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Editorial on the Research Topic
Molecular mechanisms of cilia related diseases

Eukaryotic cilia are fascinating evolutionarily conserved microtubule-based organelles that
protrude from the cell surface. In vertebrates, multiple types of motile and primary (immotile)
cilia fulfill motility and signaling functions, critical for embryonic development and homeostasis
of adult tissues. Importantly, perturbed cilia assembly and functions are associated with a
growing number of diseases. This Research Topic gathers an update on recent progress made in
understanding the molecular mechanisms of cilia-related diseases. Critically, understanding
disease development has been facilitated by advances in technology. For example, the
importance of omics techniques for monitoring the progression of cilia-associated rare
diseases is showcased in the work of (Jeziorny et al). This study applied an untargeted
metabolomic approach using LC-QTOF-MS to study patients with Alstrom (ALMS) and
Bardet-Biedl (BBS), which shared defective primary ciliary structures and found common
molecular fingerprints between ALMS and BBS, and alterations in various lipid metabolites
when comparing obese and healthy participants (Jeziorny et al.).

Primary cilia are essential sensory and signaling organelles, whose dysregulation is
implicated in well-established ciliopathies, rare genetic multisystemic human disorders, as
well as in more common and broader diseases like cancer (Lee), brain (Thirugnanam et al;
Yeo et al.), or cardiac diseases (Chen et al.). The role of cilia as signaling hubs is highlighted
in the review by Flax et al, which focuses on understudied ciliary kinases and their
involvement in neurological disorders, cancer development and ciliopathies (Flax et al.).
The review presented by Lee synthesizes the current broad research elucidating the
relevance of primary cilia-associated signaling pathways (e.g., Sonic hedgehog and Wnt)
in the acquisition of drug resistance and explores potential future directions in overcoming
it (Lee). Alzheimer’s disease (AD) is characterized by cognitive decline due to neuronal
degeneration and amyloid plaque accumulation. Microglia, the brain’s immune cells, play a
crucial role in clearing toxic proteins associated with AD. In their paper Yeo et al,, report
that primary cilia modulate microglial secretory function. Their transient presence in microglia,
diminished in AD, influences extracellular proteostasis and neuroinflammatory responses,
exacerbating the disease (Yeo et al.). Additionally, primary cilia in brain microvascular
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endothelial cells play vital roles in sensory perception, cell signaling,
and vascular stability, as shown in (Thirugnanam et al). Cilia
emergence from both mother and daughter centrioles during the
cell cycle, a rare observation, contributes to the 2-cilia phenotype
observed in these cells during the GO/G1 phase. Disruption in proteins
required for ciliogenesis affects ciliary dynamics and cellular function,
potentially impacting vascular homeostasis. Moreover, the work by
Chen and colleagues showed that nucleoporins (NUPs), exhibit non-
classical functions at the ciliary base, influencing ciliary integrity and
function, thus being implicated in congenital heart diseases and
ciliopathies (Chen et al.). Understanding these non-classical roles of
NUPs enhances comprehension of ciliopathy etiology and may offer
insights into therapeutic interventions.

The identification of genetic variants is key to bring forth novel
diagnostic markers and therapeutic targets and to elucidate cilia biology,
the function of disease-associated genes, and the molecular mechanisms
of cilia-associated diseases. In this Research Topic, a subset of articles
discusses rare disorders, and describe the significance of genetic variants
as novel biomarkers for their diagnosis (Walczak-Sztulpa et al; Yuan
et al.) and progression (Jeziorny et al.). Furthermore, Yin et al. and
Schramm et al. explore symptom management in rare diseases.
Specifically, these publications address novel findings in ALMS and
BBS syndromes, Cranioectodermal Dysplasia (CED), left-right
asymmetry disorders, and Primary Ciliary Dyskinesia (PCD). The
work of Walczak-Szulpa et al. characterizes a new missense variant
in WDR35 and showed that CED patient urine-derived renal epithelial
cells carrying it presented ciliary phenotypes, reinforcing its
involvement in pathogenesis and its relevance as a novel biomarker
for chronic kidney disease (Walczak-Sztulpa et al.). Regarding left-right
asymmetry disorders, Yuan et al,, identified novel compound variants in
DNAHLI, a gene associated with PCD and other related disorders. These
variants shed light on the significance of DNAH]I in the ciliary structure
and its associated diseases’ clinical manifestations, particularly infertility
(Yuan et al.). Still in the context of cilia in vertebrate embryo left-right
asymmetry, Abdel-Razek et al. used zebrafish as a model to study the
mechanisms underlying the formation of the ciliated “left-right
organizer” (LRO). Importantly, they describe that Ca+ signaling
mediated by the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA) regulates mitosis in the precursor cells of the ciliated LRO
(Abdel-Razek et al). PCD is strongly associated with Chronic
Rhinosinusitis (CRS). Yin et al. and Schramm et al., employed non-
invasive imaging techniques to examine the impact of CRS in mice with
a deletion in the axonemal dynein Dnaicl gene (Yin et al.), or imaging
data from individuals with genetically confirmed PCD carrying
pathogenic mutations in different genes (Schramm et al.). Although
further research is needed, these studies underscore the importance of
incorporating chronic respiratory symptoms into the diagnostic
evaluation and disease management in PCD patients. Finally,
highlighting the importance of understanding gene function and the
impact of pathogenic mutations on disease development, we have the
studies of (Garfa Traoré¢ et al. and Hoffman et al.). The ciliary transition
zone (TZ) is a ciliopathy hotspot, with most of its resident proteins
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being coded by ciliopathy genes. Garfa Traoré et al. showed that
Nephronophthisis-associated TZ proteins NPHP1 and NPHP4 play
arole in cilia-mediated flow sensation in kidney cells, and that NPHP1-
deficient cells are affected in ciliary length and actin regulation. The
authors also identified the cholesterol biosynthesis and uptake
pathway as a novel signaling pathway induced by shear stress
(Garfa Traoré et al). Lastly, the intraflagellar transport (IFT)
machinery is crucial for cilia assembly and signaling protein trans-
localization and involves proteins like TTC30A and TTC30B.
Mutations in TTC30A affect ciliary localization of Smoothened, a
key player in the Sonic hedgehog (Shh) pathway. In their article,
Hoffman et al. highlight the intricate interplay between ciliary
dynamics and developmental signaling. Impaired ciliary signaling
pathways, such as Shh, are implicated in developmental disorders like
synpolydactyly, a rare limb deformity (Hoffmann et al.).

In conclusion, understanding the roles of the multiple human
cilia types in cellular function and disease pathogenesis opens new
avenues for therapeutic interventions across various fields, from
cancer treatment to neurodegenerative disorders and developmental
anomalies. Continued research into ciliary biogenesis, maintenance
and functions promises innovative strategies for addressing complex
diseases and improving patient treatment outcomes.
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Most internal organs in humans and other vertebrates exhibit striking left-right
asymmetry in position and structure. Variation of normal organ positioning results
in left-right asymmetry disorders and presents as internal organ reversal or
randomization. Up to date, at least 82 genes have been identified as the
causative genetic factors of left-right asymmetry disorders. This study sought
to discover potential pathogenic variants responsible for left-right asymmetry
disorder present in a Han-Chinese family using whole exome sequencing
combined with Sanger sequencing. Novel compound heterozygous variants,
c.5690A>G (p.Asn1897Ser) and c.7759G>A (p.Val2587Met), in the dynein
axonemal heavy chain 1 gene (DNAH1I), were found in the proband and absent
in unaffected family members. Conservation analysis has shown that the variants
affect evolutionarily conserved residues, which may impact the tertiary structure
of the DNAH1 protein. The novel compound heterozygous variants may
potentially bear responsibility for left-right asymmetry disorder, which results
from a perturbation of left-right axis coordination at the earliest embryonic
development stages. This study broadens the variant spectrum of left-right
asymmetry disorders and may be helpful for genetic counseling and healthcare
management for the diagnosed individual, and promotes a greater understanding
of the pathophysiology.

KEYWORDS

DNAH1, left-right asymmetry disorder, whole exome sequencing, novel variant, genetic
analysis

Introduction

Most human and other vertebrate internal organs asymmetrically orient along a left-
right (L-R) axis and exhibit an elaborate L-R asymmetric pattern (McGrath et al., 2003;
Blum et al., 2014). Genetic alterations of L-R signaling pathways may lead to L-R
asymmetry disorders, which may be inherited in autosomal recessive, autosomal
dominant, or X-linked modes (Deng et al., 2015; Perles et al,, 2015; Grimes et al.,
2016). Environmental modifiers and developmental randomness are also likely to play
roles in L-R asymmetry disorders (Deng et al., 2015). Three broad types of internal organ

7 frontiersin.org
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FIGURE 1

Genetic analysis of the left-right (L-R) asymmetry disorder pedigree and the representative computed tomography (CT) image of the proband. (A)
Pedigree analysis of the L-R asymmetry disorder family. Squares and circles indicate males and females, respectively; open symbols indicate unaffected
family members; the arrow indicates the proband; the symbol with a slash indicates a deceased member. (B) CT image of the proband showed the
stomach and spleen were right-sided, and the liver was left-sided. (C) Heterozygous DNAH1 c.5690A>G (p.Asn1897Ser) variant in the proband (I1:2)

(D) Heterozygous DNAH1 c.7759G>A (p.Val2587Met) variant in the proband (II:2).

positioning along the L-R axis are recognized (Levin, 2004; Best
et al., 2019). Situs solitus is a condition in which all internal
organs are positioned in a normal visceroatrial arrangement
(Offen et al, 2016). In situs inversus (SI) and heterotaxy
(HTX), there are mirror-image reversals and randomizations
of visceroatrial arrangements, respectively (Offen et al., 2016;
Geddes et al,, 2020). ST and HTX are genetically heterogeneous
disorders with reduced penetrance (Deng et al., 2015). ST with an
incidence of 1 in every 8,500 live births is usually not related to
congenital cardiac defects (Basu and Brueckner, 2008). Complete
reversal of internal organs usually doesn’t result in discernible
physiological risk, as the organs maintain their normal structures
and relative positions (Bisgrove et al, 2003; Peeters and
Devriendt, 2006). HTX with an incidence of 1 in 10,000 live
births is related to at least 3% of all congenital cardiac disease
cases (Basu and Brueckner, 2008). Other congenital anomalies in
HTX usually manifest as pulmonary isomerism, intestinal
malrotation, asplenia, or polysplenia (Wang et al., 2022; Wells
et al., 2022).

Previously reported genetic defects implicated in L-R asymmetry
disorders include complex chromosomal rearrangements,
translocations, insertions/duplications, deletions, and inversions
(Kosaki and Casey, 1998; Olbrich et al,, 2002; Sutherland and
Ware, 2009). Since the Zic family member 3 gene (ZIC3) variants
in X-linked HTX were identified, at least 82 genes have been
considered to be responsible for human L-R asymmetry disorders
(Gebbia et al., 1997; Yu et al., 2022).

This study sought to identify the genetic factors responsible for
the L-R asymmetry disorder present in a Han-Chinese family using
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whole exome sequencing (WES) combined with Sanger sequencing.
Compound heterozygous variants in the dynein axonemal heavy
chain 1 gene (DNAH1, OMIM 603332, NM_015512.5), including
missense variants ¢.5690A>G (p.Asnl897Ser) and c.7759G>A
(p-Val2587Met), may be the possible genetic etiology of the L-R
Search  Tool
comparison of protein sequences revealed that p.Asn1897 and
p.Val2587 were highly conserved in DNAHI protein. Structural
modeling also showed that residues are crucial to the structure or

asymmetry disorder. Basic Local Alignment

function of DNAHI1 protein. These findings expand the variant
spectrum of DNAHI, which may be beneficial for clinical and
genetic diagnosis.

Methods
Pedigree and subjects

Nine members of a three-generation Han-Chinese pedigree
containing the L-R asymmetry disorder sufferer were enrolled at
the Third Xiangya Hospital, Central South University, P.R.
China (Figure 1A). Peripheral blood samples and available
clinical data were collected from the proband (II:2) and
available unaffected pedigree members (I:2, II:1, II:4, III:1, III:
2, and III:3). Written informed consents were given by all
participants. This study was conducted in accordance with
the Declaration of Helsinki and approved by the Institutional
Review Board of the Third Xiangya Hospital, Central South
University, Changsha, Hunan, China.
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Sample preparation and whole exome
sequencing

Genomic DNA (gDNA) was isolated from peripheral blood
samples according to the previously described standard method
(Xiang et al., 2018; Xiao et al., 2019). WES was carried out to detect
the proband’s genetic variants by BGI-Shenzhen, China (Xiao et al.,
2018). Qualified gDNA was randomly broken into fragments sized
from 150 bp to 250 bp. Both ends of the end-repaired DNA
fragments were ligated to adapters for amplification, purification,
and hybridization. Captured products were processed to form DNA
nanoballs by circularization and amplification. Agilent SureSelect
Human All Exon V6, which covers about 99% of the human exonic
regions, was used in the exome capture. The qualified circular DNA
library was loaded on a BGISEQ-500 sequencing platform to
perform high-throughput sequencing (Fan et al., 2019).

Variant analysis

Raw data (stored in FASTQ format) derived from the BGISEQ-
500 sequencing platform were processed to obtain clean data.
According to the strict data filtering criteria and data analysis
quality control setup, the clean data were filtered from “raw
data” to get access to high-quality sequencing data. Reads were
cleaned during the “data cleanup” process using the following
criteria: 1) adapter sequence, ii) unknown base ratios more than
10%, and iii) inferior-quality base (base quality <5) ratios no less
than 50% (Xiong et al., 2021). These clean data were mapped to the
human reference genome sequence (GRCh37/hgl9) using the
Burrows-Wheeler Aligner (BWA, v0.7.15) software. Picard tools
(v2.5.0, https://broadinstitute.github.io/picard/) were used to mark
duplicated reads. Reads around insertions/deletions (indels) were
realigned, and a base quality score recalibration step to improve base
quality scores was conducted by Genome Analysis Toolkit (GATK,
v3.3.0, https://gatk broadinstitute.org/hc/en-us). HaplotypeCaller of
GATK was applied to call a raw variant set including single
nucleotide polymorphisms (SNPs) and indels. Hard-filtering
methods with proper parameters were used to filter SNPs and
indels (Xia et al, 2018; Xia et al, 2019). The resulting high-
confident SNPs and indels were further annotated by a SnpEff
find
candidate variants, high-confident SNPs and indels were filtered
against the 1000 Genomes Project (1000G), the National Heart,
Lung, and Blood Institute (NHLBI) Exome Sequencing Project
(ESP) 6500, the Exome Aggregation Consortium (ExAC), and
Genome Aggregation Database (gnomAD), as well as the Single
Nucleotide Polymorphism database (version 154, dbSNP154). The
remaining variants with minor allele frequency (MAF) lower than 0.

tool  (https://pcingola.github.io/SnpEff/). In order to

5% were further filtered against the BGI in-house exome databases
(containing 1,943 Chinese controls without L-R asymmetry
disorders).

Sanger sequencing verified the candidate variants revealed by
WES in the proband and screened them in the available family
members. The used primer sequences designed by Primer3 software
(https://primer3.ut.ce/) for the candidate variants were 5'-TGCCCC
TTGGCATAGAATAC-3' and 5'-CATGGGTGAGGAGGTCAA
AC-3', and 5-GAAGCTGGTCCTCITCATGG-3' and 5'-AAG
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CATGGGTCAGTCAAACC-3/, The  detected
variants were further classified according to the American
College of Medical Genetics and Genomics (ACMG) guidelines
for interpreting gene variants (Richards et al., 2015). Clustal Omega

respectively.

