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Abstract

Joubert syndrome (JBTS) is a recessive neurodevelopmental ciliopathy, characterized by a
pathognomonic hindbrain malformation. All known JBTS-genes encode proteins involved in the
structure or function of primary cilia, ubiquitous antenna-like organelles essential for cellular signal
transduction. Here, we used the recently identified JBTS-associated protein ARMC9 in tandem-affinity
purification and yeast two-hybrid screens to identify a ciliary module whose dysfunction underlies JBTS.
In addition to known JBTS-associated proteins CEP104 and CSPP1, we identified CCDC66 and
TOGARAM1 as ARMC9 interaction partners. We found that TOGARAM1 variants cause JBTS and disrupt
TOGARAML1 interaction with ARMC9. Using a combination of protein interaction analyses and
characterization of patient-derived fibroblasts, CRISPR/Cas9-engineered zebrafish and hTERT-RPE1 cells,
we demonstrated that dysfunction of ARMC9 or TOGARAM1 result in short cilia with decreased
axonemal acetylation and polyglutamylation, but relatively intact transition zone function. Aberrant
serum-induced ciliary resorption and cold-induced depolymerization in ARMC9 and TOGARAM!1 patient
cell lines suggest a role for this new JBTS-associated protein module in ciliary stability.

Word count: 159



Introduction

Ciliopathies are a heterogeneous class of disorders that arise from defects in the structure or function of
the primary cilium (1, 2), a highly specialized microtubule-based sensory organelle that protrudes from
the surface of most eukaryotic cell types (3). Joubert syndrome (JBTS) is a recessive, genetically
heterogeneous, neurodevelopmental ciliopathy, defined by a distinctive brain malformation, recognizable
as the "molar tooth sign" (MTS) (4) in axial magnetic resonance images through the midbrain-hindbrain
junction. Affected individuals have hypotonia, ataxia, abnormal eye movements, and cognitive
impairment. Additional features can occur, including retinal dystrophy, fibrocystic kidney disease, liver
fibrosis, polydactyly, and coloboma (5). To date, variants in more than 35 genes have been causally linked
to JBTS, but the genetic diagnosis cannot be identified in all patients, and the disease mechanisms remain

unclear (6-8).

All JBTS-associated proteins identified thus far function in and around the primary cilium, but their
dysfunction can affect a wide variety of cellular processes, including cilium formation, resorption, tubulin
post-translational modifications, membrane phosphatidylinositol composition, ciliary signaling pathways,
actin cytoskeleton dynamics, and DNA damage response signaling (9—14). Many JBTS proteins act together
in complexes that localize to specific subdomains of the ciliary compartment. Disruption of the

composition, architecture, or function of these ciliary subdomains causes disease (6).

The core of the cilium is composed of nine microtubule doublets forming the ciliary axoneme, which is
anchored to the cell by the basal body, a modified centriole. The axonemal microtubules undergo a range
of post-translational modifications including polyglutamylation and acetylation which are important for
the structure and function of the cilium (15-17). The ciliary membrane has a distinct protein and lipid
distribution that differs from the contiguous plasma membrane. This unique composition is achieved in
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part by the transition zone (TZ) that connects the axoneme to the membrane and acts as a partition.
Approximately half of the known JBTS proteins, including RPGRIP1L (JBTS7) (18, 19) and CC2D2A (JBTS9)
(20), assemble into multi-protein complexes at the ciliary TZ where they organize the molecular gate that
regulates ciliary protein entry and exit (21); TZ dysfunction is thought to play a key role in JBTS (22).
Another subset of JBTS-associated proteins, including ARL13B (JBTS8) (23) and INPP5E (JBTS1) (10),
associate with the ciliary membrane distal to the TZ. These proteins are thought to regulate signaling
pathways such as Hedgehog (Hh) by modulating ciliary protein and lipid composition (24, 25). Different
JBTS-associated proteins have been found to function at the basal body or distal segment/tip (6). CSPP1
(JBTS 21) (26, 27) and CEP104 (JBTS25) (28) are mainly detected at the centrosomes and ciliary basal
bodies; however, their exact molecular function, and how defects in these proteins lead to JBTS, are less
well understood. CEP104 localizes to the ciliary tip during ciliogenesis, where it is required for structural
integrity in the motile cilia of Chlamydomonas and Tetrahymena (29, 30). Pathogenic variants in the gene
encoding the ciliary tip kinesin KIF7 (JBTS12) also cause JBTS, and KIF7 dysfunction has been linked to

defects in tubulin acetylation and Hh signaling (31).

Recently, we identified biallelic pathogenic ARMC9 (armadillo repeat motif containing 9) variants in
individuals with JBTS (JBTS30). ARMC9 localizes to centrioles (32) and the proximal portion of the cilium
(33) in mammalian cilia. ARMC9 transcript levels are upregulated with induction of ciliogenesis, and armc9
dysfunction in zebrafish yields typical ciliopathy phenotypes (32). ARMC9 has not been identified as a
component of the ciliary JBTS-associated protein complexes mentioned above, so in this work, we used
ARMC9 as bait in protein interaction screens. These screens identified a microtubule-associated ciliary
protein module containing multiple other JBTS-associated proteins (CEP104, CSPP1, RPGRIP1L, and
CEP290) and two other ciliary proteins (TOGARAM1 and CCDC66) not previously implicated in JBTS.
Strikingly, we identified biallelic pathogenic TOGARAM1 variants as the cause of JBTS in five families. To
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decipher the function of the ARMC9-TOGARAM1 protein module and assess its role in the pathology of
JBTS, we mapped the interaction domains and evaluated cellular defects in cultured human cells and
zebrafish mutants. We find that these proteins, previously shown to associate with microtubules (29, 34—
36), are required for appropriate post-translational modification of ciliary microtubules and cilium

stability.

Results

Identification of a novel protein module implicated in JBTS

We performed protein interaction screens to define the ARMC9-associated interactome. To identify direct
binding partners, we employed full-length ARMC9 and four fragments (Figure 1A) as bait in a GAL4-based
yeast two-hybrid (Y2H) interaction trap screen of two validated prey retinal cDNA libraries that were
generated via random or oligo-dT primers (37). Using full-length ARMC9 as a bait, we identified four
proteins previously implicated in ciliary function as binary interactors, including ARMC9 itself (suggesting
a propensity to multimerize), TOGARAM1 (29, 34), CCDC66 (36, 38), and the JBTS-associated protein
CSPP1 (39). Validation of these interactions and evaluation of the interacting domains was performed by
Y2H co-expression. This assay indicated that the potential self-binding propensity of ARMC9 is mediated
by fragment 2 containing the N-terminal 350 amino acid stretch containing the lissencephaly type-1-like
homology motif (LisH) and coiled-coil domains, while TOGARAM1 and CSPP1 associated with fragment 4
(150-665 aa) containing the coiled-coil domain and the armadillo repeats domain (Figure 1B, C). We also
used full-length TOGARAM1 and three fragments (Figure 1D) in parallel screens which confirmed the
direct interaction between TOGARAM1 and ARMC9 (Figure 1E), and yielded an additional candidate
interactor, the JBTS-associated transition zone protein RPGRIP1L (JBTS7) (Figure 1E). The interaction with

ARMC9 was mapped to the N-terminal portion of TOGARAM1 (fragment 1) containing the TOG1 and TOG2



domains, while RPGRIP1L bound to the linker region (fragment 2) between the TOG2 and TOG3 domain

(Figure 1E).

