes in PBS-Tween. Nuclei were counterstained with
4’,6-diamidino-2-phenylindole (DAPI) and mounted in ProLong Gold
antifade mounting media (Invitrogen). Images were captured using a Nikon
C2 confocal microscope.

Whole-exome sequencing

Brain tissue from three obviously affected, postnatal male mice was used for
exome analysis. Whole-exome sequencing was done with BGI Americas, using
standard protocols. Annotation of single nucleotide polymorphisms was
performed at BGI Americas with an in-house software package, ‘AnnoDB’,
incorporating elements from analysis platforms such as Sorting Intolerant From
Tolerant (SIFT), Polymorphism Phenotyping v.2 (PolyPhen-2), phylogenetic
P-values (PhyloP), GERP (Genome Evolutionary Rate Profiling) and Functional
Analysis through Hidden Markov Models (FATHMM).

Sanger sequencing

The Spagl7 nonsense variant in exon 36, identified by whole-exome
sequencing, was confirmed by Sanger sequencing using the following
primers: forward, 5'-TTTGCCATTTGGATTTACAGG-3'; and reverse, 5'-
GTAGCACTTTGGGTCCTTCG-3’. PCR amplicons from Spagl7""*,
Spag1 774t and Spagl77¢@/Fed° animals were purified and concentrated
using the Zymo DNA Clean and Concentrator kit (Zymo Research
Corporation). One hundred nanograms of concentrated DNA was used in
each Sanger sequencing reaction.

Spag17P°?° mouse line genotyping assays

All animals and pups obtained from the Spag! 7% mouse line were genotyped
using the TagMan Sample-to-SNP kit (Applied Biosystems) for a single-
nucleotide change at mouse chrl:100088282A>T (assay ID ANWCWCA).
Spagl77°% TaqMan Sample-to-SNP assays were performed according to the
manufacturer’s instructions and run using a QuantStudio 6 Real Time PCR
machine (Applied Biosystems).

Semi-quantitative PCR (RT-PCR)

Total RNA was extracted from testes, lungs and whole brains of adult mice
using TRIzol reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Five micrograms of total RNA was
used for reverse transcription into complementary DNA (cDNA) using the
SuperScript III First Strand synthesis system (Invitrogen) according to the
manufacturer’s directions. Final cDNA products were diluted 1:10, after
which 2 pl of the diluted cDNA was used to amplify Spagl7 transcript
with primers that span exon 33 and exon 39 (forward, 5'-GATGGAGGG-
CTACGAAAGC-3’; reverse, 5-AACTGTTAGGTGGGCTGCAA-3).
B-Actin was used as loading control (forward, 5'-GTGACGTTGACAT-
CCGTAAAGA-3’; reverse, 5-GCCGGACTCATCGTACTCC-3’). PCR
products were run on a 2% agarose gel with ethidium bromide for 45 min
at 120 V. PCR bands were imaged using a Bio-Rad Universal Hood II
Molecular Imager w/CFW-1312M Camera equipped with Image Lab
v.6.0.1 software. The image analysis tool in the Image Lab v.6.0.1
software was used to quantify the band intensity value. Data obtained
from the Spag!7 exon 33-39 bands were normalized against the B-actin
value of the corresponding sample. Finally, wild-type and mutant data
obtained for testes, lungs and brain were normalized against the average
wild-type testis expression values. One-way ANOVA with multiple
comparisons statistical analyses were performed using GraphPad Prism
v.8.0.1 software.

Western immunoblotting

Adult mouse brain and testis tissues were lysed in Pierce RIPA buffer
(Thermo Fisher Scientific, cat# 89901) containing protease inhibitor
cocktail (Roche, cat# 11697498001). The protein concentration in the
whole cell extracts was determined with the BCA colorimetric assay
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Denatured proteins were separated by electrophoresis on a gradient of
4-12% Tris-glycine gel. The protein was transferred to a polyvinylidene
difluoride membrane, blocked in Odyssey blocking buffer and
incubated overnight at 4°C with 1:3000 rabbit anti-N-terminus or C-
terminus anti-SPAG17 antibodies (Zhang et al., 2005) and 1:2000
mouse anti-tubulin antibodies (Sigma-Aldrich, cat# T6199).
Membranes were washed and incubated for 1 h in 1:15,000 goat anti-
rabbit IRDye 680CW (LICOR) and 1:15,000 goat anti-mouse IRDye
800Rd (LICOR), and bands were visualized on the LICOR Odyssey
imaging system.

Scanning electron microscopy

The medial and lateral walls of the P8 forebrains were processed for SEM as
previously described (Abdelhamed et al., 2018). Briefly, samples were fixed
in electron microscopy grade 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 4°C
overnight. Tissues were washed thoroughly in 0.1 M sodium cacodylate
buffer (pH 7.4) then post-fixed in 1% osmium oxide (diluted in 0.1 M
sodium cacodylate buffer) for 1 h. Samples were washed thoroughly in
0.1 M sodium cacodylate buffer and dehydrated before critical point drying
in 100% ethanol. Brain tissues were then coated with gold palladium using a
sputter coater (Leica EM ACE600) and scanned with a Hitachi SUSO10
scanning electron microscope.