(http://www.ebi.ac.uk/Tools/msa/clustalo/) was used to carry out a
conservative analysis by aligning nine homologous DNAH1 protein
sequences retrieved from the National Center for Biotechnology
Information Protein database (https://www.ncbinlm.nih.gov/
protein/). The tertiary structures of wild-type and variant-type
were conducted with the online SWISS-MODEL tool (https://
swissmodel.expasy.org/) and further visualized structures were
constructed via PyMOL software (version 2.3, Schrodinger, LLC,

Portland, United States) (Xiang et al., 2019).

Results
Clinical data

The proband (II:2)
respiratory symptoms or fertility problems. L-R asymmetry

is a 54-year-old female without

disorder was diagnosed after a routine preoperative assessment
for surgical management of a multinodular goiter. From the
ultrasonographic examination and computed tomography
(CT) results, she was diagnosed as suffering from SI, including
dextrocardia, left-sided liver, and stomach and spleen on the
right side of the proband’s body (Figure 1B). Transthoracic
echocardiography revealed normal characteristic
morphological features and normal function of the heart, as

well as normal valve morphology and function.

Genetic analysis

Proband gDNA exome sequencing produced a total of
226.50 million clean reads. After duplicate reads removal,
201.92 million effective reads were generated. Of these, 99.94%
were mapped to the human reference genome. The average
sequencing depth across the target region was 249.91x, and
99.41% of the target region was covered at 10x. In total,
103,286 SNPs and 18,053 indels were detected. Commonly
known variants with MAF >0.5% recorded in the 1000G, the
NHLBI ESP6500, and the dbSNP154 databases were removed.
The remaining variants were further filtered against the BGI in-
house exome databases. By screening all known disease-causing
genes responsible for L-R asymmetry disorders, only two compound
heterozygous DNAHI gene missense variants, ¢.5690A>G
(p-Asnl1897Ser) in the exon 36 and ¢.7759G>A (p.Val2587Met)
in the exon 49, were classified as potential disease-causing
variants for the proband. Other potential disease-causing variants
in at least 82 known genes associated with L-R asymmetry disorder
phenotypes were ruled out in the proband, though large variants like
complex rearrangement and gross deletion/duplication in these
genes cannot be completely excluded. The c¢.5690A>G and
¢.7759G>A variants are documented in the dbSNP154 and have
low frequencies in the global population (Table 1), indicating the
compound heterozygous variants are potentially disorder-related
variants.
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TABLE 1 Identification of the dynein axonemal heavy chain 1 gene variants in the patient.

Variant

Variant 1 Variant 2

Nucleotide change ¢.5690A>G c.7759G>A

Amino acid change p.Asn1897Ser p.Val2587Met

Zygosity Heterozygote Heterozygote

Variant type Missense Missense

dbSNP154 15138560279 rs747611842
1000G 1.60 x 107 —

Allelic frequencies ExAC 473 x 107 3.66 x 107
gnomAD 5.06 x 107 1.86 x 10™*

dbSNP154, Single Nucleotide Polymorphism database (version 154); 1000G, 1000 Genomes Project; EXAC, Exome Aggregation Consortium; gnomAD, Genome Aggregation Database.
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FIGURE 2

Conservation analyses of the dynein axonemal heavy chain 1 p.Asn1897 and p.Val2587 amino acid residues.

Sanger sequencing confirmed the DNAHI variants
¢.5690A>G and ¢.7759G>A in the proband (Figures 1C, D).
In the pedigree, unaffected family members (I:2 and III:1) had
the heterozygous ¢.5690A>G variant, and unaffected family
members (I:4, III:2, and III:3) had the heterozygous
c.7759G>A variant. These results that the
compound heterozygous variants ¢.5690A>G and ¢.7759G>A

indicated

co-segregated with L-R asymmetry disorder in the pedigree. The
¢.7759G> A variant was absent from 1000G and the BGI in-house
exome databases. Although the ¢.5690A>G (rs138560279)
variant was recorded in the public database, the frequencies
were low, with a MAF for “G” ranging from 0.0005 (ExAC) to
0.0016 (1000G). The ¢.5690A>G variant was also absent from
the BGI in-house exome databases. The sequence variants,
c.5690A>G c.7759G>A, were “likely
pathogenic” following the ACMG standards and guidelines.
Clustal Omega showed that the two residues p.Asn1897 and
p.-Val2587 in the DNAHI protein were fully conserved among

and classified as

nine vertebrates (Figure 2), indicating that the two variants are
showed the
conformational alterations of asparagine (Asn-1897) into
serine (Ser-1897) and wvaline (Val-2587)
(Met-2587), further supporting the possible pathogenicity of

probably pathogenic. A structural model
into methionine

the variants (Figure 3).
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Discussion

Human L-R asymmetry disorders may arise as a manifestation
of a wide disease spectrum, such as primary ciliary dyskinesia
(PCD), polycystic kidney disease 2 (PKD2), nephronophthisis,
and Bardet-Biedl syndrome (Kosaki and Casey, 1998; Bataille
et al, 2011; Marion et al, 2012). SI may be an incidental
discovery  in health
examinations reversal of all

asymptomatic  individuals  during
since complete mirror-image
asymmetrical structures may pose no detriment (Casey, 1998;
2003).
vertebrates generally has four phases: L-R symmetry breaking at

early embryonic stages, transfer of asymmetric signals, asymmetric

Bisgrove et al, L-R asymmetry establishment in

expression of left determinants in the left lateral plate mesoderm,
and visceral organ L-R asymmetric morphogenesis (Gebbia et al.,
1997; Okada et al., 2005; Shiraishi and Ichikawa, 2012). The genes
encoding dynein axonemal heavy chains (DNAHs), such as DNAH5
(OMIM 603335), DNAH6 (OMIM 603336), DNAH9 (OMIM
603330), DNAHII (OMIM 603339), and DNAHI7 (OMIM
610063), are involved in L-R symmetry disorder development.
Genetic variants in the above human DNAH genes have been
reported to be associated with cilia and flagella dysfunction
(Fliegauf et al., 2005; Hornef et al., 2006; Li et al., 2016; Xiong
et al., 2021; Yu et al, 2022).
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DNAH1

FIGURE 3

Cartoon model of the dynein axonemal heavy chain 1 (DNAH1) protein structure visualized by PyMOL based on the SWISS-MODEL. The asparagine
(N) and mutated serine (S) at position 1897 and the valine (V) and mutated methionine (M) at position 2587 are indicated with ball-and-stick models.

The DNAHI gene, located on 3p21.1, comprises 78 exons and
encodes an inner dynein arm heavy chain with 4,265 amino-acid
residues. The DNAHI1 protein functions as an ATP-dependent
motor protein that generates force towards the minus end of
microtubules, which is required for the bending of cilia and
2003;
Wambergue et al, 2016). Its C-terminal ~3,500 amino-acid

sperm flagellum motility (McGrath and Brueckner,

residues constitute the conserved dynein motor domain, which
conducts the ATP-hydrolysis process in a ring of AAA+
(extended ATPases associated with various cellular activities)
domains (Wendler et al., 2012; Schmidt and Carter, 2016).
Dyneins play roles in mitosis, cellular transport, ciliary and
flagellar motility, and L-R asymmetry determination (Supp et al,
1997; Supp et al., 1999; Basu and Brueckner, 2008; Schmidt et al.,
2015). DNAHI protein deficiencies may result in ciliary structure
and function defects and impair sperm axoneme biogenesis,
proposed to result in PCD and male infertility, respectively
(McGrath and Brueckner, 2003; Imtiaz et al., 2015; Yang et al,
2018). Previously identified DNAHI gene variants include at least
29 missense variants, 11 nonsense variants, 11 splicing variants,
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6 frameshift variants, a deletion variant, and an extension variant
(Table 2). Except for the DNAHI gene homozygous missense variant
¢.3460A>C (p.Lys1154Gln) that was reported to be responsible for
PCD in combination with SI (Imtiaz et al.,, 2015), the other known
variants were involved in male infertility (Amiri-Yekta et al., 2016;
Sha et al, 2017; Wang et al,, 2017). Strikingly, the proband in our
study denied the history of in vitro fertilization, and seems to have
three biological children who inherited the possible disease-causing
variants ¢.5690A>G (III:1) and ¢.7759G>A (I1I:2 and III:3), consistent
with the reports that variants in DNAH genes may also not cause
infertility (Xiong et al., 2021; Feng et al., 2022; Yu et al., 2022).

In this study, two DNAHI gene variants were identified in a
Han-Chinese family including L-R asymmetry disorder sufferer.
The DNAHI variants ¢.5690A>G and c¢.7759G>A are located at
AAA?2 and a highly conserved nucleotide-binding motif (P-loop) in
AAA4 (UniProt ID Q9P2D7), respectively (Mocz and Gibbons,
2001; Kon et al., 2004). These two DNAHI variants may interfere
with the rigid block formed by the whole AAA2-AAA4 region which
may produce detrimental effects on the inner dynein arm heavy
chains involved in generating oscillating beating in cilia (Shingyoji
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TABLE 2 Clinical data of the dynein axonemal heavy chain 1 gene variant carriers in different families.

Nucleotide Amino acid change Variant type References
change
P1 NA NA NA CH c.1286+7C>A, NA, p.R1786C Splicing, NA Y N Guan et al.
¢.5356C>T missense (2021)
P2 1I:1 M 34 years CH ¢.1336G>C, p.E446Q, p.R971H Missense, Y N NA Hu et al. (2021)
c.2912G>A missense
pP3 NA M 32 years CH ¢.2602C>T, p.R868%, p.R4250* Nonsense, Y N N Yu et al. (2021)
c.12748C>T nonsense
P4 NA NA NA Hom c.2610G>A p-W870* Nonsense NA Y N Guan et al.
(2021)
P5 NA M 32 years CH c.2610G>A, p-W870%, p.R4096L Nonsense, Y N NA Sha et al. (2017)
c.12287G>T missense
P6 NA NA NA CH c.2912G>A, p-R971H, p.R3712Q Missense, NA Y N Guan et al.
c.11135G>A missense (2021)
P7 NA M 32 years CH c3108G>A, p-W1036*, p.W1955* Nonsense, Y N NA Sha et al. (2017)
c.5864G>A nonsense
P8 III:1 F NA Hom ¢.3460A>C p-K1154Q Missense Y Y ST Imtiaz et al.
(2015)
1II:2 F NA Hom ¢.3460A>C p.K1154Q Missense Y Y SI
P9 NA NA NA CH c.3836A>G, p-K1279R, p.S2110Gfs*19 Missense, NA Y N Guan et al.
€.6328_6337del frameshift (2021)
P10 NA M 31 years CH c.3836A>G, p-K1279R, p.P3909Rfs*33 Missense, Y N NA Sha et al. (2017)
¢.11726_11727del frameshift
P11 1IL:1 NA Hom ¢.3860T>G p.-V1287G Missense Y N NA Amiri-Yekta
et al. (2016)
1II:3 NA Hom ¢.3860T>G p-V1287G Missense Y N NA
P12 NA NA Hom c.3877G>A p.D1293N Missense Y N NA Ben Khelifa et al.
(2014)
P13 NA M 32 years CH c4115C>T, p-.T1372M, p.P3909Rfs*33 Missense, Y N NA Sha et al. (2017)
¢.11726_11727del frameshift
P14 NA M 29 years CH c.4552C>T, p-Q1518%, p.R3229C Nonsense, Y NA NA Yu et al. (2021)
¢.9685C>T missense
P15 NA M 28 years CH c4552C>T, p-Q1518%, NA Nonsense, Y NA NA Yu et al. (2021)
c11787+1G>A splicing
P16 NA M 41 years CH c.4552C>T, p-Q1518%, p.R4096L Nonsense, Y NA NA Yu et al. (2021)
c.12287G>T missense
P17 Iv:1 M 28 years CH c.4670C>T, p.T1557M, p.R2724* Missense, Y NA NA Jiang et al.
c.8170C>T nonsense (2021)
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TABLE 2 (Continued) Clinical data of the dynein axonemal heavy chain 1 gene variant carriers in different families.

Nucleotide Amino acid change Variant type References
change

P18 NA NA Hom ¢.5094+1G>A NA Splicing N NA Ben Khelifa et al.

(2014)

P19 NA 24 years CH ¢.5104C>T, p-R1702%, p.P3909Rfs*33 Nonsense, NA NA Yu et al. (2021)
¢.11726_11727del frameshift

P20 NA NA CH c.5105G>A, p.R1702Q, NA Missense, NA NA Oud et al. (2021)
¢.10823+1G>C splicing

P21 NA 28 years CH c.5573T>C, p.L1858P, p.P3909Rfs*33 Missense, NA NA Yu et al. (2021)
¢.11726_11727del frameshift

P22 NA 22 years CH ¢.5626G>C, p.A1876P, p.R2356 W Missense, NA NA Yang et al.
¢.7066C>T missense (2018)

P23 1I:2 54 years CH c.5690A>G, p-N1897S, p.V2587M Missense, N ST This study
c.7759G>A missense

P24 NA 30 years CH c.5766-2A>G, NA, p.E3544* Splicing, N NA Sha et al. (2017)
¢.10630G>T nonsense

P25 NA 27 years CH €.6004C>T, p-R2002C, p.S3661* Missense, NA NA Yu et al. (2021)
c.10982C>A nonsense

P26 NA NA CH c.6212T>G, p.L2071R, p.N4069del Missense, N NA Sha et al. (2017)
¢.12200_12202del deletion

P27 NA 35 years CH €.6253_6254del, p-E2086Gfs*8, p.P3909Rfs*33 Frameshift, N NA Sha et al. (2017)
¢.11726_11727del frameshift

P28 NA 33 years Het c.6446T>G p.L2149R Missense NA NA Yang et al.

(2018)

P29 NA 30 years CH €.6526-1G>T, NA, p.E3284K Splicing, NA NA Yu et al. (2021)
c.9850G>A missense

P30 NA 42 years CH c.6822C>G, p.D2274E, p.E3284K Missense, N NA Sha et al. (2017)
c.9850G>A missense

P31 NA 43 years CH c.6912C>A, p-R2304%, p.R2359L Nonsense, N NA Zhuang et al.
c.7076G>T missense (2022)

P32 1I:1 36 years CH c.7066C>T, p-R2356W, p.P3909Rfs*33 Missense, N NA Sha et al. (2017)
c.11726_11727del frameshift

1I:3 31 years CH ¢.7066C>T, p-R2356W, p.P3909Rfs*33 Missense, N NA

c.11726_11727del frameshift

P33 NA 31 years CH ¢.7201del, p-A2402Pfs*39, p.A2402D Frameshift, NA NA Yang et al.
c.7205C>A missense (2018)
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TABLE 2 (Continued) Clinical data of the dynein axonemal heavy chain 1 gene variant carriers in different families.