To identify ARMC9-associated protein complexes, we expressed strep — FLAG epitope-tagged ARMC9 in

HEK293T cells, followed by tandem affinity purification (TAP) and subsequent mass spectrometry. This

identified 106 candidate ARMC9 interactors, including TOGARAM1 and the JBTS-associated protein

CEP290 (Figure 1G, H; Supplemental table 1). Subsequent TAP experiments using tagged TOGARAM1,

CCDC66, and CSPP1 confirmed the presence of ARMC9 in the TOGARAM1 and CCDC66 complexes, and

extended the network to include several other ciliary proteins (Supplemental tables 2-4). For TOGARAM1,

these additional candidate interactors included ciliary proteins ARMC9, CEP104, IFT74, IFT172, PLK1, and

PRPF31, (Supplemental table 2), for CCDC66, they included ARMC9 and DYNLL1 (Supplemental table 3),

and for CSPP1, they included RPGRIP1L and CEP290 (Supplemental table 4).

To further validate the ARMC9 interactors identified in TAP and Y2H experiments and evaluate their
propensity to interact, we performed reciprocal co-IPs of all binary permutations of the module
components ARMC9, TOGARAM1, CEP104, CCDC66, and CSPP1 (Figure 1F, Supplemental Figure 1A-I). The
results confirmed the interaction of ARMC9 with TOGARAM1, CCDC66, CEP104, and CSPP1 (Figure 1G).
Additionally, we performed PalmMyr-CFP mislocalization assays to further confirm the interaction of
TOGARAM1 and ARMCY. The PalmMyr-CFP assay utilizes a PalmMyr tag which provides sites for
palmitoylation and myristoylation. The palmitoylation and myristoylation forces the tagged protein to
(mis)localize to the cell membrane (40). This mislocalization can be evaluated by fluorescence microscopy
of CFP signal. We transfected PalmMyr-CFP tagged ARMC9 and mRFP-tagged TOGARAM1 into human
telomerase reverse transcriptase retina pigmented epithelium (hTERT-RPE1) cells, alone and in

combination, to assess the interaction between ARMC9 and TOGARAML. Cells transfected with PalmMyr-
7



CFP-ARMC9 alone showed diffuse localization across the cell membrane (Supplemental Figure 1B), while
MRFP-TOGARAM1 alone localized to microtubule-like structures (Supplemental Figure 1C). Co-expression
yielded complete co-localization along these structures despite the PalmMyr tag on ARMC9
(Supplemental Figure 1D), thereby indicating a direct interaction of the two proteins and a likely strong

microtubule binding affinity of TOGARAM1.

TOGARAM1 variants cause JBTS in humans

Next, we investigated whether our interactome dataset could be used to identify new JBTS-associated
genes. We cross-referenced the ARMC9-interactome data with DNA sequence data from our cohort of
>600 families affected by JBTS (41). We first evaluated exome sequence data for 53 individuals in 51
families without variants in known JBTS genes. We identified biallelic, missense TOGARAM!1 variants in a
fetus with cerebellar vermis hypoplasia and polydactyly (UW351-3 in Figure 2A and Table 1). These
variants (c.1124T>C; p.Leu375Pro and c.3931C>T; p.Arg1311Cys) are rare in gnomAD v2.1 (42) and
predicted to be deleterious by combined annotation dependent depletion (CADD) (43) (Table 1). To
identify additional families, we sequenced all of the known JBTS genes using small-molecule molecular
inversion probe capture (44) in 534 additional individuals from the same cohort and identified another
individual (UW360-3 in Table 1 and Figure 2A) with the molar tooth sign (Figure 2B) and a nonsense variant
(c.1084C>T; p.GIn362*) on one allele and low read depth indicating a possible multi-exon deletion event
on the other allele. We confirmed a 12 kb deletion using a custom comparative genomic hybridization
array, and fibroblast cDNA sequencing revealed deletion of exons 4-7 (Figure 2C). Genomic DNA
sequencing of the proband and parents revealed that the 12,191 base pair deletion was inherited from
the father (Figure 2C). In parallel, exome sequencing in several other cohorts of individuals with ciliopathy
and neurodevelopmental conditions identified three other individuals with TOGARAM11-related JBTS

(Table 1 and Figure 2A, B): 13DG1578 (consanguineous) with a homozygous rare, predicted-deleterious



missense variant (c.1102C>T; p.Arg368Trp), WGL-1914 (consanguineous) with a rare, homozygous stop-
gain variant (c.3248C>A; p.Ser1083*), and JAS-L50 (non-consanguineous) with rare, compound
heterozygous missense and stop-gain variants (c.1112C>A; p.Ala371Asp and c.5023C>T; p.Argl675%*).
Most variants identified in this work cluster around the TOG (tumor overexpressed gene) domains in the
protein (Figure 2D). TOGARAM1 is also known as FAM179B and KIAA0423, with homologs CHE-12 in
C.elegans and Crescerinl in mouse. Segregation analysis for all affected families confirmed a recessive
inheritance pattern (Figure 2A and Supplemental Figure 3).

The five affected individuals had features consistent with JBTS, including classic brain imaging findings
(absent cerebellar vermis and thick, horizontally oriented superior cerebellar peduncles, giving the
appearance of the molar tooth sign) in the four children (Figure 2B), and cerebellar vermis hypoplasia in
the fetus (UW351-3). This fetus also had bilateral postaxial foot polydactyly and abnormal craniofacial
features at autopsy including broad nasal bridge and posteriorly rotated ears. The four living children have
typical hypotonia, ataxia, cognitive delays and behavioral features associated with JBTS, while WGL-1914
and JAS-L50 had kidney involvement and WGL-1914 also had liver involvement. Uncommonly seen in
individuals with JBTS, widely spaced nipples, male genital abnormalities (undescended testicles and
possible micropenis in UW360-3, and small scrotum and testicle in 13DG1578), and somewhat similar

dysmorphic features were noted in several of these individuals (Table 1).

JBTS-associated TOGARAM1 missense variants in the TOG2 domain disrupt the ARMC9-TOGARAM1
interaction

TOGARAM1 is a member of the highly conserved FAM179 protein family and is found across ciliated
eukaryotes including Chlamydomonas reinhardtii, Tetrahymena thermophila, and Caenorhabditis elegans.
TOGARAM1 has four conserved TOG domains that display similarity to the tubulin binding domains in ch-

TOG and CLASP family proteins (34). Arg368Trp, Ala371Asp, and Leu375Pro, lie within the highly



conserved TOG2 domain (Figure 2D, Supplemental Figure 2A) which has been found to promote
microtubule polymerization in vitro (34). The TOG2 domain conforms to the canonical TOG domain
architecture found in other TOG array containing proteins such as CLASP and Stu2 (Supplemental Figure
2A), therefore disruption of this domain is predicted to disturb microtubule binding (45). Using in silico
analysis of the effects of point mutations, we found that Arg368Trp, Ala371Asp, and Leu375Pro, variants
were predicted to be deleterious to protein structure (45). Residue 368 is highly conserved, modeling the
wild-type and mutant TOG domains using HOPE (45) predicts that the larger and neutral tryptophan
disrupts the normal hydrogen bonds with the aspartic acid residues at positions 361 and 405
(Supplemental Figure 2B, C). Position 371 is highly conserved, and due to the difference in size and
hydrophobicity, aspartic acid at this position is predicted to disrupt the structure and function of the
HEAT4 domain. Position 375 is located in a predicted a-helix, and is highly conserved; proline at this
position is predicted to disrupt this a-helix as it introduces a bend in the polypeptide chain (Supplemental

Figure 2D, E), likely affecting protein folding or interaction with other domains (45).