TEM

Brain ependymal cells and tracheal epithelial cells were fixed in 2.5%
glutaraldehyde and processed for TEM analyses by standard protocols as
previously reported (Wallmeier et al., 2019). Sections were collected on
copper grids, stained with Reynold’s lead citrate and visualized using the
Philips CM10 or Jeol 1400+.
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High-speed video microscopy of cilia, ciliary beat frequency and
CSF flow analysis

High-speed video microscopy of the beating ependymal cilia, ciliary beat
frequency and CSF flow analysis were performed as previously described
(Abdelhamed et al., 2018). Briefly, brains were dissected out from P4
Spagl7Pedo’Pedo or wild-type control animals in Dulbecco’s modified
Eagle’s medium: Nutrient Mixture F-12 (DMEM/F12) supplemented with
L-glutamine (Gibco) and 1% N2 supplement (Gibco) at room temperature,
and cut into serial 200-um-thick coronal sections. Sections were obtained
from the forebrain and aqueduct. Areas from the medial wall of the lateral
ventricle were microdissected further and subjected to video microscopy
recording at ~100 frames/s. These videos were used to measure the ciliary
beat frequency. For concurrent imaging of the beating cilia with green
fluorescent microbeads (FluoSpheres, Thermo Fisher Scientific), the beads
were introduced into slices immediately before video recording, and we
used an inverted Nikon Ti-E wide-field microscope fitted with a Nikon x40
Plan Apo 0.95 N.A. air objective and an Andor Zyla 4.2 PLUS sCMOS
monochromatic camera. Light was channeled through a custom quad-pass
filter, and 300 frames were collected at ~60 frames/s. Bead tracking and
ciliary beat frequency analysis were performed using NIS Element software
v.4.5. Statistical analysis and pairwise comparisons were performed using
GraphPad Prism software.

Skeletal preparations

For skeletal preparations, adult animals were sacrificed by induction of deep
anesthesia using isoflurane, followed by trans-diaphragmatic cardiac
extrusion. Animals were eviscerated and fixed for 2 days in 95% ethanol.
They were stained overnight at room temperature in Alcian Blue solution
(Sigma-Aldrich, cat# A3157) containing 20% glacial acetic acid. Excess
stain was cleared in 95% ethanol for 24 h, and skeletons were then slightly
cleared in a 1% KOH solution overnight at room temperature. They were
then stained overnight in Alizarin Red solution (Sigma-Aldrich, cat#
A5533) containing 1% KOH. A second round of clearing was performed by
incubating tissues in 20% glycerol/1% KOH solution for 24 h. Finally, they
were transferred to 50% glycerol/50% ethanol for photography. Skeletal
preparations were imaged using a Zeiss Discovery.V8 Stereoscope.

Generation, culture and immunocytochemistry of MEFs

MEFs were generated from embryonic day (E)13.5 embryos. Embryos were
dissected in PBS, decapitated and eviscerated. The remaining tissue was
incubated in trypsin overnight at 4°C. Tissue fragments were incubated with
the trypsin in a 5% CO, incubator for 30 min. Cells were then allowed to
grow to confluency in complete DMEM containing 10% fetal bovine serum
and penicillin/streptomycin. MEFs were stained within three passages of
their isolation. Cells were stained for the ciliary membrane marker ARL13B
(1:500, ProteinTech, cat# 17711-1-AP) overnight at 4°C, after blocking
nonspecific antigenic sites with 4% normal goat serum in PBS-Tween for
1 h. Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (1/500,
Invitrogen, cat# A11008) for 1 h, and nuclei were stained with DAPIL.

Reagents, methodology and statistical analysis

MEFs were generated in the laboratory directly from mouse embryos with
standard protocols. All antibodies (with the exception of anti-SPAG17) used
in this study were commercially available, and our results matched multiple
published reports. SPAG17 results were consistent with previous results, and
we saw loss of SPAG17 immunoblot signals in Spag!7 mutants, which is
ideal validation of an antibody. Sample sizes were generally selected by
historical precedent in the field of three or more mutant/control pairs from
three different litters, as far as possible (see Discussion for study limitations
for some sample sizes). This assignment of mutant/control from different
litters also accounted for allocation to experimental groups. Most of the
analyses presented in this article were performed by an investigator blinded to
the genotypes until after initial data collection. This was possible because the
initial tissue collections and genotyping PCRs were often done by a different
member of the scientific team. Samples or animals were excluded from
the study only in the case of pre-established and clear experimental failures;
these failures included immunohistochemistry, immunocytochemistry or
immunoblots where no appropriate signal was obtained for any specimens in

the experiment. No animals in obvious distress or showing signs of morbidity
were used in this study, with the exception of the observations of
intraventricular hemorrhage presented in the supplemental data. GraphPad
Prism v.8.0.1 software (GraphPad Software, LLC) was used to perform all
statistical analysis presented in this study. Analysis also included an analysis
for appropriate methodology and sample distribution(s) for the appropriate
test. Paired comparisons were made with Student’s -test (two tailed), and
multiple sample data sets were analyzed with an ANOVA followed by
multiple comparison testing. Graphs all use lines to show the mean=s.d.
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