Nucleotide
change

Amino acid change

Variant type

References

P34 NA 28 years Hom ¢.7377+1G>C NA Splicing Y N NA Sha et al. (2017)
P35 NA 33 years CH c.7397G>A, p-R2466Q, p.R4096H Missense, Y NA NA Yu et al. (2021)
c.12287G>A missense
P36 NA F 15 years Het c.7795G>T p-A2599S Missense NA Y N Emiralioglu et al.
(2020)
P37 NA M 22 years CH €.8322+3del, NA, p.P3909Rfs*33 Splicing, Y NA NA Yang et al.
c.11726_11727del frameshift (2018)
P38 NA M NA Hom c.8626-1G>A NA Splicing Y N NA Amiri-Yekta
et al. (2016)
NA M NA Hom c.8626-1G>A NA Splicing Y N NA
NA M NA Hom c.8626-1G>A NA Splicing Y N NA
P39 NA M NA Hom ¢.8626-1G>A NA Splicing Y N NA Amiri-Yekta
et al. (2016)
P40 NA M 25 years Het c.11412del p.L3805Sfs*7 Frameshift Y NA NA Yang et al.
(2018)
P41 NA M 40 years Hom c.11726_11727del | p.P3909Rfs*33 Frameshift Y N NA Wang et al.
(2017)
P42 NA 38 years Hom c.11726_11727del | p.P3909Rfs*33 Frameshift Y N NA Wang et al.
(2017)
NA 37 years Hom c.11726_11727del | p.P3909Rfs*33 Frameshift Y N NA
P43 NA 33 years Hom c.11726_11727del | p.P3909Rfs*33 Frameshift Y N NA Wang et al.
(2017)
P44 1.1 F 31 years Hom ¢.11726_11727del p-P3909Rfs*33 Frameshift Y N NA Liu et al. (2021)
P45 NA M 31 years Het ¢.11726_11727del p-P3909Rfs*33 Frameshift Y NA NA Yang et al.
(2018)
P46 NA 32 years Hom ¢.11726_11727del p-P3909Rfs*33 Frameshift Y NA NA Yu et al. (2021)
P47 NA 27 years CH c.11726_11727del, = p.P3909Rfs*33, NA Frameshift, Y NA NA Yu et al. (2021)
c.12089+1G>A splicing
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_ - = = = et al, 1998; Mocz and Gibbons, 2001; Schmidt et al., 2015).
§ g \% E E é Perturbation may occur at the earliest stages in the signaling
@ = = 3 3 =0 pathways that coordinate the L-R asymmetry and result in
ug ° 2 ME g E g f:) z deficient embryonic nodal flow, impaired asymmetric transport of
= ~ v il Bl il L-R signals and gene expression, and the final complete inversion of
the L-R axis (Supp et al., 1997; Bisgrove et al., 2003; Peeters and
3 Devriendt, 2006). PCD is a genetically and clinically heterogeneous
= < < < 2 2 8 =
2 Z Z Z z z z Z disease with a diverse phenotype spectrum including chronic
¢ respiratory tract infections, L-R asymmetry disorders, and
s infertility (Lobo et al, 2015 Horani and Ferkol, 2018).
2 Approximately half of PCD patients had SI or HTX (Basu and
« E Brueckner, 2008; Deng et al.,, 2015). The proband in this study did
~ & & Gl Rl B P not have related respiratory symptoms or fertility problems and
é cannot be diagnosed as typical PCD. The lack of respiratory
& symptoms may be due to the underlying compensation role of
g other dyneins that are phylogenetically close to DNAH], such as
" SR O U O O O A DNAH3 (OMIM 603334), DNAH7 (OMIM 610061), and DNAH12
£ (OMIM 603340) (Ben Khelifa et al, 2014). Similarly, biallelic
§ g DNAHI17 carriers and a few DNAH9 patients were reported to
E g = g s | w o w w E ‘é only exhibit SI or sperm flagellum defects, but without other cilia-
8 g E g g 5 :5 E E) 2 - related symptoms (Fliegauf et al., 2005; Yu et al,, 2022). Our patient
g EE EE & & & & & g only has L-R asymmetry disorder, without other PCD-associated
- disorders, which may also be counted as a variant form of PCD
;E L_.? suffering a mild consequence of cilia dysfunction. A limitation of this
g Zg Q “E’ study is the lack of nasal epithelial brush biopsy samples for cilia beat
5 S = 2 and ultrastructure analysis.
S %. - ?D Cilia are central to the initial breaking of L-R symmetry (Basu
g § *i %3: ?; g and Brueckner, 2008; Zhu et al., 2020; Little and Norris, 2021).
z ° % % g 2 During the development of vertebrate L-R asymmetry, motile
o £ R 2 P « <« < S & embryonic cilia produce leftward extracellular fluid flow to
g = & & “l=] = | & initiate the event that converts early embryonic bilateral
% 33| 3 g symmetry to a left-sided heart and asymmetric arrangement of
£ K 'ﬁ UN‘B E . < < < < 5 _2 visceral organs (Brody, 2004; Fliegauf et al., 2005). Structural and
H 5 5550 < gle = A g functional ciliary defects are related to hydrocephalus,
4 o ST 85 8 g %2 g g % g infertili izati
s I 88 B8 R g B B R g Kartagener’s syndrome, infertility, PKD2, and randomization
.Eﬂ' =z SS9 S5 S SIS ST é’i of the L-R axis (Ibaniez—Tallon et al., 2002; Brody, 2004;
g g Fliegauf et al., 2005). More than 100 genes may be involved in
g E L-R asymmetry defects in model organisms (Catana and Apostu,
= g 2017). Dnah5 mutations in mouse models result in the
£ ] randomization of visceral organs’ laterality (Ibanez—Tallon
'E . alel gl s z et al, 2002; Olbrich et al., 2002). In Dnahl mutant mice,
] & &5 e Sl Ss|8 % abnormal sperm behavior, fertilization failure, and reduced
= gm ciliary beat frequency were observed, similar to phenotypes of
E, [5 patients suffering from infertility and PCD (Neesen et al., 2001;
% . . ) Huetal, 2019). The identification of the DNAHI gene variants in
£ § :i 8 PCD patients with SI and the limited reports of animal models
_% & S z 2 2 2 Z implies that more cases and animal models are warranted to fully
2 E reveal the effect of the DNAH]I gene variants on L-R asymmetry
:c:, f (Neesen et al., 2001; Imtiaz et al., 2015).
§ 2 Early L-R asymmetry disorder diagnosis may be beneficial to
= % patients when they need external chest compression or emergency
E = = = 2| 2= 2 surgery for heart attack or abdominal trauma. Plain chest
é % radiographs, echocardiography, abdominal sonography, CT, and
§ < < < < | < | < | _i;’ magnetic resonance imaging are effective means of discovering and
g ~ “ “ Gl Ml Ml B 2 diagnosing L-R asymmetry disorders (Winer-Muram, 1995).
EN)' % In summary, the novel compound heterozygous DNAH]I gene
‘:_g % 2 s - o S c.5690A>G (p.Asnl897Ser) and c.7759G>A (p.Val2587Met)
= ~ & &~ . ~ g variants were identified in a Han-Chinese pedigree containing
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L-R asymmetry disorder sufferer. We present, for the first time,
evidence that DNAH]1 variants do not necessarily lead to female
infertility. This conclusion is based on our analysis of the female
proband and her female offsprings, and further discovery of more
such cases, especially homozygous variants cases, may help to
understand the genotype-phenotype association of DNAH]I. The
discovery provides new evidence of the potential association
between the DNAHI gene and L-R asymmetry disorders and
extends the phenotypic spectrum of DNAHI-associated diseases.
It supports the notion that laterality disorders may result from
disturbances at the primary cilia level (Peeters and Devriendt,
2006). This work may promote a better understanding of the
genetic causes underlying L-R asymmetry disorders and assist in
genetic counseling and management of diagnosed individuals.
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Background: Genetic defects in motile cilia cause primary ciliary dyskinesia (PCD),
a rare disease with no specific therapeutics. Individuals with PCD often have
impaired fertility and laterality defects and universally suffer from upper and lower
airway diseases. Chronic rhinosinusitis is a universal feature of PCD, and mucus
accumulation and subsequent infections of the sinonasal cavity cause significant
morbidity in individuals with PCD. Despite this, there are no approved treatments
that specifically target mucus.

Objective: The goals of this study were to determine whether computed
tomography (CT) imaging could be used to quantify mucus accumulation and
whether the use of a mucolytic agent to reduce disulfide cross-links present in
mucins would improve the effectiveness of nasal lavage at removing mucus in a
murine model of PCD.

Methods: Adult mice with a deletion of the axonemal dynein Dnaicl were imaged
using CT scanning to characterize mucus accumulation. The animals were then
treated by nasal lavage with saline, with/without the disulfide-reducing agent
tris(2-carboxyethyl)phosphine. Post-treatment CT scans were used to quantify
improvement in the sinonasal cavity.

Results: Mucus accumulation in the nasal cavity was readily quantified by CT.
Compared to sham-treated control animals, nasal lavage with/without a
mucolytic agent resulted in a significant reduction of accumulated mucus (p <
0.01). Treatment with the mucolytic agent showed a greater reduction of
accumulated mucus than treatment with saline alone.

Conclusion: The results suggest that inclusion of a mucolytic agent may increase
the effectiveness of nasal lavage at reducing mucus burden in PCD.

KEYWORDS

chronic rhinosinusitis, mucus, primary ciliary dyskinesia, nasal, computed tomography,
sinus, CT, PCD

19 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2023.1221796/full
https://www.frontiersin.org/articles/10.3389/fmolb.2023.1221796/full
https://www.frontiersin.org/articles/10.3389/fmolb.2023.1221796/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2023.1221796&domain=pdf&date_stamp=2023-07-24
mailto:ostro@med.unc.edu
mailto:ostro@med.unc.edu
https://doi.org/10.3389/fmolb.2023.1221796
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2023.1221796

Yin et al.

Introduction

Primary ciliary dyskinesia (PCD) is a rare genetic disease,
usually inherited in an autosomal recessive manner, that occurs
with an estimated incidence of 1 in ~7,500 individuals (Hannah
et al, 2022). The disease primarily affects the upper and lower
respiratory tracts, where the lack of efficient mucociliary clearance
(MCC) results in recurrent and chronic infections. Bronchiectasis,
otitis media, and chronic rhinosinusitis (CRS) are common features
of the disease (Knowles et al., 2016). Although advancements in
sequencing technology have continued to identify the genetic causes
of PCD, with over 50 different causal genes now confirmed, there
has been little progress on the development of specific treatments to
alleviate or eliminate the symptoms of the disease (Zariwala et al,
2015).

CRS is a common and debilitating disease symptom among
individuals with PCD (Davis et al.,, 2015; Shapiro et al.,, 2016). Due
to the lack of effective MCC, mucus accumulates in the sinuses and
nasal passages, resulting in a significant decrease in the quality of life
(Lucas et al,, 2015) (Dell et al., 2016). In addition, mucus serves as a
nidus for infection and may act as a reservoir of pathogens that lead to
lower airway infections. Surprisingly, there are no currently approved
mucolytic agents that have been demonstrated to effectively clear excess
mucus from the nasal cavity. The only approved mucolytic agent,
N-acetylcysteine (NAC), thins mucus by reducing disulfide bonds
which polymerize mucin macromolecules (Pedre et al, 2021).
However, the activity and absorption profile of NAC make it largely
ineffective on the airway epithelium. Additionally, NAC has a noxious
“rotten egg” odor that induces bronchospasms (Dano, 1971; Crouch
et al, 2007). As an alternative to NAC, investigators have recently
explored the effectiveness of tris(2-carboxyethyl)phosphine (TCEP) in
models of muco-obstructive airway disease (Ehre et al., 2018; Morgan
et al, 2021). We hypothesize that novel mucolytics may have
therapeutic benefits in CRS. To test this hypothesis, we first
explored the use of CT imaging to quantify the extent of mucus
accumulation in an inducible mouse model of PCD that develops
severe CRS (Ostrowski et al., 2010). We then performed a pilot study to
examine the ability of nasal lavage with TCEP to improve mucus
clearance from the nasal cavity.

Methods
Animal model

Animals were group-housed with a 12-h light/dark cycle and
given free access to food and water. Experimental animals were
generated as previously described (Ostrowski et al., 2010). Briefly,
animals (3-4 weeks old) that were homozygous for the floxed allele
of Dnaicl and heterozygous for Rosa/CreER (Dnaiclflox/flox/
CreER"") were treated with tamoxifen (five intraperitoneal
injections of 75ug/g body weight; one injection given every
2-3 days) to induce a deletion in Dnaicl. The animals were aged
for a minimum of six additional weeks after tamoxifen treatment to
allow for the cessation of MCC and the development of
rhinosinusitis and were usually studied at 4-6 months of age
(Ostrowski et al., 2010). The animals were euthanized by CO,
asphyxiation. All studies used littermates of both sexes and were
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performed under protocols approved by the Institutional Animal
Care and Use Committee of the University of North Carolina.

Nasal lavage

For mucolytic or saline treatment, the animals (n = 29 each)
were lightly anesthetized with isoflurane (drop method) and treated
by nasal lavage with 20 uL of buffered saline with or without the
addition of 10 mM TCEP. Small drops of the solutions (~5 pL) were
placed on the nares with an adjustable pipette and inhaled
spontaneously. The animals were treated three times with a
90 min recovery time between treatments. Control animals (n =
14) were treated with anesthesia only (sham).

CT scanning

CT images were obtained by the Biomedical Research Imaging
Center at the University of North Carolina. Briefly, the animals were
anesthetized with 2% isoflurane and scanned using a GE eXplore CT
120. The volume of the nasal airspace was quantified using image
analysis software (Mimics, Materialise, Plymouth, MI). CT images
were imported into Mimics, and contrast was set to bone scale.
Thresholding (—1024 to 0) was used to create a mask including the
airspace in the nasal cavity. The image was manually cropped at the
tip of the nasal cavity and the beginning of the nasopharynx to
isolate the nasal cavity. Additionally, isolated air-filled spaces were
manually added to the airspace in the main nasal cavity. The Mimics
software generated a 3D model, and the volume of the nasal airspace
was measured. Volumes before treatment were subtracted from the
volumes after treatment to determine the increase in airspace,
representing the removal of mucus.

Histology

Mouse heads were fixed in 10% buffered formalin and
decalcified, and paraffin sections were prepared at three different
levels of the nasal cavity, as previously described (Ostrowski et al.,
2010). The sections were stained with hematoxylin and eosin or
alcian blue-periodic acid-Schiff (to visualize mucus accumulation).

Statistics

Statistical analysis was preformed using Prism 9.0 (GraphPad,
San Diego, CA). A paired t-test was used to compare nasal airspace
between animals pre- and post-treatment, and a one-way ANOVA
with Tukey’s multiple comparisons was used to compare treatment
groups. A mixed-model two-way ANOVA was utilized to compare
repeated measures over time.

Results

To study the pathogenesis and treatment of PCD, we previously
developed an inducible mouse model that avoids hydrocephalus and

frontiersin.org
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FIGURE 1

Comparison of histology section and CT scans in murine sinusitis.
AB-PAS-stained section of a control (A) and a PCD (B) mouse showing
mucus accumulation (red arrows) in the PCD animal. The same
animals were imaged by CT (C,D) prior to euthanasia to illustrate

the correlation between CT scanning and histology for measuring
mucus obstruction (A; * indicates the ethmoturbinate region; #
indicates the maxillary sinus region).

heart defects that occur in traditional knock-out models
(Supplementary Figure S1) (Lee and Ostrowski, 2021) (Li et al,
2015). As previously reported, deletion of the ciliary protein
Dnaicl in a mouse model of PCD results in a loss of MCC and
the subsequent accumulation of mucus and neutrophils in the
sinonasal cavity (Ostrowski et al, 2010). However, postmortem
histologic examination of the nasal cavity is limited to a single
time point per animal. To evaluate the utility of CT scans to assess
murine mucosal inflammation and mucus accumulations, we
obtained CT scans of the nasal cavity from control and PCD

10.3389/fmolb.2023.1221796

mice and then prepared routine histological sections from the
same animals. Examination of multiple sections from multiple
animals demonstrated that the AB-PAS staining of mucus
accumulation was visually concordant with the murine CT scans
(Figure 1). Furthermore, CT scanning allowed the construction of a
3D model and quantification of the airspace of the entire nasal cavity
(Figure 2), compared to the 2D limitation of traditional histology
sections.