To assess the effects of JBTS-associated missense variants, we modeled two of the TOG2 domain variants
(Arg368Trp, Leu375Pro) and the single TOG3 domain variant (Arg1311Cys) by expressing wild-type and
mutant mRFP-tagged TOGARAML1 in control (Figure 3A-E) and genetically edited TOGARAM1 mutant
hTERT-RPE lines (Supplemental Figure 4A, B). The genetically edited TOGARAM1 mutant hTERT-RPE line,
TOGARAM1 mut 1, has a biallelic deletion of the ATG site of TOGARAM1 (Supplemental Figure 5A, B).
Overexpressed wild-type TOGARAM1 localized along the ciliary axoneme and was associated with
markedly longer cilia compared to untransfected wild-type cells (Figure 3A, B) and TOGARAM1 mut 1 cells
(Supplemental Figure 4A,B). Exogenous TOGARAM1 harboring these three variants individually also
localized to the cilium, but overexpression of TOG2-domain variants Arg368Trp and Leu375Pro resulted
in longer cilia while overexpression of the TOG3-domain variant Arg1311Cys resulted in shorter cilia
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compared to untransfected cells (Figure 3A-E, quantification in Figure 3F). These data suggest that
disruption of the TOG3 domain may have a dominant negative effect on the microtubule polymerization
capacity of TOGARAM1 and disruption of the TOG3 domain has a different effect on TOGARAM1

localization and ciliary extension as compared to TOG2 domain variants.

We next investigated the effects of the TOGARAM1 variants on the interaction with ARMC9 using co-IP,
binary yeast two-hybrid (Y2H) interaction analysis, and PalmMyr colocalization assays. We found that the
variants in the TOG2 domain (Arg368Trp and Leu375Pro) abolished co-IP of HA-ARMC9 with Myc-
TOGARAM1, while the Arg1311Cys variant in the TOG3 domain does not influence the interaction in these
assays (Figure 3G). Y2H analysis confirmed these binary interactions (Figure 3H). In PalmMyr assays, the
individually-expressed wild-type and mutant mRFP-tagged TOGARAM1 proteins localized along the length
of cilia and along cytoplasmic microtubules (Supplemental Figure 4D). Co-expression of PalmMyr-CFP
tagged ARMC9 with wild-type or Arg1311Cys mRFP-TOGARAM1 resulted in a pattern consistent with co-
localization to cytoplasmic microtubules (Supplemental Figure 4E), indicating protein-protein interaction.
In contrast, co-expression with the TOG2 variants resulted in PalmMyr-CFP tagged ARMC9 remaining
localized to the plasma membrane, suggesting a lack of interaction with the TOGARAM1 mutants affecting
the TOG2 domain (Supplemental Figure 4E). Taken together, these data indicate that variants in the TOG2

domain abrogate the ARMC9-TOGARAM1 interaction.

togaram1 mutations cause ciliopathy phenotypes in zebrafish

To further investigate the function of TOGARAM1 and the association between TOGARAM1 dysfunction
and JBTS, we turned to zebrafish, an established model organism for ciliopathies. Indeed, zebrafish
display a variety of ciliated cell types similar to humans, and pathogenic variants in human ciliopathy genes
result in typical ciliopathy phenotypes in zebrafish. Ciliated cells typically assessed in the zebrafish model
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include epithelial cells in pronephric (kidney) ducts, olfactory neurons in nose pits or neuronal progenitors
on larval brain ventricular surfaces.

We identified a single zebrafish togaram1 ortholog displaying a highly conserved C-terminal region
encompassing two TOG domains (similar to human TOG3 and 4) and a single N-terminal TOG domain
corresponding to mammalian TOG2 domain (Supplemental Figure 6A). The three TOG domains are well-
conserved between zebrafish and its corresponding human counterparts (50-58% amino acid identity and
72-77% similarity). As for the linker region between TOG domains, while it is more poorly conserved, it is
enriched in serines and lysines (125 of 589 residues are Ser or Lys), similar to the proportion found in the
human protein (165 of 657 residues are Ser or Lys); this is a common feature of TOG-domain containing
proteins (46). Gene synteny analysis confirmed that the identified zebrafish sequence represents the
ortholog of human TOGARAM1 (Supplemental Figure 6B). Importantly, on the paralogous chromosomal
fragment generated by the teleost-specific whole genome duplication, no second togaram1 paralog could
be identified. Moreover, synteny analysis also revealed that the zebrafish genome lacks a TOGARAM?2
ortholog (Supplemental Figure 6C), leaving zebrafish with just one togaram ortholog. These findings

support the utility of zebrafish as a model for TOGARAM1-associated human disease.

We next generated zebrafish mutants using CRISPR/Cas9. Two different pairs of sgRNAs targeting
different regions of the gene (Supplemental Figure 6D) led to similar phenotypes in injected FO larvae.
39% developed a curved body shape and 9% developed kidney cysts, both typical zebrafish ciliopathy-
associated phenotypes (Supplemental Figure 6E). Single larvae genotyping revealed a very high mutation
efficiency (94% of sequenced clones from 7 larvae had small insertions-deletions, the majority of which
were frameshift mutations). Mutant FO fish displayed a striking scoliosis phenotype as juveniles

(Supplemental Figure 6E), reminiscent of other ciliopathy mutants including armc9 CRISPR-FO fish (32).
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Taken together, these results confirm that loss of togaram1 causes ciliopathy phenotypes in zebrafish and

supports a role for togaram1 in ciliary function.

armc9 and togaram1 mutant zebrafish display similar phenotypes

To further evaluate the link between TOGARAM1 and ARMC9, we compared zebrafish mutants in the two
genes. Following up on our previous work (32), we raised several stable (>F2) zebrafish lines harboring
frameshift insertion and deletion alleles of armc9 (Supplemental Figure 6F). Since homozygous mutants
from all generated alleles have comparable phenotypes, we focused on the armc9?">% allele for follow up
experiments (Supplemental Figure 6F). This allele harbors a 110bp insertion in exon 14 that leads to exon
skipping, causing a frameshift that inserts a stop codon at position 73 of exon 15. armc9-/- larvae have a
straight body shape and an incompletely penetrant pronephric cyst phenotype affecting 44% of

homozygous mutants (Figure 4A-B). In comparison, togaram17h°99 or zh510

mutant F2 larvae harboring
frameshift mutations leading to stop codons in exons 21/22 have a slightly curved body shape and display
a similar rate of kidney cysts compared to armc9-/- mutants (Figure 4C). Pronephric cysts and body
curvature do not necessarily correlate with each other in togaram1 mutants, as each phenotype can be
found in isolation or in combination, but overall, 85 % of togaram1-/- larvae have at least one ciliopathy
phenotype. Neither mutant displayed heart laterality defects that are seen in some zebrafish ciliopathy
models. In addition to frameshift mutations in exon 21/22, we also identified a 21 bp in-frame deletion
leading to loss of 7 amino acids in the TOG4 domain, of which 6 are highly conserved (togarami1?°%,

Supplemental Figure 7). Homozygous in-frame mutant larvae are indistinguishable from the frameshift

mutants, suggesting that the TOG4 domain may be critical for Togaram1 function.

In addition to the pronephric cysts, both armc9-/- and togaram1-/- fish develop scoliosis as juveniles
compared to wild-type (Figure 4D-F), as previously described in other zebrafish ciliary mutants (47, 48).
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Given that pronephric cysts and curved bodies are typical ciliopathy phenotypes, we next analyzed the
cilia in both mutants using immunofluorescence with anti-Arl13b and anti-acetylated a-tubulin
antibodies. Compared to wild-type, larvae of both mutants have reduced numbers of shortened
pronephric, ventricular, and nose pit cilia (Figure 4G-0), the latter being confirmed by scanning electron
microscopy (Figure 4P-R). The reduced and shortened cilia in both mutants support a role for Armc9 and

Togaram1 in zebrafish cilium formation and/or stability.

JBTS-associated ARMC9 and TOGARAM1 variants result in decreased ciliary length

To gain insight into the ciliary defects associated with JBTS in humans, we evaluated four fibroblast lines
from patients with ARMC9-associated JBTS. Western blot analysis of total protein lysates revealed that all
four cell lines express trace levels of the two major ARMC9 isoforms at 92kDa and 75.5kDa seen in control
fibroblasts (32) (Figure 5A, B). To evaluate for ciliary phenotypes, we serum starved control and affected
cells, and then stained with anti-acetylated a-tubulin and anti-ARL13B antibodies. All four patient lines
displayed significantly shorter mean ciliary length (2.3-3.3um, standard deviation (SD) 0.7-1.4, n = 349-
1395 cilia), versus controls (3.6um, SD 1.4, n =1395 cilia) (Figure 5C). Ciliation rates 48 hours after serum
starvation were similar in the patient lines (75-86%) compared to controls (80%), suggesting that ARMC9

does not play an integral role in ciliogenesis (Figure 5D).

Mean ciliary length was also shorter the one available patient cell line from UW360-3 with TOGARAM 1-
related JBTS (2.6um, SD 0.8, n = 154 cilia) versus control (3.0um, SD of 1.0, n = 179 cilia) (Figure 5E). This
line had a slightly lower ciliation rate than control (85% versus 91% respectively) (Figure 5F). To generate
additional data about the effects of loss of TOGARAM1 function on cilia in human cells, we turned to
CRISPR/Cas9 genome-edited TOGARAM1 hTERT-RPE1 mutant cells. gRNAs targeting the translation start
site of exon 1 resulted in two different lines harboring a disruption in the ATG site of both alleles of
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TOGARAM1 (Supplemental Figure 5). These lines make significantly shorter cilia (mut line 1: 1.5um, SD
0.6, n= 111 cilia; mut line 2: 1.2um, SD 0.5, n = 178 cilia) versus the isogenic control (2.3um, SD 0.8, n =
137 cilia) (Figure 5E). Ciliation levels in the TOGARAM1 engineered lines (81% in mutant 1 and 69% in
mutant 2) did not differ significantly from the isogenic control (67%) (Figure 5F). Taken together these
results suggest that disruptions in TOGARAM1 and ARMC9 lead to shorter ciliary length but do not affect

overall ciliation rates.

Transition zone integrity with ARMC9 and TOGARAM1 dysfunction

Given the well-described role of transition zone (TZ) dysfunction in JBTS (22), we evaluated whether the
integrity of this compartment is affected by loss of TOGARAM1 or ARMC9 function. Since TZ dysfunction
often results in loss of ciliary ARL13B, which secondarily causes loss of ciliary INPP5SE (12, 49), we
performed quantitative immunofluorescence (qIF) on control, ARMC9, and TOGARAM1 patient cell lines.
Our data revealed mildly lower levels of ARL13B in three of four ARMC9 patient fibroblast lines and normal
levels in the TOGARAM1 patient fibroblast line (Figure 6A; Supplemental Figure 8A, C). Importantly, the
mildly lower ARL13B levels observed in three of four ARMC9 lines were not associated with lower ciliary
INPP5SE (Figure 6B; Supplemental Figure 8B), indicating that the lower ARL13B levels were still sufficient
to properly localize INPP5E. Western blot analysis also revealed similar levels of ARL13B and INPP5E in
patient fibroblast lysates compared to control cells (Figure 6C, D). In zebrafish, Arl13b levels were not
lower in either mutant (and even slightly increased in the armc9-/- fish) (Figure 6A, E, F). Together, these
results are strikingly different from the marked ciliary ARL13B and INPP5E reduction observed in TZ
mutants (12, 49). To evaluate the composition of the TZ directly, we performed immunostaining for
canonical TZ proteins RPGRIP1L in human cell lines (Figure 6G, H) and Cc2d2a in zebrafish (Figure 6F). Both
proteins localized normally to the TZ of the respective cilia. Taken together, these findings suggest that
the TZ is generally intact, despite dysfunction of the ARMC9-TOGARAM1 complex.
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TOGARAM1 dysfunction results in attenuated SMO translocation

Recent work has reported Hedgehog (Hh) signaling defects in cell lines with dysfunction of the JBTS genes
CEP104, CSPP1, and Armc9 (33, 39). Therefore, we tested whether TOGARAM1 dysfunction leads to
attenuated ciliary SMO accumulation in response to Hh stimulation in the engineered TOGARAM1-mutant
hTERT-RPE1 cells described above (Supplemental Figure 5). We starved the cells for 24 hours to promote
ciliation and then exposed them to 100 nM Smoothened agonist (SAG) for an additional 24 hours before
fixation and qIF (Supplemental Figure 9A). Upon pathway stimulation, the control and two TOGARAM1-
mutant lines exhibited a significant induction of SMO translocation into the cilium as compared to their
respective DMSO treatment condition; however, the ciliary enrichment of SMO was markedly lower in the
two mutant lines compared to control cells (Supplemental Figure 9B-D). Overall, SMO intensity levels in
both TOGARAM1-mutant lines were less than 50% of the control line, and mutant lines did not differ

significantly in their response when compared to each other.

ARMC9 and TOGARAM1 dysfunction affects tubulin post-translational modifications in patient
fibroblasts and zebrafish mutants

During our experiments evaluating ciliary ARL13B and INPP5E, we noted that the acetylated a-tubulin and
polyglutamylated tubulin signals appeared substantially less intense in patient cell lines versus controls
(Figure 7A, B). Using glF, mean acetylated tubulin levels were ~50% of control levels in the ARMC9 lines
and ~70% of controls in the TOGARAM1 line (Figure 7E, F and Supplemental Figure 10A, B). Mean
polyglutamylated signal levels were ~35% and ~45% of control levels in ARMC9 and TOGARAM]1 lines
respectively (Figure 7B, F and Supplemental Figure 10). Western blots of whole cell lysates also
demonstrated substantially lower levels of both acetylated and polyglutamylated tubulin in ARMC9
fibroblast lines compared to controls (Figure 7A, B). In the zebrafish armc9 and togaram1 mutant lines,
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we observed similar reductions of ciliary acetylated and polyglutamylated tubulin in the remaining
ventricular cilia (Figure 7C-F). Together, these results indicate that loss of either ARMC9 or TOGARAM1

results in decreased post-translational modifications of axonemal tubulin across multiple model systems.