We therefore used CT imaging to further examine the
pathogenesis of CRS in this model. A group of PCD animals was
imaged by CT over several months, and the change in nasal airspace
was monitored by constructing 3D models. Although the PCD
animals routinely showed evidence of accumulated mucus, the
airspace of the sinonasal cavity increased over time in the PCD
animals compared to the controls (p = 0.0415; Figure 3A). This
expansion was due to degeneration of the turbinates and
enlargement of the sinuses (Figure 3B).

To begin investigating the effectiveness of reducing agents for
the treatment of CRS, several pilot studies were performed. PCD
mice were imaged by CT to obtain a baseline measure of nasal
airspace and then treated by intranasal lavage with 10 mM TCEP.
Several treatment protocols were tested (e.g., 1-3 doses daily;
1-5 days). Following treatment, a repeat CT scan was obtained,
and the change in nasal airspace was measured. Some of the treated
animals showed large areas of mucus clearing, as indicated by the
increase in nasal airspace (Supplementary Figure S2).

To further examine the effectiveness of reducing agents for the
acute treatment of CRS, we used a protocol similar to what
individuals might utilize in a home or clinical setting. Groups of
PCD mice were imaged by CT to obtain a baseline measure of nasal
airspace. The following day, the animals were treated three times by
intranasal lavage with 10 mM TCEP or saline (20 pl; 90 min between
treatments) and again imaged by CT. The change in nasal airspace
was determined by an investigator blinded to the animals’ treatment.
As an additional control, some animals (sham) underwent a mock
treatment (anesthesia only). Not surprisingly, the sham-treated
animals showed no significant change in nasal airspace
(Figure 4A; p = 0.1609; n = 14). In contrast, both TCEP- and
saline-treated animals showed a highly significant increase in nasal
airspace (Figures 4B, C; p < 0.0001; n = 29). Compared to sham,

FIGURE 2

3D model of nasal airspace showing mucus accumulation in PCD mice. mCT imaging was used to obtain a 3D model of the nasal airspace in a
control (A) and a PCD (B) mouse. Mucus accumulation in the PCD mouse is evidenced by the absence of airspace in the ethmoturbinate (asterisk) and

maxillary sinus (star) regions.
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FIGURE 3

Changes in nasal airspace measured by CT imaging over time. (A)
Groups of PCD (n = four males and three females) and littermate
control mice (n = two males and two females) were repeatedly imaged
by CT at monthly intervals beginning at ~7 weeks of age.

Although PCD mice demonstrate mucus accumulation in the nasal
cavity over this time, the nasal airspace increases compared to the
control (p = 0.0415). (B) Representative images of a mouse with
mucus accumulation (left; arrows indicate mucus accumulation in the
ethmoturbinate region, and asterisk indicates the mucus-occluded
sinus cavity) compared to a mouse with severe remodeling/
degeneration resulting in an increase in nasal airspace, even though
accumulated mucus is still present (arrows).

saline-treated animals showed an improvement in nasal airspace of
3.2mm’ (p = 0.0158), while TCEP-treated animals showed a larger
4.0 mm® improvement of the nasal airspace over sham treatment
that was highly significant (p = 0.0018) (Figure 4D). TCEP-treated

10.3389/fmolb.2023.1221796

animals showed an overall improvement of 0.81 mm® compared to
saline treatment (p = 0.64).

Discussion

CRS causes substantial morbidity, impairs quality of life, and
may seed the lower respiratory tract in individuals with PCD (Lucas
et al,, 2015; Dell et al,, 2016). In this genetic cause of CRS, mucus
accumulation is the inciting factor for disease pathogenesis, and the
development of therapies to reduce or remove mucus would likely
improve patient outcomes. At present, the only approved mucolytic
agent, N-acetylcysteine (NAC), has not been proven effective at
improving mucus clearance. Thus, the testing and further
development of improved mucolytic agents is needed.

To study the pathogenesis and treatment of PCD, we have
previously developed an inducible murine model of PCD. This
that
frequently occur in traditional knock-out models of PCD,

model avoids situs abnormalities and hydrocephalus
including the knock-out model of Dnaicl (Supplementary Figure
S1), and allows for the study of adult animals (Ostrowski et al,
2010). Inducing the deletion of the ciliary protein Dnaicl in post-
natal mice results in a loss of MCC and mucus accumulation in the
nasal cavity. Thus, this animal model may be useful for the testing of
mucolytic agents.

Herein, we present data demonstrating that the accumulation of
mucus and the subsequent remodeling of the nasal cavity can be
visualized and quantified by CT scans (Figure 1). Not surprisingly,
comparing the images obtained by CT with the routine histological
staining of nasal sections demonstrated good visual concordance,
indicating that quantifying the volume of nasal airspace could be
used as an inverse measure of mucus accumulation. Interestingly, we
observed an increase in nasal airspace over time as a consequence of
disease progression, due to remodeling of the nasal cavity (Figure 3).
The mechanisms responsible for this remodeling are unknown and

will require further investigation.
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FIGURE 4

Saline and TCEP lavage improve nasal airspace in a murine model of PCD compared to sham treatment. Groups of PCD mice were treated three
times by nasal lavage, and the change in nasal airspace was measured. (A) At baseline, mice in the sham group had a mean airspace of 37.8 mm?* (95% C.I.
34.7-40.8 mm?) and 38.8 mm? after sham treatment (95% C.I. 35.6-42.0 mm?) with no significant difference (p = 0.1609). (B) Saline treatment increased
nasal airspace from 37.0 mm?*(95% C.I. 34.6-39.3 mm?®) to 41.1 mm?* (95% C.I. 38.6—43.7 mm?; p < 0.0001). (C) Treatment with TCEP increased nasal
airspace from 36.4 mm? (95% C.I. 33.9-38.9 mm?) to 41.4 mm? (95% C.I. 38.7-44.0 mm?; p < 0.0001). (D) TCEP treatment showed a greater increase in

nasal airspace than saline or sham.
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We then explored the use of this model to test the effect of a
mucolytic agent on mucus clearance. Nasal lavage with saline is
commonly used by individuals suffering from CRS due to PCD or
other causes. Nasal lavage is proposed to clear mucus and debris and
provide symptomatic relief. In these studies, saline alone reduced the
mucus burden and significantly increased nasal airspace compared to
sham-treated controls (p = 0.0084). These results confirm the beneficial
effects of lavage and provide clear evidence that the murine model of
PCD will be useful to investigate mucolytic treatments of CRS. Inclusion
of a mucolytic agent (TCEP) in the lavage resulted in a greater
improvement in nasal airspace compared to animals treated with
saline alone (5.0 vs. 42 mm?®). Although not statistically significant,
treatment with the mucolytic agent showed a clear trend toward more
efficient mucus removal (Figure 3D), potentially by reducing the
disulfide cross-links in the mucin molecules. Similarly, Ehre et al.
(2018) demonstrated a decrease in lung mucus burden in a mouse
model of obstructive lung disease, and Morgan et al. (2021)
demonstrated a decrease in mucus burden in an allergic mouse
model following treatment with a reducing agent. Taken together,
these studies suggest that mucolytic agents may be useful in the
treatment of CRS caused by PCD or other diseases.

In summary, our studies demonstrate the usefulness of the
murine model and CT imaging for studies of CRS in PCD.
Furthermore, our results suggest that additional studies of
mucolytic agents, exploring different treatment regimens and/or
improved mucolytic agents, are warranted.
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Primary cilia are cellular organelles that consist of a microtubule skeleton
surrounded by a membrane filled with cell signaling receptors. Many studies
have shown that primary cilia are cellular antennas, which serve as signaling hubs
and their assembly and disassembly are dynamically regulated throughout the cell
cycle, playing an important role in regulating cellular homeostasis. Aberrant
control of primary cilia dynamics causes a number of genetic disorders known
as ciliopathies and is closely associated with tumorigenesis. Anticancer drug
resistance is a primary cause of chemotherapy failure, although there is no
apparent remedy. The recent identification of a relationship between
anticancer drug resistance and primary ciliary dynamics has made primary cilia
an important target subcellular organelle for overcoming anticancer drug
resistance. Therefore, the research on primary ciliary dynamics may provide
new strategies to overcome anticancer drug resistance, which is urgently
needed. This review aims to summarize research on the relevance of primary
cilia and anticancer drug resistance, as well as future possibilities for research on
overcoming anticancer drug resistance utilizing primary cilia dynamics.

KEYWORDS

primary cilia, ciliogenesis dynamics, anticancer drug, resistance, chemotherapy, cancer

1 Introduction

Cancer is the fifth leading cause of death worldwide, but unfortunately, treatment success
rates have not improved significantly over the past decades due to various limitations (Holohan
et al, 2013; Alfarouk et al, 2015). These constraints include cancer cells developing drug
resistance, drug toxicity, and cancer cell heterogeneity (Gottesman, 2002; Gottesman et al., 2002;
Housman et al., 2014; Wang et al., 2019). Among these, the acquisition of drug resistance by
cancer cells is one of the most fundamental factors leading to chemotherapy failure. Despite
dedicated efforts by researchers, finding a way to overcome drug resistance remains elusive.

Chemical anticancer drugs, which have been used since the 1940s, have demonstrated
some effectiveness against cancer, but their impact is limited by their tendency to harm
normal cells and the development of resistance in cancer cells (Barinaga, 1997; Druker et al.,
2001; Gottesman, 2002). The recent development of targeted anticancer drugs has
significantly reduced the risk of harming normal cells, yet a definitive solution to cancer
drug resistance remains elusive. Additionally, cancer immunotherapy, a promising next-
generation treatment that harnesses the patient’s immune system, still faces limitations in
inducing resistance and does not directly address cancer drug resistance (Said and Ibrahim,
2023). Therefore, understanding the fundamental mechanisms behind drug resistance and
developing direct strategies to overcome it is necessary. By unraveling these underlying
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mechanisms, we can pave the way for more effective approaches to
combat drug resistance and improve cancer treatment outcomes.
To date, research on anticancer drug resistance has focused on
the mechanisms of gene expression regulation and gene mutation,
with no focus on the identification of key cellular organelles that
regulate anticancer drug resistance or the modulation of these
organelles to overcome anticancer drug resistance. For cell
signaling, primary cilia are known as cellular antennas/
transmitters (Goetz and Anderson, 2010; Seeley and Nachury,
2010). Previously, the function of primary cilia has not received
much attention; nevertheless, the role of primary cilia as a hub for
cell signaling has been recognized (Davenport and Yoder, 2005;
Seeley and Nachury, 2010). Primary cilia are receiving interest as a
cellular organelle that might transcend the constraints of present
illness therapies since they play a vital role in controlling cell
homeostasis and have been connected to several human diseases
(ciliopathy, cancer, etc.) (Badano et al., 2006; Han et al., 2009; Seeley
et al,, 2009; Wong et al., 2009; Davis and Katsanis, 2012; Snedecor
et al, 2015). Primary cilia have been widely researched in the
development of cancer, and the relevance of primary cilia
dynamics to the development of anticancer drug resistance has
recently been reported (Jenks et al., 2018; Kyun et al., 2020; Kim
et al,, 2022). Therefore, we will summarize the primary cilia studies
related to anticancer drug resistance in this review and propose a
new approach to overcome anticancer drug resistance utilizing

primary cilia dynamics.

2 Primary cilia

The primary cilium functions as a hub of cell signaling,
comprising a microtubule skeleton and a membrane enriched

10.3389/fmolb.2023.1270639

with cell signaling receptors (Goetz and Anderson, 2010; Seeley
and Nachury, 2010). Unlike the more widely known motile cilia,
primary cilia are not self-motile; only one primary cilium is formed
in a cell, and they have a dynamic assembly/disassembly cycle
(primary cilia dynamics) where they are formed in the mother
centriole during the Go/G; cell cycle stage and then reabsorbed as
they enter mitosis (Dawe et al., 2007; Pearson et al., 2007; Goetz and
Anderson, 2010; Seeley and Nachury, 2010; Lee, 2020). The non-
motility of primary cilia is caused by the structure of the axoneme,
which has 9 + 0 morphology with nine microtubule doublets on the
outside and no pair of microtubule singlets in the center, as well as
the absence of structures that provide motility, such as dynein arms
(Figure 1) (Perkins et al., 1986; Afzelius, 2004; Davenport and Yoder,
2005; Fisch and Dupuis-Williams, 2011; Ke and Yang, 2014;
Pedersen et al.,, 2016). Motile cilia, on the contrary, possess 9 +
2 axonemal microtubule structure with a motile dynein arm. Due to
their lack of motility and the fact that they are not permanent
structures within the cell (Porter and Sale, 2000; Davenport and
Yoder, 2005; Ke and Yang, 2014; Pedersen et al., 2016), primary cilia
have been regarded as evolutionary vestige organs until recently.

the 2000s, polycystin-1
(mechanosensory complex), encoded by the causative genes
PKD1 and PKD2 of polycystic kidney disease (PKD) (Pazour
et al, 2002; Yoder et al, 2002; Masyuk et al, 2014), a genetic
disorder, gained attention due to their specific presence in the

In and polycystin-2  proteins

primary cilia of renal tubular epithelial cells (Guay-Woodford,
2003; Davenport and Yoder, 2005). It has been reported that
Tg737 mutant mice, the mouse/human homolog of Intraflagellar
Transport 88 (IFT88) in Chlamydomonas, form shorter primary
cilia than normal mice and cause lethality in PKD mice (Pazour
et al., 2000; Haycraft et al., 2001; Taulman et al., 2001; Davenport
and Yoder, 2005). Additionally, the suggestion that Bardet-Biedl
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Syndrome (BBS) may result from primary ciliary abnormalities also
highlights the importance of primary cilia (Davenport and Yoder,
2005; Badano et al., 2006; Nachury et al., 2007). In addition to the
characteristics distinguishing primary cilia from motile cilia, motile
cilia are present in cells specialized for a particular function, whereas
primary cilia are present in almost all animal epithelial cells (Perkins
et al., 1986; Porter and Sale, 2000; Afzelius, 2004; Davenport and
Yoder, 2005; Fisch and Dupuis-Williams, 2011; Ke and Yang, 2014;
Pedersen et al., 2016). Since it disassembles as the cell cycle
progresses, primary cilia have received less attention in the past.
However, recent research suggests that primary ciliary dynamics
may play an important role in fine-tuning cellular homeostasis,
leading to the exploration of the delicate regulatory mechanisms
associated with them. The assembly and disassembly of primary cilia
are regulated by various cell signaling-related factors, but much
remains to be understood (Lee, 2020). Primary cilia formation and
degradation are influenced by intracellular signaling molecules and
external factors. Hedgehog (Hh) signaling and canonical Wnt
signaling have been reported to be involved in primary cilia
assembly (Huangfu et al., 2003; Goetz and Anderson, 2010;
Dafinger et al., 2011; Qin et al., 2011; Rix et al, 2011; Kyun
et al, 2020; Lee, 2020), while platelet-derived growth factor
(PDGF) signaling and noncanonical Wnt signaling are associated
with primary cilia disassembly (Schneider et al., 2005; Pugacheva
etal,2007; Lee etal,, 2012; Kim et al., 2021). Primary cilia are known
to possess multiple cell signaling receptors on their surface,
transmitting various cell signals into the cell. Additionally,
dynamic vesicle-like secretion by mechanical fluid-shear stress
occurs at the tip of the primary cilium, and secretion and
absorption of vesicles occurs in the ciliary pocket near the lower
basal body (Hogan et al., 2009; Chavez et al., 2015; Garcia-Gonzalo
et al,, 2015; Jensen et al., 2015; Pedersen et al., 2016; Nager et al.,
2017; Phua et al.,, 2017; Mohieldin et al., 2020). These features allow
primary cilia to precisely regulate cell signaling and abnormalities in
these functions are suggested to contribute to many human diseases.