ARMC9 and TOGARAML1 dysfunction is associated with abnormal ciliary resorption

Post-translational modifications of microtubules such as acetylation and polyglutamylation are enriched
in the ciliary compartment and play roles in ciliogenesis, axoneme stability, and cilium disassembly (17).
To investigate the consequence of reduced ciliary microtubule post-translational modifications on
axonemal stability, we evaluated cilia of control and ARMC9 patient cells for sensitivity to cold-induced
microtubule depolymerization (50, 51). In control cells, a 10-minute treatment at 4°C was not associated
with reduced numbers of cilia, while cold-treated ARMC9 patient cells had 20-30% fewer cilia than
untreated cells (Figure 8A). TOGARAM1 patient cell cilia were also more susceptible to cold-induced

depolymerization, with 15% fewer cilia after treatment compared to untreated cells (Figure 8A).

As a second measure of cilium stability, we evaluated the rate of cilium resorption after serum re-addition
to serum-starved cells. Serum provides growth factors that quickly initiate ciliary resorption, so that cells
can re-enter the cell cycle. In controls, the ciliation rate was ~85% of baseline 4 hours after serum re-
addition. In contrast, the ciliation rate was 70% of baseline in ARMC9 patient fibroblasts only 2 hours after
serum re-addition, and by 8 hours, it was down to 50%, compared to 75% in controls (Figure 8B). To
determine whether the faster resorption was due to an overactive deacetylating enzyme in the ARMC9
cell lines, we repeated these experiments with and without the histone deacetylase 6 (HDAC6) inhibitor
tubacin. Tubacin treatment did not rescue the faster resorption in ARMC9 cell lines to control levels
(Supplemental Figure 11A-C). Intriguingly, the ciliation rate of the one TOGARAM!1 patient fibroblast line
available remained 90% of baseline even 8 hours after serum re-addition, substantially higher than
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controls (Figure 8B). To determine if this abnormal ciliary stability caused defects in cell cycle progression,
we used a flow-cytometry based approach to quantify cell cycle reentry (Supplemental Figure 12A-B).
ARMC9 and TOGARAM1 patient cell lines reentered the cell cycle closely with similar timing to control
cells. These data suggest that the ARMC9-TOGARAM1 complex plays a role in regulation of axonemal

stability.

Discussion

In this study, we identified a new JBTS-associated protein module that can be distinguished physically and
functionally from the previously described JBTS protein complex at the ciliary transition zone of primary
cilia (52). Several components of this new module localize at the ciliary basal body (32) and at the proximal
end of the ciliary axoneme (33, 53). Pathogenic variants in the genes encoding two directly interacting
members of the module, ARMC9 and TOGARAM1, cause defects in cilium length, Hh signaling (SMO
translocation), microtubule post-translational modifications (acetylation and polyglutamylation), and
ciliary stability in patient-derived fibroblasts, zebrafish mutants, and genetically edited hTERT-RPE1 cell

lines (Summary Figure 9).

The ARMC9-TOGARAM1 complex in JBTS

Knowledge of the components and associations of the ciliary molecular machinery has been instrumental
for relating ciliopathy genetic defects, associated pathomechanisms, and the wide spectrum of
overlapping ciliopathy phenotypes. Several affinity and proximity proteomics approaches have been used
to determine the topology of ciliary protein-protein interaction networks and generate molecular
blueprints of the ciliary machinery, e.g. the entire ciliary organelle (54), of the human centrosome-cilium
interface (53), or specific ciliopathy-associated protein modules (55, 56). The majority of the previously
identified JBTS-associated proteins participate in specific sub-modules of complex ciliary protein networks
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that vary in sub-ciliary localization, concentrating at the transition zone to organize and regulate the ciliary

gate (12, 57).

Using a combination of affinity proteomics (TAP) and Y2H protein interaction screens, we found that the
newly JBTS-associated protein ARMCY9 interacts with known JBTS-associated proteins CSPP1 and CEP290,
confirming the importance of this complex to JBTS. We also identified two ciliary microtubule-associated
proteins, TOGARAM1 and CCDC66, not previously associated with JBTS. A subsequent TAP screen using
TOGARAM1 as bait pulled out ARMC9, further validating their interaction, and also identified another
JBTS-associated protein, CEP104 (JBTS25). By Y2H screening we determined the direct interaction of
TOGARAM1 with another JBTS-associated protein, RPGRIP1L (JBTS7), while a TAP experiment using CSPP1
as a bait again identified CEP290 as a complex member, and confirmed its previously identified interaction
with RPGRIP1L (58). Our results are in agreement with the BiolD proximity interactome of CEP104 that
contained most of our module components, except for ARMC9 and RPGRIP1L (53). Co-IP and yeast two-
hybrid analysis validated the core module, ARMC9, TOGARAM1, CCDC66, and CEP104 consisting of
proteins important for cilium function and ciliopathy disease. For instance, CCDC66 was previously found
to interact with CEP290 (36) and null mutations cause retinal degeneration in dogs (59) and mice (60).
CEP104 localizes both to the daughter centriole as well as to the apical tip of a growing cilium (30) and,
similar to TOGARAM1, interacts with tubulin through its TOG domain (61). Moreover, CEP104 has been
shown to interact with NEK1 (61), which is associated with the ciliopathy “short-rib polydactyly syndrome
Majewski type” (62), and with the JBTS-associated protein CSPP1 (39). This interaction, that we confirmed
in our co-IP experiments, is required for the formation of Hedgehog signaling-competent cilia, as
mutations in CSPP1 and CEP104 significantly decreased ciliary SMO translocation (39), similar to what we
observed with RPE1 TOGARAM1 mutant lines. Following the “guilt by association” paradigm, we next

found biallelic TOGARAM1 variants in multiple individuals with JBTS, reiterating the relevance of the
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complex to JBTS, and moving us closer to identifying all genetic causes of this disorder. We did not find
CCDC66 variants in >600 families affected by JBTS, indicating that variants in this gene are, at most, a very

rare cause of JBTS.

Role of the ARMC9-TOGARAM1 complex in ciliary length and stability

The structure of TOG domains is highly conserved for microtubule binding, where the intra-HEAT loop in
the discontinuous TOG domain binds tubulin (63—66). TOG domains are thought to regulate microtubule
growth and dynamics (67). The TOG domains in TOGARAM1 have differential microtubule binding capacity
and likely function in concert to coordinate microtubule polymerization (34). For example, the C-terminal
TOG domains TOG3 and TOG4 promote microtubule lattice binding (34). Interestingly, we found that cilia
are shorter in cells with ARMC9 or TOGARAM1 dysfunction. In contrast, we demonstrate that TOGARAM1
overexpression results in long cilia, and this effect requires an intact TOG3 domain, but not an intact TOG2
domain which is required for TOGARAML1 interaction with ARMCO. In fact, the TOG3 domain Arg1311Cys
variant does not interfere with the ARMC9 interaction, but over-expression of this mutant protein results
in severely shortened cilia. Since both long and short cilia have been identified in fibroblasts from patients
with different genetic causes of JBTS, no simple correlation between cilium length and JBTS disease

mechanism can be made (31, 32, 68, 69).

Recent work in Tetrahymena indicates that TOGARAM1 and ARMC9 orthologs may have opposite effects
on B-tubule length (29). In mammalian cells, we found that dysfunction of either gene leads to shorter
cilia, decreased post-translational modifications, and sensitivity to cold-induced ciliary microtubule
depolymerization, suggesting reduced ciliary stability. Intriguingly, TOGARAM1 and ARMC9 dysfunction
seem to have opposite effects on the kinetics of cilium resorption after serum re-addition in patient
fibroblasts. This result suggests that different mechanisms may underlie ciliary resorption in the setting
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of serum re-addition versus cold-induced depolymerization. The latter may represent an acute stressor
directly correlated with cilium stability, while the former is a regulated mechanism required for cell cycle
reentry, for which TOGARAM1 and ARMC9 may indeed play opposing roles as suggested by the work in

Tetrahymena (29).

Post-translational modifications of ciliary microtubules

ARMC9 and TOGARAM1 dysfunction also leads to significantly decreased axonemal post-translational
modifications (PTMs, polyglutamylation and acetylation) in patient fibroblasts and zebrafish, supporting
the relevance of altered PTMs in JBTS. Tubulin PTMs are indispensable for proper microtubule function,
affecting their mechanical properties, stability, and binding of microtubule-associated proteins (MAPs) to

influence protein trafficking and signaling (17).

Polyglutamylation decorates the surface of axonemal microtubules. This reversible modification ranges
from 1-17 glutamyl residues in vivo (70), and plays a role in intraflagellar transport activity and MAP
binding (71-74). Decreased ciliary polyglutamylation interferes with kinesin2-mediated anterograde
transport, also on the B-tubule, and subsequently negatively impacts Hedgehog signaling (72, 73). Some
MAPs are sensitive to the amount of glutamylation. For example, spastin has optimal microtubule-
severing activity in vitro with moderate polyglutamylation, while both hypo- and hyper-glutamylation
suppresses severing activity (75). In the context of JBTS, decreased axonemal polyglutamylation was
reported in fibroblasts from patients with CEP41-related JBTS (11). More recent work found decreased
axonemal glutamylation with ARL13B, FIP5 and TTLL5 knockdown in immortalized cells, associated with

impacts on polycystin localization and Hh signaling (71).
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While most PTMs are added to the C-terminus of tubulin on the microtubular surface, acetylation uniquely
occurs on the luminal surface of a-tubulin. Ciliary resorption requires removal of this modification by
HDACG6 (76). It has been long observed that the hyperstabilized ciliary microtubules are acetylated, but
until recently it was not known if the modification confers stability or if long-lived stable microtubules
accumulate this modification. Recent work using cryo-EM confirmed that acetylation causes a stabilizing
conformational change (77). This is in line with our findings of decreased axonemal microtubule
acetylation and stability with ARMC9 and TOGARAM1 dysfunction, as well as previously published findings
with Kif7 and Armc9 dysfunction (33, 68). In particular, Armc9 null NIH3T3 cells had short cilia and
decreased acetylation and glutamylation. The more rapid ciliary resorption with ARMC9 dysfunction is
unlikely due to excessive deacetylation since cilia were not stabilized by HDAC6 inhibition. Interestingly,
Kif7 mutant mouse embryonic fibroblasts (MEFs) exhibited reduced glutamylation, making it the only
other JBTS model with decreases in both of these PTMs (31, 68). Fibroblasts from patients with INPP5E-
related JBTS also display decreased cilium stability (78). Notably, these models of KIF7- and INPP5E-related
ciliary dysfunction disrupt Hh signaling, likely due to GLI/SUFU mislocalization and aberrant
phosphatidylinositol composition respectively, while emerging evidence indicates that reduced
polyglutamlyation may indirectly alter translocation of Hh pathway components by perturbing

anterograde intraflagellar transport (71, 72).

The observed reduction of PTMs with ARMC9 and TOGARAM1 dysfunction could therefore affect ciliary
function through loss of stability and/or direct disruption of signaling pathways. In fact, Armc9 and
Togaram1 (FAM179B) were identified as positive regulators of the Hh pathway in a genome-wide screen
for Hh signaling components (33). That study also demonstrated that over-expressed ARMC9 translocates
from the ciliary base to the tip upon Hh pathway stimulation (33). In Tetrahymena, orthologs of ARMC9
and TOGARAM1 are seen at both the base and tip, with tip enrichment during cilia regeneration (29).
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Taken together, these results suggest a dynamic localization of the complex members, and likely changes
in protein complex composition at each locale. Further work will be required to determine the details of

dynamic ARMC9-TOGARAML1 localization during ciliogenesis, resorption, and signaling.

Conclusions

The biological mechanisms underlying JBTS remain incompletely understood. This work brings us one step
closer to the complete catalog of JBTS genetic causes, and highlights the role of a new JBTS-associated
protein complex including ARMC9 and TOGARAM1. Approximately half of JBTS-associated genes are
implicated in transition zone function which is required for ciliary ARL13B and INPP5E localization. In
contrast, the ARMC9-TOGARAM1 complex is not required for INPP5E localization, and instead, appears to
regulate the post-translational modification of ciliary microtubules, ciliary length and ciliary stability.
Future work will need to reconcile how the diverse array of cellular defects associated with loss of function

for the JBTS genes relate to this important human disorder.
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Materials and Methods

A detailed description of cell culturing conditions, cloning, immunofluorescence and microscopy, cell cycle
assay, zebrafish experiments, Palm-Myr assay, tandem affinity purification, yeast two-hybrid interaction
analysis, coimmunoprecipitation, statistical analysis, microtubule cold assay, cilia stability assay, subject
ascertainment and phenotypic data, variant identification, and array CGH can be found in the

supplemental material and methods file.

Web resources

http://chopchop.cbu.uib.no

http://gnomad.broadinstitute.org

https://www.ensembl.org/index.html

http://www.cmbi.umcn.nl/hope/

https://huygens.science.uva.nl/PlotsOfData/ (79)

http://www.phylogeny.fr/

http://syntenydb.uoregon.edu/synteny db/
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Figure 1 ARMC9 associates with TOGARAM1 in a ciliary module. (A) Schematic of full-length ARMC9 and

fragments used as baits in Y2H bovine and human retinal cDNA library screens. Domains indicated are the

predicted Lissencephaly type-1-like homology motif (LisH, dark green), coiled-coil domain (CC, light green)

and the armadillo repeats-containing domain (armadillo, purple). (B) Direct interaction analysis grid using

full length prey constructs. Selection of strains co-expressing bait and prey constructs was performed on

guadruple knockout SD medium (SD-LWHA). The top row displays yeast colony growth when using

fragment 1 of TOGARAML1 as prey. (C) B-Galactosidase activity assay confirming the interactions. (D)
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Schematic of full-length TOGARAM1 and fragments used in Y2H bovine and human retinal cDNA screens.
(E) TOGARAM1 screen results validated in a Y2H directed interaction analysis on triple (SD-LWH) and
quadruple (SD-LWHA) knockout media. (F) Flag co-IP of 3xFlag-ARMC9, 3xFlag-TOGARAM1, 3xFlag-
CCDC66, 3xFlag-CSPP1, and 3xFlag-CEP104 with 3xHA-ARMC9. 3xFlag-mRFP served as a negative control.
Western blot analysis post Flag-tag purification indicates the presence of 3xHA-ARMC9 confirming the
interactions. 3xFlag-mRFP shows no interaction with 3xHA-ARMC9. (G) ARMC9 interacts with TOGARAM1
as confirmed by TAP, dashed lines, and Y2H screens, solid lines. Validation was subsequently performed
using co-IP, dotted lines. (H) Silver stain gel of C-terminally and N-terminally SF-TAP tagged ARMC9 (left,
large arrow, 80 kDa) and N-terminally SF-TAP tagged TOGARAM1 (right, large arrow, 200 kDa) post protein
purification. The small arrows indicate the expected protein bands of two TOGARAM1 isoforms (195.6
kDa and 189.4 kDa) in the ARMC9 TAP purification, and two endogenous ARMC9 isoforms (91.8 kDa and