Genetic diseases caused by abnormalities in the regulation of cilia
formation are collectively referred to as ciliopathies. These conditions
include Bardet-Biedl syndrome (Davenport and Yoder, 2005; Badano
etal,, 2006; Nachury et al.,, 2007), Joubert syndrome (Badano et al., 2006;
Davis and Katsanis, 2012), Meckel-Gruber syndrome (Badano et al.,
2006; Sang et al,, 2011), PKDs (Nonaka et al., 1998; Davenport and
Yoder, 2005; Badano et al, 2006), and nephronophthisis (NPHP)
(Davenport and Yoder, 2005; Badano et al., 2006; Sang et al., 2011),
which share some symptomatic similarities. Common features observed
in ciliopathies are developmental anomalies of the cerebellum and brain
stem, kidney disease, retinal degeneration, loss of smell, polydactyly,
obesity, and intellectual disability. More than 50 ciliopathy-related genes
have been identified to date, almost all of which are located in the
primary ciliary basal body (Reiter and Leroux, 2017). While the study of
primary cilia initially gained attention in the context of rare genetic
diseases like ciliopathy, it has recently received increasing attention due
to its association with the development of cancer.

3 Primary cilia and cancer

Recently, researchers have recognized the critical role of primary
cilia in tumorigenesis. However, it has been reported that the

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1270639

function of primary cilia in tumorigenesis and cancer metastasis
can vary depending on the specific type of cancer and the cell type
present in each organ. Therefore, there are conflicting reports on the
association between cancer and primary cilia, and dual functions of
primary cilia in cancer formation (mediating or suppressing
tumorigenesis) have been reported (Eguether and Hahne, 2018;
Liu et al, 2018; Wang et al., 2021). This variability makes primary
cilia a potential biomarker for tumorigenesis, but their role must be
carefully considered as either promoting or inhibiting
tumorigenesis. Therefore, the precise role of primary cilia in
tumorigenesis for each cancer type remains to be determined by
further studies. However, based on the existing research, primary
cilia deficiency has been observed in the majority of cancers, with a
few exceptions (Higgins et al, 2019). Fewer primary cilia were
observed in various carcinomas, such as glioblastoma (Yang
et al,, 2013; Moser et al., 2014; Sarkisian et al., 2014; Loskutov
et al,, 2018), melanoma (Snedecor et al., 2015), pancreatic tumors
(Bailey et al., 2009; Seeley et al., 2009; Deng et al., 2017; Kobayashi
etal., 2017), prostate cancer (Hassounah et al., 2013), ovarian cancer
(Egeberg et al., 2012), colon cancer (Medema and Vermeulen, 2011;
Rocha et al,, 2014), breast cancer (Yuan et al,, 2010; Menzl et al.,
2014; Nobutani et al., 2014), medulloblastoma (Wechsler-Reya and
Scott, 1999; Spassky et al., 2008; Han et al., 2009; Barakat et al.,
2013), and renal cancer (Basten et al, 2013; Dere et al, 2015;
Harlander et al, 2017; Kobayashi et al., 2017), compared to
normal tissue.

Various dysregulations of primary cilia-related genes have been
found in primary cilia-deficient carcinomas. In cholangiocarcinoma
cases lacking primary cilia, inhibition of HDACS, a primary cilia
disassembly factor, restored primary cilia formation and inhibited
cholangiocarcinoma growth (Peixoto et al., 2020). The VHL gene
has been reported to be closely related to primary ciliogenesis and
associated with the development of clear cell renal cell carcinoma
(ccRCC) (Esteban et al., 2006; Arjumand and Sultana, 2012). Loss of
primary cilia has been observed in ccRCC patients, and the re-
expression of VHL protein in ccRCC carcinomas restores primary
ciliogenesis (Esteban et al., 2006; Arjumand and Sultana, 2012;
Basten et al, 2013). Furthermore, primary cilia-deficient renal
and pancreatic cell carcinomas were not linked to the induction
of primary cilia deficiency through increased cell proliferation,
suggesting a direct connection between primary cilia deficiency
and carcinogenesis (Seeley et al, 2009; Yuan et al, 2010).
However, there are also studies showing that primary cilia
regulate cell cycle progression or cell proliferation (Plotnikova
et al., 2008; Goto et al., 2013; Khan et al., 2016; Jamal et al.,
2020). In ovarian cancer cells, inhibition of primary ciliogenesis
by perturbation of hedgehog signaling has been reported (Egeberg
et al,, 2012). Overexpression of Aurora A kinase (AurA), a primary
ciliary disassembly factor (Pugacheva et al., 2007), in the ovarian
surface epithelium leads to increased centrosomal AurA and
disrupted hedgehog signaling, causing dysregulation of ovarian
cell function and inducing tumorigenesis (Egeberg et al., 2012).
This indicates that AurA overexpression inhibits Hh signaling,
which in turn promotes primary ciliary disassembly and
eventually induces ovarian cancer. In pancreatic cancer cells, and
pancreatic intraepithelial neoplasia (PanIN) lesions from pancreatic
ductal adenocarcinoma (PDAC), strong inhibition of primary cilia
formation has been observed (Seeley et al., 2009). However, contrary
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Development of resistance in tumors. (A) Tumor status prior to chemotherapy. There are normal cells, drug-sensitive cancer cells, and cancer cells

with intrinsic resistance to many forms of treatment. (B) Induced cancer cell death following anticancer drug treatment. Drug-sensitive cancer cells die,
existing resistant cells survive, and new therapy-induced resistant cancer cells are created. Reduction in size of cancerous tissue. (C) Enhanced anticancer
drug resistance status. Increased proliferation of multiple types of resistant cells, leading to re-induced growth of cancerous tissue. Figure
reproduced from Ref (Gottesman, 2002; Gottesman et al.,, 2002; Housman et al,, 2014; Robey et al,, 2018; Wang et al., 2019; Shi et al., 2022).

to these findings, primary cilia were observed in approximately 25%
of PDAC patients’ cancer cells, and patients with primary cilia
showed higher rates of lymph node metastases (Emoto et al., 2013).
These observations indicate a connection between primary cilia and
tumorigenesis, but the impact of primary cilia on cancer may vary
depending on the type of cancer and the tumor stage. Thus, while the
importance of primary cilia in cancer research is evident, further
work is needed to explore primary cilia-related signaling and its
relevance to different types of cancer.

4 Anticancer drug resistance

In the treatment of cancer, anticancer drug resistance refers to
the development of chemotherapeutic agent resistance in cancer
cells, which indicates that the cancer cells have not died despite
receiving blood levels of the drugs that can kill drug sensitive cancer
cells (Housman et al,, 2014; Wang et al., 2019) Drug resistance can
be categorized into two main types: intrinsic resistance, in which
cancer cells are naturally resistant to a drug and do not respond to
the drug, and acquired resistance, in which a drug treatment is
initially effective in treating cancer but is continued in such a way
that it results in numerous molecular alterations or induces the
abnormal activity of other signaling systems, resulting in the drug no
longer being effective (Figure 2) (Robey et al., 2018; Wang et al,
2019; Shi et al, 2022). Drug resistance arises from a range of
molecular and cellular processes that are still largely unknown,
including genetic mutations, epigenetic modifications, and
cellular changes (Housman et al, 2014; Robey et al, 2018; Shi
et al, 2022). Mechanisms of drug resistance identified till date
include increased drug excretion due to overexpression of ATP
binding cassette transporters (resulting in increased drug efflux and

Frontiers in Molecular Biosciences

decreased drug accumulation) (Gottesman et al., 2002; Vadlapatla
etal, 2013; Wu et al., 2014; Alfarouk et al., 2015; Robey et al., 2018;
Shi et al, 2022), alterations of drug targets (e.g., target protein
mutation, activation of alternative pathways to bypass the drug
effect) (Bell et al., 2005; Ma et al., 2011; Wang et al., 2012; Tang et al.,
2013; Housman et al, 2014; Wang et al, 2019), metabolic
inactivation of drugs (Cumming et al., 2001; Townsend and Tew,
2003; Sampath et al., 2006; Zahreddin and Borden, 2013; Housman
et al., 2014), epigenetics (epigenetic modifications can alter the
expression of drug resistance-related genes) (Wu et al., 2014;
Ohata et al., 2017), activation of DNA damage repair (reducing
the anticancer drug effect that kills cancer cells by inducing DNA
damage) (Esteller, 2000; Olaussen et al., 2006; Curtin, 2012),
pathways blocking cell apoptosis
(increasing cancer cell survival by blocking programmed cell
death induced by drugs) (Frew et al, 2008; Sasaki et al, 2010;
Soria et al, 2010), epithelial-mesenchymal transition, tumor

regulation of apoptotic

microenvironment (changes in the tumor environment can

increase cancer cell protection by immune system from
anticancer drug attack and reduce drug uptake through hypoxia
condition) (Carraway and Sweeney, 2006; Lenisak et al., 2009; Singh
and Settleman, 2010; Wendt et al, 2010), and cancer cell
heterogeneity (Campbell et al., 2010; Navin et al, 2010; Parkin
et al.,, 2013).

Despite significant research efforts, achieving desirable
chemotherapeutic effects in the treatment of advanced cancer
with single-drug therapy alone is considered nearly impossible
due to the molecular complexity of cancer and its resistance to
anticancer drugs. As a result, multi-targeted approaches have
been adopted

chemotherapy and avoid drug resistance (Falzone et al.,, 2018;

recently to enhance the effectiveness of

Delou et al., 2019). However, this is not a fundamental solution
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Wnt5a-dependent signaling activation Whnt3a-dependent signaling activation
Primary cilia fragmentation
FIGURE 3

More ciliated status leads to anticancer drug resistance. Excessive primary ciliogenesis due to overactivation of ciliogenesis pathways leads to the
acquisition of drug resistance in cancer cells. Both intrinsic and acquired resistance increase the length of primary cilia and the number of cells with
primary cilia. Specific inhibition of primary ciliogenesis pathways overcomes drug resistance. Figure reproduced from Ref. (Jenks et al., 2018; Kyun et al.,

2020; Kim et al., 2022).

TABLE 1 Primary cilia and drug resistance in cancer cell lines.

Cancer cell lines Drug resistance Primary cilia length  Cells with primary cilia  References
A549 (Lung carcinoma) Doxorubicin increase increase Kim et al. (2022)
Paclitaxel increase increase Kim et al. (2022)
Dasatinib increase - Kim et al. (2022)
Trametinib increase increase Jenks et al. (2018)
Cisplatin increase - Jenks et al. (2018)
Carboplatin - - Jenks et al. (2018)
Vinflunine increase increase Jenks et al. (2018)
H2228 (Lung adenocarcinoma) NVP-TAE increase increase Jenks et al. (2018)
HCC4006 (Lung adenocarcinoma) Erlotinib increase increase Jenks et al. (2018)
PC-9 (Lung adenocarcinoma) Afatinib - - Jenks et al. (2018)
Erlotinib - - Jenks et al. (2018)
H23 (Lung adenocarcinoma) Trametinib increase increase Jenks et al. (2018)
H1792 (Lung adenocarcinoma) Trametinib - increase Jenks et al. (2018)
A204 (Muscle rhabdomyosarcoma) Dasatinib increase Jenks et al. (2018)
PANC-1 (Pancreatic ductal adenocarcinoma) Cisplatin N.D. increase Chao et al. (2022)
MCEF-7/ADR (Multidrug-resistant breast tumor cell line) | Doxorubicin (Adriamycin) increase increase Kyun et al. (2020)

N.D., not determined.

for overcoming anticancer drug resistance. Currently, drug
therapy for cancer treatment primarily involves chemotherapy,
and targeted drug therapy is under development. However,
targeted therapy alone has not been able to overcome cancer
drug resistance. Additionally, while immunotherapy, which
involves directly engaging the patient’s immune system, has
been attempted recently, it still faces limitations in inducing
resistance and does not directly overcome cancer drug resistance
(Said and Ibrahim, 2023). Therefore, for effective cancer
treatment, overcoming drug resistance is an obstacle that
requires a dramatic shift in our approach. Finding innovative
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strategies to tackle drug resistance is essential to improving the
outcomes of cancer therapy.

5 Possible role of primary cilia in
anticancer drug resistance

Numerous cancer cell types have been shown to lack primary
ciliogenesis (Eguether and Hahne, 2018; Higgins et al, 2019).
Additionally, the primary cilia that grew when these cancer cells
were exposed to anticancer drugs to create resistance were
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FIGURE 4

Overcoming anticancer drug resistance by regulating primary ciliogenesis in cancer cells. Presumably, in normal cells, the right amount/length of
primary cilia are formed at the right time, but overactivation of the primary cilia disassembly pathway induces extreme primary cilia loss (large blue
background arrow), leading to cancer (although there are exceptions), and in cancer cells, overactivation of the primary cilia assembly pathway leads to
the development of drug resistance (large pea-green background arrow). Therefore, it is possible to inhibit tumorigenesis by inhibition of excessive
primary cilia disassembly pathway or induction of assembly pathway, and to overcome drug resistance by inhibition of primary cilia assembly pathway or
activation of disassembly pathway in anticancer drug-resistant cells. Figure reproduced from Ref (Pugacheva et al,, 2007; Lee et al., 2012; Jenks et al.,

2018; Kyun et al,, 2020; Lee, 2020; Kim et al,, 2021; Kim et al., 2022).

discovered to be very lengthy (Figure 3) (Table 1) (Jenks et al.,, 2018;
Kyun et al., 2020; Kim et al., 2022). In cancer cells that were resistant
to the anticancer drug kinase inhibitors, more cells generated
primary cilia, and these cells’ primary cilia were longer than
those of cancer cells that were not drug-resistant, according to a
recent study. Tanos and associates (Jenks et al., 2018) looked at the
relationship between primary cilia and drug resistance in
HCC4006 lung adenocarcinoma cells that were resistant to the
family ~of kinase inhibitors, erlotinib. = Drug-sensitive
HCC4006 lung adenocarcinoma cells do not form primary cilia
under the 48-h serum starvation conditions required to induce
primary cilia formation, but erlotinib-resistant HCC4006 cells
were found to form primary cilia successfully when primary cilia
formation was induced by 48 h serum starvation. They also found
that, when compared to control NCI-H2228 cells, NVP-TAE684 (a
small ALK NCI-H2228

adenocarcinoma cells had more primary ciliated cells and longer

molecule inhibitor)-resistant lung
primary cilia. When compared to control A204 cells, rhabdoid
tumor A204 cells that developed dasatinib (a tyrosine kinase
inhibitor) resistance had longer primary cilia and more ciliary tip
fragmentation. These findings allowed them to predict how primary
cilia induce drug resistance. They transfected A204 cells with
Kif7 siRNA to promote elongated primary cilia generation via
Kif7 knock-down to verify this theory, and they discovered that
datatinib-induced cell death was reduced in these cells. Collectively,
these findings imply that the development of drug resistance
requires an increase in primary cilia length. Tanos and others
(Jenks et al., 2018) then investigated the effects of drug resistance
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on primary ciliary inducible cell signaling. In dasatinib-resistant
A204 cells compared to control A204 cells, SHH or SMO agonist
(SAG) stimulation was able to induce enhanced GLI1 and
PTCHI1 mRNA expression, which are Hh target genes. They also
discovered a comparable rise in the activity of Hh signaling in
H2228 cells and HCC4006 cells resistant to the ALK inhibitor NVP-
TAEG684. They tested whether cancer cell survival was impacted by
primary ciliogenesis suppression by knocking down either the IFT-B
particle IFT88 or the centriole distal appendage protein SCLT1. The
findings showed that erlotinib treatment of ErloR-HCC4006 cells
sharply decreased cell viability through the prevention of primary
ciliogenesis in ErloR-HCC4006 cells by reduction of IFT88 or
SCLTI1. This suggests that by inhibiting primary ciliogenesis,
erotinib-resistant HCC4006 cells were likely converted to
erlotinib-sensitive HCC4006 cells. Dasatinib-resistant A204 cells
(DasR-A204) and NCI-H2228 NVP-TAE684-resistant cells had
comparable outcomes. Together, Tanos and her colleagues
demonstrate that primary cilia are essential for the development
of drug resistance and that they can serve as a target for combating it.
Later research has strengthened the link between primary cilia and
drug resistance.

Lee and his colleagues (Kyun et al., 2020) identified a pathway
through which Wnt3a, one of the canonical Wnt ligands, causes
primary ciliogenesis. They discovered that Wnt3a stimulation
increased the number of cells generating primary cilia, and
Wnt3a stimulation enhanced primary cilia length and thickness.
When Wnt3a was stimulated, CK18 was activated, which
phosphorylated p-catenin S47. It was later discovered that -
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catenin p-S47 is located in the mother centriole’s subdistal
appendage and that it causes the centriolar satellites PCMI,
AZI1, and CEP290 to accumulate centrosomally. Primary cilia
were induced to grow as a result of this chain of events. They
tested the MCF-7/ADR cells, breast cancer-derived adriamycin
(doxorubicin)-resistant cells, using this pathway established in
hTERT-RPE cells, and observed that it was highly active in
MCEF-7/ADR cells (Kyun et al., 2020). In comparison to control
MCEF-7 parental cells, Wnt3a stimulation of MCF-7/ADR cells
increased primary cilia generation and length by an average of
7 and 3 folds, respectively. Compared to the roughly 2-fold increase
in primary ciliated cells and primary ciliary length shown in hTERT-
RPE cells without drug resistance, this rise is much larger.
Additionally, drug-resistant MCF-7/ADR cells showed a 7-fold
increase in centrosomal accumulation of centriolar satellites in
response to Wnt3a stimulation compared to controls, whereas
only a 2-fold increase was seen in hTERT-RPE cells. These
findings suggest that drug-resistant cells are more likely to have
active primary ciliogenesis through the Wnt3a stimulation
mechanism than normal cells. Another study confirmed that the
induction of anticancer drug resistance promotes primary
ciliogenesis in anticancer drug-resistant A549 cells by treating the
lung cancer cell line with doxorubicin, dasatinib, and paclitaxel to
induce resistance (Kim et al., 2022). The extent of primary cilia
formation was then assessed. Primary ciliated cells and primary
ciliary length were both enhanced in the doxorubicin- and
A549 (A549/Dox and A549/Pac,
respectively) in comparison to parental A549 cells. Cells that

paclitaxel-resistant cells
were resistant to dasatinib showed somewhat varied outcomes.
The number of primary ciliated cells in dasatinib-resistant
A549 cells (A549/Das) was not substantially different from
parental A549 cells, but they had increased primary ciliary length
These
relationship between primary ciliogenesis and drug resistance,

and fragmentation. findings demonstrate a robust
and the potential of primary cilia as a target for overcoming drug

resistance in cancer therapy.

6 Perspectives

Despite decades of research, cancer drug resistance has not been
overcome. Recently, targeted and immunotherapeutic drugs have
been used to combat the condition, although drug resistance has also
been discovered (Said and Ibrahim, 2023). Therefore, overcoming
cancer drug resistance requires a breakthrough approach, not an
iteration of current treatments. This review suggests that primary
cilia are the cellular organelles that underlie drug resistance and are
potential targets for overcoming anticancer drug resistance
(Figure 4). The role of primary cilia has been overlooked in favor
of the function of motile cilia (Davenport and Yoder, 2005).
However, its importance has recently been acknowledged because
of several reports of linkages to human illness. Its position as a center
of cellular signaling that maintains cellular homeostasis has made it
a key organelle in associated illnesses (Goetz and Anderson, 2010;
Seeley and Nachury, 2010). Recent evidence shows that primary cilia
manipulation may potentially be used to overcome anticancer drug
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resistance (Figure 4) (Table 1) (Jenks et al., 2018; Kyun et al., 2020;
Kim et al., 2022). However, the importance of primary cilia in drug
resistance is not entirely known, and research on the role of primary
cilia in drug resistance continues. The general application of primary
ciliary-related drug resistance mechanisms to each cancer type needs
further investigation, as does the varied primary ciliary effects in
different cancer types. The current results are sufficient to shift the
focus from the limitations of traditional drug resistance research to
overcome resistance through primary cilia research. Therefore, it is
crucial to identify key factors that are specifically involved in the
primary cilia production regulation, degradation, and function to
develop targets to overcome anticancer drug resistance with
minimal side effects and toxicity. Demonstrating that the
identified primary cilia-specific factors are connected to
anticancer drug resistance may provide a breakthrough and a
new tool to overcome anticancer drug resistance using primary
cilia. Furthermore, since primary cilia are deeply involved in the
cancer microenvironment (Bailey et al., 2008; Shaw et al., 2009;
O’Toole et al., 2011; Liu et al., 2018; Wang et al., 2021) primary cilia
research targets may provide a strategy for overcoming cancer drug
resistance while also modulating the cancer microenvironment.
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Background: Primary ciliary dyskinesia (PCD; MIM 242650) is a rare genetic
disorder characterized by malfunction of the motile cilia resulting in reduced
mucociliary clearance of the airways. Together with recurring infections of the
lower respiratory tract, chronic rhinosinusitis (CRS) is a hallmark symptom of PCD.
Data on genotype—phenotype correlations in the upper airways are scarce.

Materials and methods: We investigated the prevalence, radiologic severity, and
impact on health-related quality of life (HrQol) of CRS in 58 individuals with
genetically confirmed PCD. Subgroup analysis was performed according to the
predicted ultrastructural phenotype based on genetic findings.

Results: Among 58 individuals harboring pathogenic variants in 22 distinct genes
associated with PCD, all were diagnosed with CRS, and 47% underwent sinus
surgery. A total of 36 individuals answered a German-adapted version of the 20-
item Sinonasal Outcome Test (SNOT-20-GAV) with a mean score of 35.8 + 17,
indicating a remarkably reduced HrQoL. Paranasal sinus imaging of 36 individuals
showed moderate-to-severe opacification with an elevated Lund—Mackay Score
(LMS) of 10.2 + 4.4. Bilateral agenesis of frontal sinus (19%) and sphenoid sinus
(9.5%) was a frequent finding in individuals aged 16 years or older. Subgroup
analysis for predicted ultrastructural phenotypes did not identify differences in
HrQol, extent of sinus opacification, or frequency of aplastic paranasal sinuses.

Conclusion: PCD is strongly associated with CRS. The high burden of disease is
indicated by decreased HrQoL. Therefore, the upper airways of PCD individuals
should be evaluated and managed by ear—nose—throat (ENT) specialists.
Genetically determined PCD groups with predicted abnormal versus (near)
normal ultrastructure did not differ in disease severity. Further studies are
needed to gain evidence-based knowledge of the phenotype and
management of upper airway manifestations in PCD. In addition, individuals
with agenesis of the frontal and sphenoid paranasal sinuses and chronic
respiratory symptoms should be considered for a diagnostic evaluation of PCD.
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1 Introduction

Motile cilia have a highly ordered ultrastructure with a
canonical 9 + 2 microtubule-based organization (Wallmeier
et al., 2020). Multiple motile cilia lining the cell surface of
different tissues beat in a coordinated slow backward and fast
forward stroke in order to clean the airways. The upper airways
also comprise the nose, paranasal sinuses, and middle ears.
Primary ciliary dyskinesia (PCD; ORPHA:244) is a rare
genetic disorder affecting the function of motile cilia (Mirra
et al., 2017). This results in impaired mucociliary clearance
and a wide spectrum of clinical symptoms and manifestations
in various organ systems (Werner et al., 2015; Paff et al., 2021).
To date, pathogenic variants in more than 50 genes are related to
PCD (Wallmeier et al., 2020). The severity and course of the
disease differ based on the genotypes (Paff et al., 2021). Some of
these ciliary defects cause ultrastructural changes that are
detectable by electron microscopy (TEM),
whereas others do not (Shoemark et al., 2020). Therefore, the
diagnostics of PCD are complex, and several tests, including

transmission

measurement of nasal nitric oxide, high-speed video microscopy
of vital ciliated epithelial cells (i.e., collected by nasal brushes),
immunofluorescence analyses, TEM, and genetic analyses, are
needed (Lucas et al., 2017a).

There is no cure for PCD, and its management focuses on
symptomatic treatment (Paff et al., 2021). As good clinical evidence
is missing, the management of PCD is often adopted to experiences
in the more frequent and well-investigated respiratory disease cystic
fibrosis (CF) (Lucas et al., 2017b; Marthin et al.,, 2021). Both diseases
show an impaired mucociliary clearance leading to bacterial
colonization, recurring/chronic infections, and progressive
changes of the upper and lower airways (i.e., bronchiectasis)
(Marthin et al., 2021). However, the pathophysiology is different,
and some highly effective therapies in CF, such as inhalation of
recombinant human dornase alfa, do not benefit individuals with
PCD (Paff et al., 2021).

The majority of individuals with PCD suffer from symptoms
related to the paranasal sinuses, and half of these patients fulfil the
formal criteria for chronic rhinosinusitis (CRS) (Sommer et al,
20115 Bhatt et al., 2019). Zawawi et al. demonstrated that nasal
congestion (83%) and nasal discharge (77%) were the most frequent
upper airway symptoms in a cohort of children with PCD and that
sinonasal disease can lead to a decrease in health-related quality of
life (Zawawi et al., 2021). Pifferi et al. investigated the sense of smell
in individuals with PCD and showed an inverse correlation between
loss of smell and radiologic grading of CRS. In the cohort, sense of
smell was reduced in PCD individuals with abnormal ciliary
ultrastructure compared to PCD individuals with normal
ultrastructure due to pathogenic variants in DNAHII (Pifferi
et al, 2018). However, data on CRS in individuals with PCD
remain limited, including detailed genotype-phenotype correlation.

In this study, we investigated the impact of CRS in a large cohort
of individuals with genetically confirmed PCD on health-related
quality of life (HrQoL), and we graded CRS severity based on
radiologic imaging and the Lund-Mackay scoring system. We
grouped PCD individuals based on genetic defects that are
predicted to cause either (near) normal or abnormal ciliary

ultrastructure for genotype—phenotype correlation.
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2 Materials and methods
2.1 Study design and population

We performed prospective analyses of HrQoL and retrospective
analyses of computed tomography (CT) and magnetic resonance
imaging (MRI) scans of paranasal sinuses in individuals with a
genetically confirmed diagnosis of PCD.

The study population included individuals from the PCD cohort
of the University Hospital Muenster, Germany (https://pcdregistry.
uni-muenster.de/), who were referred between 02/2011 and 09/
2021 for PCD diagnostics. Only patients with genetically
confirmed PCD and available paranasal sinus imaging and/or
SNOT-20-GAV were included. Each participant or their legal
guardian(s) gave written informed consent prior to participation.
The study was approved by the local ethics committee of the
Westphalian ~ Wilhelms-University of Muenster (Muenster,
Germany; AZ 2011-270-f-S). PCD diagnosis was confirmed
following the ERS diagnostic guideline (Lucas et al., 2017a).

Mutations in many different genes can cause PCD due to
marked genetic heterogeneity. We divided the individuals into
two groups depending on the mutated genes, as described
previously (Raidt et al, 2022; Kinghorn et al., 2023). One gene
group predicted abnormal axonemal ultrastructure detectable by
TEM. This group comprised i) outer dynein arm (ODA)-, ii)
combined inner dynein arm (IDA)/ODA-, and iii) microtubular
disorganization and IDA defects (Shoemark et al., 2020). The other
gene group predicted normal or near-normal ultrastructural
phenotypes [referred to as (near) normal ultrastructure] of the
respiratory ciliary axonemes (Raidt et al., 2022; Kinghorn et al,
2023). Please refer to Table 1 for the different gene groups.

CRS was diagnosed in accordance with the EPOS guidelines
(Fokkens et al., 2020). Basic clinical information was collected from
the International PCD registry (Werner et al., 2016). HrQoL was
evaluated by using the German-adapted 20 item Sino-Nasal
Outcome Test (SNOT-20-GAV) (Baumann et al., 2007), and
radiologic staging of chronic rhinosinusitis was determined using
Lund-Mackay scores (LMS) (Lund and Mackay, 1993).

2.2 Genetic analyses

Genetic diagnoses were established using regular gene testing
including Sanger sequencing of PCD genes. In most cases, targeted
PCD gene panels were used as previously described (Raidt et al.,
20225 Aprea et al,, 2023). In a few cases, whole-exome sequencing
was performed, and data were analyzed only for DNA variants in
previously published PCD genes. Only individuals with pathogenic
autosomal-recessive bi-allelic variants or a pathogenic heterozygous
dominant or hemizygous X-linked variant were included.
Segregation analysis was performed when parental DNA was
available. All DNA variants were evaluated according to the
guidelines of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology (ACMG/
AMP) (Richards et al., 2015), and only pathogenic (class 5)/likely
pathogenic variants (class 4) were included. The pathogenicity of
genetic variants was determined as previously described using in
silico calculation programs (e.g., Varsome) (Raidt et al, 2022;
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TABLE 1 Genetic findings and predicted ultrastructure for each individual. Abbreviation: ID, Identification number; Var. class, Variant classification; 4 likely
pathogenic, 5 pathogenic.