75.7 kDa) in the TOGARAM1 TAP purification.
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Figure 2 TOGARAM1 variants cause JBTS. (A) Pedigrees and segregation of TOGARAM1 variants. (B) Brain
imaging features in individuals with TOGARAM1-related JBTS. Molar tooth sign (arrowheads in left

column, axial T2-weighted images), and elevated roof of the 4th ventricle (arrows in right column, sagittal
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T1-weighted (top two) and T2-weighted (bottom) images). Much of the cerebellar tissue on the sagittal
images (right column) is hemisphere based on axial and coronal views (not shown). (C) Multi-exon deletion
in UW360. Primers flanking the predicted deletion amplify a 1064 base pair product in father (F) and
affected son (S) due to a 12,191 base pair deletion, but not mother (M) because the predicted product is
too large. Sanger sequencing of the breakpoint in gDNA (upper) and cDNA (lower) from the affected child,
confirming deletion of exons 4-7. Coding genomic schematic of Homo sapiens TOG array regulator of
axonemal microtubules 1, TOGARAMI. Transcript variant 1 is shown (NM_001308120, variant 2
NM_015091.2, not shown). (D) Protein schematic of TOGARAM1 with JBTS associated variants indicated,

TOG domains 1-4 are shown with HEAT repeats indicated in gradient blue.
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Figure 3 Overexpression of TOGARAM1 affects ciliary length and TOG2 domain variants reduce ARMC9
interaction. (A) Untransfected control hTERT-RPE1 cells, the cilium is shown with transition zone marker
RPGRIP1L (white) and ciliary membrane marker ARL13B (green). (B-E) Transient mRFP-TOGARAM1
overexpression (red) in hTERT-RPE1 cells shown with transition zone marker RPGRIP1L (white) and ciliary
membrane marker ARL13B (green): (B) mRFP-TOGARAM1-wild-type, (C) mRFP-TOGARAM1-Arg368Trp,
(D) MRFP-TOGARAM1-Leu375Pro, and (E) mRFP-TOGARAM1-Arg1311Cys. Images are representative of

>30 cilia assessed per condition over three experiments. Scale bars are 5um. (F) Quantification of cilium
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lengths with overexpression of wild-type and variant forms of mRFP-TOGARAM1. (untransfected n=39,
wild-type n=36, Arg368Trp n=32, Leu375Pro n=35, Arg1311Cys n=36). Box plot horizontal bars represent
the median +/- 95Cl. Significance was tested by one-way ANOVA and Tukey’s multiple comparison test.
No significant differences were found between cells overexpressing mRFP-TOGARAM1, mRFP-Arg368Trp,
and mRFP-Leu375Pro. p=0.0004 for untransfected versus Arg1311Cys (G) Co-immunoprecipitation of HA-
tagged ARMC9 and Myc-tagged TOGARAM1: Wild-type and Myc-tagged TOGARAM1-Arg1311Cys interact
with ARMC9, while TOGARAM1 variants Arg368Trp and Leu375Pro do not. (H) Y2H direct interaction
analysis assay with ARMC9 and TOGARAM1: Wild-type and TOGARAM1-Arg1311Cys interact with ARMC9
while the TOGARAM1 variants Arg368Trp and Leu375Pro do not. P-value symbols: ns p>0.05, ***p<0.001,

**%%p<0,0001.
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Control togaram1 -/-

actub

Figure 4 armc9 and togaram1 mutant zebrafish display ciliopathy associated phenotypes. (A-C) Larval

phenotype demonstrating kidney cysts in armc9-/- (B) and kidney cysts and slightly curved body shape in
36



togaram1-/- (C). Black boxes in (A-C) show magnification of glomerulus region in inset. Dashed lines
highlight kidney cysts in (B, C). (D-F) Adult scoliosis phenotype in both mutants (E, F) compared to wild-
type (D). (G-1) Immunofluorescence of the pronephric duct in 3 day post fertilization (dpf) larvae showing
fewer cilia. White arrowheads in (l) point to the short remaining cilia in the togaraml1 mutant. (J-L)
Immunofluorescence of midbrain ventricles shows shortened cilia in 3 dpf armc9 and togaram1 mutant
zebrafish larvae (K, L). (M-0) Immunofluorescence of 3 dpf zebrafish nose pits: decreased cilia number in
both mutants (N, O) compared to wildtype (M). (P-R) Scanning electron microscopy of 5 dpf zebrafish
nose pits confirming reduced cilia numbers in armc9-/- (Q) and togaram1-/- (R). Controls are wildtype,

+/+ or +/- siblings of -/-. Scale bars are 500um in (A-C), 5mm in (D-F) and 10um in (G-R).
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Figure 5 ARMC9 and TOGARAM1 dysfunction results in short cilia. (A) Immunoblot of endogenous ARMC9
in control and patient fibroblasts indicating trace amounts of ARMC9 isoforms 1 and 2 (92 and 75.5 kDa).
Loading control is B-actin. (B) ARMC9 schematic indicating JBTS-associated patient variants (green letters
represent variants found in patients as indicated in (A)). (C) Ciliary length in control and ARMC9 patient
fibroblasts (control n=1395, UW132-4 n=699, UW132-3 n=437, UW116-3 n=656, and UW349-3 n=353).
Significance was assessed by one-way ANOVA with Dunnett’s multiple testing correction. (D) Ciliation
percentage in ARMC9 fibroblast lines (control n=1723, UW132-4 n=898, UW132-3 n=584, UW116-3
n=764, and UW349-3 n=425). Results were not significant using the Kruskal-Wallis test. (E) Ciliary length
in control and TOGARAM1 patient fibroblasts (yellow panel). p=0.0003 using unpaired Student’s t-test.
hTERT-RPE1 cilia length in wild-type and TOGARAM1 mut lines (purple panel) based on ARL13B staining.
>100 cilia were pooled from 2 experiments (control n=137, TOGARAM1 mutant line 1 n=111, and
TOGARAM1 mutant line 2 n=178). p<0.0001 per one-way ANOVA with Dunnett’s multiple testing
correction. (F) Ciliation percentage in TOGARAM1 patient fibroblasts (yellow panel: control n= 466 and
UW360-3 n= 429 over 3 experiments), results were not significant using the Mann-Whitney test. Ciliation