Allele 1

Mutation

Protein level

Allele 2

Mutation

Protein level

Predicted ciliary
ultrastructure

(Near)  Abnormal
normal

1-15  ZMYNDIO(NM_015896.4): (p.Vall6Gly) ZMYND10(NM_015896.4): (p.Vall6Gly) X
c47T>G c47T>G

1-16 = ODADI1(NM_144577.4): (p.Ala248Thr) ODADI1(NM_144577.4): (p.Ala248Thr) X
c.742G>A c.742G>A

1-18 = ZMYNDI10(NM_015896.4): (p.Vall6Gly) ZMYNDI10(NM_015896.4): (p.GIn164ProfsTer19) X
c47T>G ¢.490dup

1-19 | DNAII(NM_012144.4): ) DNAI1(NM_012144.4): (p.Tyr304Ter) X
c.48+2dup c912C>G

1-25  DNAHS5(NM_001369.3): (p.Glu904Ter) DNAHS5(NM_001369.3): (p-Glu904Ter) X
c.2710G>T c.2710G>T

1-28 | DNAHII(NM_001277115.2): | (p.Argl445Ter) DNAHI1(NM_001277115.2): | (p.Gln1648Ter) X
c.4333C>T c.4942C>T

1-32  DNAII(NM_012144.4): ) DNATL(NM_012144.4): (p.Lys523 =) X
c.48+2dup c.1569G>A

1-39  DNAHI11(NM_0012771152): | (p.Val4251_ DNAHI11(NM_001277115.2):  (p.Arg285del) X
¢.12751_12756del Lys4252del) ¢.852_854del

1-47 | FOXJ1(NM_001454.4): (p.Thr291LysfsTer12) X
c.868_871dup

1-49 = DNAAFI(NM_178452.6): (p-Asp110GlufsTers) DNAAF1(NM_178452.6): (p-Leul91Arg) X
¢.329dup c.572T>G

1-52  CFAP300(NM_032930.3): (p.Phe67ProfsTer10) CFAP300(NM_032930.3): (p.Phe67ProfsTer10) X
¢.198_200del TTTinsCC c.198_200delTTTinsCC

1-57  ZMYNDI10(NM_015896.4): (p.Vall6Gly) ZMYND10(NM_015896.4): (p.Vall6Gly) X
c47T>G c47T>G

1-74 | HYDIN(NM_001270974.2): (p.Ser2047Ter) HYDIN(NM_001270974.2): (p.Ser2047Ter) X
c.6140C>G c.6140C>G

1-77 = DNAAF6(NM_173494.2): (p-9) X
400 kb deletion

1-83 | DNAII(NM_012144.4): ) DNATI(NM_012144.4): ) X
c.48+2dup c.48+2dup

1-91 ODAD2(NM_018076.5): (p-Asp993ThrfsTer14) ODAD2(NM_018076.5): (p-Asp993ThrfsTer14) X
¢.2976del ¢.2976del

1-93 = ODADI(NM._144577.4): (p.GIn76Ter) ODADI1(NM_144577.4): (p.GIn76Ter) X
¢.226C>T c.226C>T

1-96  DNAHI11(NM_0012771152): | (p.Pro2907Ser) DNAHI11(NM_001277115.2): | (p.Pro2907Ser) X
c.8719C>T c.8719C>T

1-100  ODAD2(NM_018076.5): (p.Leu843PhefsTer52) ODAD2(NM_018076.5): (p.Leu843PhefsTer52) X
¢.2528dup ¢.2528dup

1-106 = DNAH5(NM_001369.3): (p.Ile1855AsnfsTer6) DNAH5(NM_001369.3): (p.Leul689Ter) X
¢.5563dup c.5066T>A

1-108 = HYDIN(NM_001270974.2): (p.Ser2047Ter) HYDIN(NM_001270974.2): (p.Ser2047Ter) X
c.6140C>G c.6140C>G

1-109 DNAHS5(NM_001369.3): (p.Pro3606HisfsTer23) DNAHS5(NM_001369.3): (p.Arg4496Ter) X
¢.10815del c.13486C>T

1-113 = CFAP300(NM_032930.3): (p.Phe67ProfsTer10) CFAP300(NM_032930.3): (p-Asp118Gly) X

¢.198_200del TTTinsCC
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TABLE 1 (Continued) Genetic findings and predicted ultrastructure for each individual. Abbreviation: ID, Identification number; Var. class, Variant classification;
4 likely pathogenic, 5 pathogenic.

Allele 1

Mutation

Protein level

Allele 2

Mutation

Protein level

Predicted ciliary
ultrastructure

(Near)  Abnormal
normal

1-115 = DNAHS5(NM_001369.3): (p.Pro3606HisfsTer23) DNAHS5(NM_001369.3): (p-Arg3539Cys) X
¢.10815del c.10615C>T

1-116 = DNAAF1(NM_178452.6): (p.Ala291GlyfsTer6) DNAAF1(NM_178452.6): (p.Ala291GlyfsTer6) X
c.871dup c.871dup

1-121 = RSPH4A(NM_001010892.3): (p.Ala369Pro) RSPH4A(NM_001010892.3): (p.Ala369Pro) X
c.1105G>C c.1105G>C

1-123  DNAII(NM_012144.4): (p.?) DNAI1(NM_012144.4): (p.?) X
cA48+2dup c180G>A

1-128 = DNAH5(NM_001369.3): (p.Leul726Pro) DNAHS5(NM_001369.3): (p.Lys296GlnfsTer3) X
¢.5177T>C c.885dup

1-134  CCDC39(NM_181426.2): (p.?) CCDC39(NM_181426.2): (p.?) X
c.610-2A>G c.610-2A>G

1-135 | ZMYNDIO(NM_015896.4): (p.Val16Gly) ZMYNDI0(NM_015896.4): (p.Val16Gly) X
c47T>G c47T>G

1-144  DNAHI1(NM_001277115.2): | (p.Argl836Ter) DNAHI1(NM_001277115.2):  (p.Leud356del) X
¢.5506C>T ¢.13065_13067del

1-148 = RSPHI1(NM_080860.4): (p-Pro228AlafsTer15) RSPH1(NM_080860.4): (p-Pro228AlafsTer15) X
c.680dup ¢.680dup

1-151  DNAH5(NM_001369.3): (p.Gln3462Ter) DNAHS5(NM_001369.3): (p?) X
c.10384C>T Duplication Exon 54-70

1-153 = CCDC40(NM_017950.4): (p.Ala83ValfsTer84) CCDC40(NM_017950.4): (p.Ala83ValfsTer84) X
c.248del c.248del

1-154  SPAGI1(NM_172218.3): (p-?) SPAGI(NM_172218.3):c.595 (p.?) X
c427-2A>G +2T>G

1-171 = DNAAF6(NM_173494.2): (p.GIn119Ter) X
¢.355C>T

1-179 = DNAH5(NM_001369.3): (p.?) DNAHS5(NM_001369.3): (p-Arg3539Cys) X
c.12705 + 1G>T c.10615C>T

1-190 DNAHI1(NM_0012771152): | (p.Pro4200SerfsTerl5) DNAHI11(NM_001277115.2): | (p.Gln4474Ter) X
¢.12597dup ¢.13420C>T

1-193  DNAH5(NM_001369.3): (p.?) DNAHS5(NM_001369.3): (p-Leul726Pro) X
c.12279 + 1G>A c.5177T>C

1-194 RSPH4A(NM_001010892.3): | (p.Gly464Glu) RSPH4A(NM_001010892.3):  (p.Gly464Glu) X
c.1391G>A c.1391G>A

1-205  DNAHO(NM_001372.4): (p.Tyr1702Ter) DNAH9(NM_001372.4): (p-Gly3072GlufsTer8) X
¢5106T>G ¢.9211_9214dup

1-207 = CCDC40(NM_017950.4): (p-9) CCDC40(NM_017950.4): (p-9) X
€.940-1G>C €.940-1G>C

1-211 | CCDC40(NM_017950.4): (p-Arg814Ter) CCDC40(NM_017950.4): (p-Arg814Ter) X
€.2440C>T €.2440C>T

1-214 | DNAHI1(NM_001277115.2): (p-Arg3888His) DNAHI11(NM_001277115.2): (p-Arg3888His) X
c.11663G>A c.11663G>A

1-218 | DNAAF4(NM_130810.4): (p.Jle195Ter) DNAAF4(NM_130810.4): (p.le195Ter) X
c.583del c.583del

1-220 = DNAH5(NM_001369.3): (p.Leu572Trp) DNAHS5(NM_001369.3): (p-Argl716Trp) X

c1715T>G
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TABLE 1 (Continued) Genetic findings and predicted ultrastructure for each individual. Abbreviation: ID, Identification number; Var. class, Variant classification;
4 likely pathogenic, 5 pathogenic.

Mutation

Allele 1

Protein level

Var.
Class

Allele 2

Mutation

Protein level

Var.
Class

Predicted ciliary
ultrastructure

(Near)
normal

Abnormal

1-221 = CCNO(NM_021147.5): (p-Pro309ArgfsTer18) 5 CCNO(NM_021147.5): (p-Pro309ArgfsTer18) 5 X
c.926del c.926del

1-226 = DNAAF11(NM_012472.6): (p.Trp210CysfsTer12) 5 DNAAF11(NM_012472.6): (p.Trp210CysfsTer12) 5 X
¢.630del ¢.630del

1-228 = DNAAF4(NM_130810.4): (p.Ile195Ter) 5 DNAAF4(NM_130810.4): (p.Arg270Ter) 5 X
c.583del c.808C>T

1-232 = DNAAF11(NM_012472.6): (p.-Trp210CysfsTer12) 5 DNAAF11(NM_012472.6): (p.Trp210CysfsTer12) 5 X
¢.630del ¢.630del

1-233  ODAD4(NM_001350319.2): (p.Lys82ArgfsTer29) 5 ODAD4(NM_001350319.2): (p.?) 5 X
c.245del c397 + 1G>A

1-238  CCDC40(NM_017950.4): (p-Ala83ValfsTer84) 5 CCDC40(NM_017950.4): (p.Ser252ArgfsTer43) 4 X
c.248del ¢.736_755dup

1-242 | ODADI(NM._144577.4): (p.Ala248Thr) 5 ODADI(NM_144577.4): (p.Ala248Thr) 5 X
c.742G>A c.742G>A

1-255 | DNAHS5(NM_001369.3): (p.Glu904Ter) 5 DNAH5(NM_001369.3): (p.Glu904Ter) 5 X
c.2710G>T c.2710G>T

1-258 = RSPH4A(NM_001010892.3): (p.Asp655IlefsTer83) 4 RSPH4A(NM_001010892.3): (p.Asp655IlefsTer83) 4 X
¢.1963_1966del ¢.1963_1966del

1-261 = DNAAFI1(NM_178452.6): (p.Prod51AlafsTer6) 5 DNAAF1(NM_178452.6): (p.Pro451AlafsTer6) 5 X
¢.1349dup ¢.1349dup

1-265 = SPAGI(NM_172218.3): (p.Ala428ProfsTer17) 5 SPAG1(NM_172218.3): (p.Ala428ProfsTer17) 5 X
c.1282_1294del c.1282_1294del

1-292  SPEF2(NM_024867.4): (p.Arg304Ter) 5 SPEF2(NM_024867.4): (p.I1e877PhefsTer6) 4 X
c.910C>T €.2629del

Aprea et al., 2023). Gene nomenclature was used according to the
current approved HGNC [human genome organization (HUGO);
(https://www.genenames.org/)] (Bruford et al., 2020).

2.3 Imaging analyses

We analyzed available CT and MRI scans of the paranasal
sinuses stored in the Picture Archiving and Communication
System (PACS) of the University Hospital Muenster. CT scans
were assessed in bone windows in axial and coronal slices, while
T1-and T2-weighted coronal and axial slices were analyzed from
MRI scans as described previously (Lin and Bhattacharyya, 2009).
MRI was acquired on different machines with a magnetic field
strength of 1.5 or 3.0 Tesla, and spin-echo sequences were used. The
slice thickness varied between 3 and 5 mm. Pneumatization of the
paranasal sinuses is linked to age, especially of the frontal and
sphenoid sinuses (Lee et al., 2022). The most recent imaging was
evaluated for statistical analyses.

Scans were evaluated for mucosal thickening and opacification
of each of the sinuses and the ostiomeatal complex according to the
Lund-Mackay scoring system (0 = no opacification/mucosal
swelling; 1 = partial opacification; 2 = complete opacification).
Ostiomeatal complexes were either scored as 0 (not obstructed)
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or 2 points (obstructed) (Hopkins et al., 2007). Agenesis of sinuses
was scored with 0 points. Single values were summed, leading to a
score between 0 (indicating no opacification at all) and 24
(indicating full opacification of all scored sites). Scoring was
performed independently and blinded by both a pediatrician
(AS) and a rhinologist (AGB).

Agenesis of the frontal sinus was defined as the absence of
supraorbital pneumatization of the frontal bone. Agenesis of the
sphenoid sinus was defined as the absence of pneumatization of the
sphenoid bone. Paranasal sinus agenesis was only evaluated in
individuals aged 16 years or older.

2.4 Health-related quality of life

HrQoL was evaluated by using the SNOT-20-GAYV, a validated
and slightly adapted German translation of the SNOT-20 (Piccirillo
et al, 2002; Baumann et al, 2008). The questionnaire contains
20 items addressing upper airway and general symptoms. Compared
to the SNOT-20, the SNOT-20-GAV replaces two items addressing
night sleep with items addressing CRS symptoms (nasal congestion
and reduced sense of smell) (Baumann, 2009). Subscores were
calculated as suggested by Baumann et al, (2008). Individuals
with PCD and of at least 18years of age answered the
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TABLE 2 Clinical characteristics of the PCD cohort Shown are ratios, mean * standard deviation (minimum—maximum), and counts (percentages). Abbreviations:
PCD, primary ciliary dyskinesia; CT, computed tomography; MRI, magnetic resonance imaging; SNOT, sino-nasal outcome test; m, male; f, female.

Characteristics

PCD individuals n = 58 Sinus imaging n = 36, CT = 25, MRl = 11

SNOT n = 36

Sex (m:f) 26:32

Age in years 30.9 + 14.5 (5—65)
Age on imaging/SNOT

Predicted ciliary ultrastructure (near) normal:abnormal) 16:42

14:22 14:22

243 + 10,2 (5-48) 36.6 + 13.7 (20—65)
18.9 + 9.2 (4—43) 317 +132 (18—63)

9:27 12:24

Chronic rhinosinusitis [(near) normal:abnormal)] 58 (100%) [16:42]

Paranasal sinus surgery [(near) normal:abnormal)] 27 (47%) [9:18]

Resurgery [(near) normal:abnormal)] 7127 (26%) [3:4]

questionnaire during routine consultations in the outpatient clinic
between June 2017 and October 2020. SNOT-20-GAV scores were
correlated with LMS, where paired data were available.

2.5 Statistics

Statistics were mainly calculated with Graphpad Prism
9.2.0 for Windows. Intraclass correlation (ICC), Fisher’s exact
test, and chi-squared test were calculated using IBM SPSS
LMS and SNOT
Gaussian distribution was assumed, and unpaired f-test was

Statistics version 28.0.1.0. For scores,
calculated between ultrastructural groups and sex. Correlation
between LMS, SNOT-20-GAV, and their subscores was evaluated
by Pearson correlation. Concordance of Lund-Mackay Scores
and sinus agenesis assessment was quantified using the intraclass
correlation coefficient with a two-way mixed model for absolute
agreement on average measures. Dependency of ciliary
ultrastructure on agenesis of paranasal sinuses was analyzed
by chi-squared test, and relative risks for paranasal sinus
surgery between subgroups of predicted ultrastructure were
evaluated by Fisher’s exact test. Scatterplots show each data
point as individual points in the graph. The horizontal line
and error bars indicate mean and standard deviation. The

level of significance was determined as alpha = 0.05.