percentage in engineered TOGARAM1-mutant hTERT-RPE1 cells (purple panel: control n=330, TOGARAM 1
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mutant line 1 n=363, and TOGARAM1 mutant line 2 n=357 over 3 experiments) Results were not
significant using the Kruskal-Wallis test. Open circles represent individual experiments in (D) and (F). Box
and whiskers in (C) and (E) represent the median, the 95 Cl is indicated by the notches. All ciliary length

measurements were based on ARL13B staining. P-value symbols: ns p>0.05, **p<0.01, ****p<0.0001.
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Figure 6 ARMC9 or TOGARAM1 dysfunction does not grossly affect the transition zone. (A) Normalized
relative fluorescence intensity of ARL13B signal in human fibroblast cilia (yellow panel, pooled from 3
experiments, control: grey n=1089, ARMC9: green n=582, and TOGARAM1: blue n=126) and 3dpf zebrafish
hindbrain cilia (pink panel: pooled data from 4 experiments, 10 cilia measured per larva, each data point
represents one larva, grey: armc9 control n=42, green: armc9 -/- n=41, grey: togaram1 control n=45, blue:
togaram1 -/- n=40). Bars represent the mean. Controls are wildtype, +/+ or +/- siblings of -/-. Statistical
significance was assessed using a Student’s t-test for both fibroblast (Bonferroni adjusted p<0.025) and
zebrafish experiments (p <0.05). P-value symbols: **p<0.01, ****p<0.0001. (B) Normalized relative

fluorescence intensity of INPP5E signal in human fibroblast cilia (pooled data from 3 experiments: control:
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grey n=620, ARMC9: green n=248, TOGARAM1: blue n=62). See Supplemental Figure 7 for ARL13B and
INPP5E signal intensity across all ARMCY fibroblast lines. Results were not significant (ns) using unpaired
Student’s t-test. (C-D) Western blot analysis of ARL13B (C) and INPP5E (D) in ARMC9 UW132-4 patient
fibroblasts. GIANTIN and p-actin serve as loading controls respectively. (E) Representative
immunofluorescence signal for Arl13b (red) and polyglutamylated (green) in 3dpf zebrafish hindbrain cilia
guantified in (A). Scale bars are 10um. (F) Single hindbrain cilia stained with Arl13b (red) and Cc2d2a
(green) in 3dpf control, armc9-/- and togaram1-/- zebrafish. Scale bars are 1um. (G) Representative
immunofluorescence signal for RPGRIP1L (white) and ARL13B (red) in cilia from control and two
TOGARAM1-mutant hTERT-RPE1 lines. Scale bars are 2um. (H) Representative immunofluorescence for
RPGRIP1L (green) and ARL13B (red) in ARMC9 and TOGARAM1 patient fibroblasts. Percentage of cilia with

robust RPGRIP1L puncta are indicated. Scale bars are 2um.
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Figure 7 ARMC9 and TOGARAM1 mutant cilia display reduced tubulin posttranslational modifications in

both patient fibroblasts and zebrafish ventricular cells. (A-B) Immunofluorescence and immunoblots of
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(A) acetylated and (B) polyglutamylated tubulin in ARMC9 patient fibroblasts versus control. In the
immunoblots, GIANTIN and B-actin are used as loading controls. (C-D) Representative
immunofluorescence of 3dpf zebrafish hindbrain cilia marked with Arl13b (red) and acetylated (green in
(C)) or polyglutamylated (green in (D)) tubulin. Scale bars are 10um. Note that acetylated tubulin also
marks axons in the developing brain, visible at the edges of the image in (C). (E) Normalized relative
fluorescence intensity for acetylated tubulin signal in human fibroblast cilia (yellow panel: control n=1106,
ARMC9 n=532, and TOGARAM1 n=131) and zebrafish hindbrain cilia (pink panel: pooled data from 2
experiments, 10 cilia measured per larva, each data point represents one larva, grey: armc9 control n=20,
green: armc9 -/- n=21, grey: togaram1 control n=20, blue: togaram1 -/- n=20). (F) Normalized relative
fluorescence intensity for polyglutamylated tubulin assessed in human fibroblast cilia (yellow panel:
pooled from 3 experiments, control n=602, ARMC9 n=298, and TOGARAM1 n=58) and zebrafish hindbrain
cilia (pink panel: pooled data from 2 experiments, 10 cilia measured per larva, grey: armc9 control n=22,
green: armc9 -/- n=20, grey: togaram1 control n=25, blue: togaram1 -/- n=20). Zebrafish controls are wt,
+/+ or +/- siblings of -/-. In (E and F), data points >4 and <-2 are not displayed, but were included in the
statistical analysis. For complete graph of all data points and a graphical summary of all ARMC9 lines, see
Supplemental Figure 8 (A, B) and (C, D) respectively. Statistical significance (adjusted p<0.025) was
assessed using a Bonferroni-corrected Student’s t-test for both fibroblast and zebrafish experiments. P-

value symbols: **p<0.01, ****p<0.0001.
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Figure 8 JBTS patient fibroblasts exhibit abnormal axonemal stability. (A) Cold-induced depolymerization
assay schematic and ciliation percentages of treated cells normalized to non-treated controls. Statistical
significance was assessed via Bonferroni-corrected Kruskal-Wallis test with p=0.0003, p=0.02 respectively.
Open circles represent individual experiments. (B) Relative ciliation rates 2, 4, 6, and 8 hours after serum
readdition in human fibroblasts previously serum starved for 48 hours. At t=0, 2, 4, 6, 8 HR respectively,
the following number of cells were assessed: Control 1: 455, 413, 350, 346, 395; Control 2: 595, 431, 351,
368, 279; ARMC9 UW132-4: 218, 193, 229, 195, 189; TOGARAM1 UW360-3: 496, 622, 513, 558, 492.

Ciliation percentages were normalized to 100% at the time of serum readdition, percentages represent
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the amount of remaining cilia compared to time zero. Error bars represent 95% confidence intervals. See

“Statistics and reproducibility” section for details of statistical testing for cilia stability assays.
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Figure 9 Graphical Summary: Disruptions of the ARMC9-TOGARAM1 module affect ciliary length,
axonemal PTMs, and stability. (A) TOGARAM1 interacts with ARMC9 through its TOG2 domain. (B) Effects
of TOGARAM1 overexpression (wild-type and with JBTS-associated variants) on ciliary length in
TOGARAM1 mutant hTERT-RPE1 cells and consequences of JBTS-associated variants on the interaction
with ARMC9. (C) Consequences of mutations in ARMC9 or TOGARAMI1 on ciliary length and axonemal
post-translational microtubule modifications (PTM) in patient fibroblast lines (black arrows) or zebrafish
mutants (white arrows). Transition zone (TZ) integrity despite ARMC9 or TOGARAM1 dysfunction is
indicated with a green checkmark. Consequences of TOGARAM1 and ARMC9 mutations on ciliary stability
in response to cold or serum readdition in patient fibroblasts are indicated with black arrows. Yellow boxes
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represent pathogenic variants. Bold crosses indicate presumed loss-of-function mutations. del=deletion,
fx=frameshift, LoF=loss of function, WT=wild-type, ZF=zebrafish. RPE1 mut=hTERT-RPE1 TOGARAM1
mutant lines. Protein domains: LisH=Lis-homology, CC=coiled-coil, ARM=armadillo, TOG=tumour

overexpression gene.
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