3 Results
3.1 Study cohort and genetic results

The cohort contained 58 individuals with genetically confirmed
PCD. Disease-causing variants were identified in 22 different PCD
genes. In most cases, these genetic variants were inherited in an
autosomal recessive manner (55/58), but in two individuals a rare
X-linked mutation in DNAAF6 and in one individual an autosomal
dominant mutation in FOX]1 were reported (Table 1). An overview
of the detected genetic defects in this study cohort is summarized in
Table 1. There were 26 male and 32 female individuals included. The
mean age of the study cohort was 30.9 years (+14.5 SD, range
5-65 years) (Table 2). We characterized the cohort according to
the predicted ciliary ultrastructure as indicated by genetic defect. In
all, 42 individuals were classified into the group with predicted
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36 (100%) [9:27] 36 (100%) [12:24]

18 (50%) [5:13] 16 (44%) [5:11]

5/18 (28%) [3:2] 4/15 (25%) [1:3]

abnormal ultrastructure (72%), including individuals with
pathogenic variants in CCDC39 (n = 1), CCDC40 (n = 4),
CFAP300 (n = 2), DNAAFI (n = 3), DNAAF4 (n = 2), DNAAF 6
(n=2), DNAAFII (n=2), DNAH5 (n = 10), DNAII (n = 4), ODADI
(n = 3), ODAD2 (n = 2), ODAD4 (n = 1), SPAGI (n = 2), and
ZMYNDIO0 (n = 4). Meanwhile, 16 individuals were classified into
the subgroup with predicted (near) normal ultrastructure (28%),
including individuals with pathogenic variants in CCNO (n = 1),
DNAHI1 (n = 6), DNAH9 (n = 1), FOX]J1 (n = 1), HYDIN (n = 2),
RSPHI (n = 1), RSPH4A (n = 3), and SPEF2 (n = 1) (Tablel). All
individuals in this cohort suffered from chronic rhinosinusitis
(100%). Moreover, 27 individuals (47%) underwent sinus surgery
at least once, 7 of whom underwent multiple surgeries (26%)
(Table 2). There was no difference in relative risk for paranasal
sinus surgery between the groups of predicted abnormal compared
to predicted (near) normal ultrastructure (relative risk 0.77; p =
0.392).

3.2 Imaging findings

Paranasal sinus CT (n = 25) and MRI (n = 11) scans were
available from 36 individuals. The mean age at the time of imaging
was 18.9 + 9.2 years (range 4—43). When comparing CT and MRI
scans in this cohort, there was no difference in LMS between these
groups (CT 10.4 + 4.3, MRI 9.9 * 3.6, p = 0.74).

The amount of opacification was graded (0 = no opacification,
1 = partial opacification, 2 = complete opacification) from imaging
for each paranasal sinus and ostiomeatal complex on each side
(12 sites) according to the Lund-Mackay score (Lund and Mackay,
1993). The mean LMS was 10.3 + 4.0, indicating moderate-to-severe
opacification (Figure 1). There was no significant difference in
radiologic grading (p = 0.98) between the PCD subgroups with
predicted (near) normal and abnormal ultrastructure (Figure 1F)
and between sexes (p = 0.71, Figure 2A).

Analysis of individuals aged 16 years or older (Figure 3)
demonstrated a high prevalence of bilateral agenesis of the
frontal (4/21, 19%) and sphenoid sinuses (2/21, 9.5%).
Genetic defects resulting in agenesis of the frontal (CCNO,
DNAAFI, DNAHI11, and HYDIN) and sphenoid (HYDIN and
CCDC40) sinuses comprise genetic defects that are predicted to
result in both PCD with (near) normal and abnormal
ultrastructure.
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FIGURE 1

Ultrastructure Ultrastructure

Abnormal opacification of paranasal sinuses and high Lund—Mackay Scores in PCD individuals. Coronal (A-C) and axial (D) CT slices of individuals
with PCD show (A) no opacification, (B) partial opacification, and (C) full opacification of the maxillary sinuses (asterisk) and ethmoid cells (arrowhead).
Chronic rhinosinusitis can lead to osteogenesis of ethmoid cells and medial orbital walls (C,D). Lund—Mackay Scores are calculated by grading six
different sites on each side with 0-2 points (0 = no, 1 = partial, and 2 = full opacification). The most severe score is 24. In this study, individuals with

PCD have moderate-to-severe opacification with a mean LMS of 10.3 + 4 (E). There is no difference between PCD with predicted (near) normal (mean
LMS 10.2 + 4.4) and abnormal (mean LMS 10.3 + 4.4) ciliary ultrastructure based on genetic defects (F) (o = 0.98). Error bars indicate mean + SD.

3.3 Quality of life assessment

HrQoL was assessed with the standardized questionnaire
SNOT-20-GAV that was answered by a total of 36 patients
during routine visits at outpatient clinics. The mean SNOT-
20-GAV was 35.8 + 17 (Figure 4). This indicates a substantial
reduction in HrQoL. Subscores were highest for primary nasal
(44 =+
symptoms (33.4 = 17.6) and general items concerning quality

symptoms 19), followed by secondary rhinogenic

of life (32.7 + 19.8). Cough, congested nose breathing, runny
nose, were the complaints with the highest scores (mean
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2.6—3.2) in SNOT-20-GAV. Ear pain, dizziness, facial pain/
pressure, and sneezing were the least common (mean
0.66-0.83). HrQoL showed a slight tendency toward a reduced
HrQoL in female individuals (mean SNOT-20-GAV +SD 39.4 +
3.8) compared to male individuals (mean SNOT-20-GAV +SD
30 + 12.3), but the difference did not reach statistical significance
(p = 0.11, Figure 2B). The correlation between LMS and SNOT-
20-GAV (Pearson r = 0.35) was weak and did not reach statistical
significance. There was no significant difference HrQoL (p =
0.93) between the predicted (near) normal and abnormal
ultrastructure groups (Figure 4).
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FIGURE 2

Sex-specific analysis of HrQoL and radiologic grading of CRS in
PCD individuals. Evaluation of HrQoL using SNOT-20-GAV and
radiologic grading by Lund—Mackay Score (LMS) in relation to sex
show no significant differences. (A) Radiologic grading for female

PCD individuals shows a mean LMS of 10.5 + 3.8 and for male PCD
individuals of 9.9 + 4.5 (p = 0.71). (B) The HrQoL shows a slight
tendency toward a reduced HrQoL in female individuals (mean SNOT-
20-GAV 39.4 + 3.8) compared to male individuals (mean SNOT-20-
GAV 30 + 12.3), but the difference does not reach statistical
significance (p = 0.11). Error bars indicate mean + SD.

4 Discussion

Reports on CRS in individuals with PCD are scarce. Here, we
investigated the clinical phenotype of the upper airways with a focus
on the paranasal sinuses in a large cohort of 58 individuals with
genetically confirmed PCD. Our cohort comprised PCD individuals
with disease-causing variants in 22 different genes illustrating the
high genetic heterogeneity of PCD (Wallmeier et al, 2020;
Pennekamp et al, 2023). We investigated the impact of CRS
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FIGURE 3

Increased prevalence of frontal and sphenoid sinus agenesis in
PCD. Supraorbital axial (A—C) and ventral coronal (D) CT slices of
individuals with PCD show (A) normal developed frontal sinus, (B)
unilateral agenesis (arrowhead) of frontal sinus, and (C,D)

bilateral agenesis of sinus frontalis. Paranasal sinus aplasia was
investigated for individuals aged 16 years or older as the
pneumatization of paranasal sinuses develops during adolescence
The prevalence of bilateral agenesis of the frontal sinus is 19% (4/21).
Bilateral agenesis of the sphenoid sinus occurs less often (9.5%, 2/
19) (E).

based on radiologic imaging and the Lund-Mackay scoring
system (LMS) and health-related quality of life (HrQoL) to grade
CRS severity.

In this study, we decided not to modify LMS for the absence of
sinuses compared to other investigations (Pifferi et al, 2011;
Berkhout et al., 2016). The modification would increase the total
scores in case of sinus aplasia, implicating a higher disease severity.
However, aplastic sinuses cannot become inflamed, and a
modification of LMS would therefore distort the results. In
addition, available sinus imaging showed a moderate-to-severe
grade of opacification of sinuses, as indicated by a mean LMS of
10.3. An LMS of four or higher in adolescents and five or higher in
children is considered pathologic and highly predictive for the
diagnosis of CRS if applied using a CT scan (Fokkens et al,
2020). Our cohort was evaluated by both CT and MRI. Based on
previous literature, Lund-Mackay scores based on MRI scans do not
overestimate sinus opacification (Lin and Bhattacharyya, 2009). This
is supported by our findings. When comparing CT and MRI scans in
this cohort, there was no difference in LMS between these groups
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SNOT-20-GAV demonstrates high disease burden associated

with CRS in PCD. The German-adapted version of the 20-item sino-
nasal outcome test (SNOT-20-GAV) was obtained from PCD
individuals during routine consultations in the outpatient clinic.

The items address chronic rhinosinusitis (CRS) symptoms such as
nasal drip and general aspects such as fatigue. Participants rate each
item from zero points (no problem) to five points (problem as bad as it
can be). The total score ranges from O to 100 points, with higher
scores indicating a reduced quality of life. On average, individuals with
PCD score 35.1 + 17 points in SNOT-20-GAV (A). The difference
between PCD with predicted (near) normal (mean SNOT-20-GAV
36.1 + 17.3) and predicted abnormal ciliary ultrastructure (mean
SNOT-20-GAV 34.7 + 17.2) does not reach statistical significance

(p = 0.83) (B). Error bars indicate mean + SD.

(CT 10.4 + 4.3, MRL 9.9 £ 3.6, p = 0.74). Thus, MRI can be used for
future studies in order to reduce the radiation exposure.

The pneumatization of paranasal sinuses develops during
adolescence (Barghouth et al, 2002) and is therefore strictly
related to the age of individuals. Hence, we investigated paranasal
sinus aplasia only in individuals aged 16 years or older. Increased
frequency of aplasia of frontal and sphenoid sinus in PCD was also
reported previously (Pifferi et al., 2011; Bequignon et al., 2019a;
Bhatt et al,, 2019). In our study, the frontal sinus was bilaterally
aplastic in 19% of individuals (16 years of age or older), and the
sphenoid sinus was aplastic in 9.5% of this cohort. This is more
frequent than in the general European population, in whom frontal
sinus aplasia occurs in only 5% of individuals (Butaric et al., 2020).
We demonstrate that frontal sinus aplasia can occur in different
genotypes without being prevalent in distinct genotypes or
subgroups. The sample size of the subgroups for individual genes
was too small for statistical analysis. Further studies with larger
samples are needed to uncover potential genotype-phenotype
correlations.

Sinus aplasia is not unique to PCD as individuals with cystic
fibrosis (CF) suffering from reduced mucociliary clearance, due to
abnormally viscous mucus, show a high prevalence as well (Orlandi
and Wiggins, 2009; Berkhout et al., 2016; Kang et al, 2017;
Halderman et al,, 2019). Thus, our data indicate that clinicians
who examine patients with severe CRS and underdeveloped
paranasal sinuses should consider a disease with reduced
mucociliary clearance and, accordingly, refer them to a center
specialized in CF and PCD diagnostics, especially when chronic
respiratory symptoms are present.
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CRS had a strong clinical impact in our cohort as at least 47% of
the individuals with PCD underwent sinus surgery once or multiple
times (Table 2). This rate might even be underestimated due to recall
bias as many adult participants were included who primarily
reported pulmonary symptoms. To reduce this bias, we analyzed
the imaging for signs of functional endoscopic sinus surgery (FESS).
We found seven additional individuals exhibiting signs of FESS who
were not reported in electronic health records. Thus, the majority of
the individuals with PCD underwent sinus surgery.

The CRS-related QoL was strongly reduced, as indicated by the mean
SNOT-20-GAV score of 35. This is considerably higher than the impact
of CRS in the healthy general population (a SNOT-20-GAV of 13 is
expected) (Baumann et al,, 2008) but comparable to the impact of CRS in
individuals with CF (mean SNOT-22 of >30) (Habib et al,, 2015; Kang
et al, 2017) and the impact of primary CRS (Baumann et al,, 2008).
Interestingly, some individuals reached even less than 5 points in the
questionnaire, emphasizing the broad spectrum of disease severity. For
CRS, it has been previously reported that female people show a significant
reduction in HrQoL (Folkens et al., 2020). Therefore, we analyzed our
HrQoL-Data for sex-specific differences. We could not show any
significant sex-specific differences. However, there was a tendency
toward reduced HrQoL in female PCD individuals. Therefore, future
studies with larger patient cohorts should address this question again.

We also consider certain limitations to this study. First, HrQoL
was evaluated with SNOT-20-GAV rather than the highly regarded
SNOT 22 (Fokkens et al., 2020; Albrecht et al., 2021). At the time of
the initiation of this investigation, SNOT-20-GAV was the only
available validated German translation (Baumann, 2009; Albrecht
et al, 2021). Due to the recent implementation of SNOT-22 in
German (Albrecht et al, 2021), we aim to use a comparable
questionnaire for future meta-analyses.

Here, we further evaluated the upper airway symptoms in the
genetically defined PCD cohort by grouping PCD individuals based
on genetic defects that are predicted to cause either (near) normal
(28%) or abnormal (72%) ciliary ultrastructure. Previous studies
have shown that there are differences in diagnostic and clinical
findings between PCD with abnormal and PCD with (near) normal
ultrastructure (Raidt et al., 2022; Kinghorn et al., 2023). Previously,
we have shown that PCD individuals with (near) normal
ultrastructure have a higher nasal NO production rate, more
residual ciliary activity, and lower frequency of laterality defects
(Raidt et al., 2022; Pennekamp et al., 2023). We therefore studied if
there are also differences regarding upper airway disease.

Interestingly, our analyses did not find evidence for differences
in the CRS disease severity among those PCD subgroups because the
HrQoL and LMS scores did not differ significantly (Figures 1, 3).
Further subgroup analyses were not performed because of the
marked genetic heterogeneity present in our PCD cohort
(22 different PCD genes were affected).

Because of the high disease burden of CRS in PCD individuals and
the frequent paranasal sinus surgeries, our findings strongly support
that PCD individuals should be followed by ENT specialists on a regular
basis. Current therapy mainly focuses on secretion management by
nasal rinsing, nasal inhalation of hypertonic saline solution, and topical
steroids (Bequignon et al., 2019b; Paff et al,, 2021). Although FESS in
PCD individuals showed a positive effect on HrQoL in a small clinical
trial with 24 PCD individuals (Alanin et al, 2017), the rates of
recurrence and re-intervention are high, as indicated by this
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investigation. Therefore, surgical interventions should be considered
individually based on patient history, physical examination, and
reduction of HrQoL (Werner et al.,, 2015; Fokkens et al., 2020).

In summary, this is the first study to investigate the disease
burden of upper airways in a genetically defined cohort of PCD
individuals (n = 58). As demonstrated by the summary of affected
genes in Table 1, a challenge in current PCD investigations is the
broad spectrum of different affected genes (Wallmeier et al., 2020)
resulting in small subgroups for further genotype-phenotype
correlations. Therefore, international collaborative efforts such as
the ERNLUNG PCD study group aim to collect ENT data in a
systematic way using the international PCD registry (Werner et al.,
2016).
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Nucleoporins (NUPs) constitute integral nuclear pore protein (NPC) elements.
Although traditional NUP functions have been extensively researched, evidence of
additional vital non-NPC roles, referred to herein as non-classical NUP functions,
is also emerging. Several NUPs localise at the ciliary base. Indeed, Nup188, Nup93
or Nup205 knockdown results in cilia loss, impacting cardiac left—right patterning
in models and cell lines. Genetic variants of Nup205 and Nupl88 have been
identified in patients with congenital heart disease and situs inversus totalis or
heterotaxy, a prevalent human ciliopathy. These findings link non-classical NUP
functions to human diseases. This mini-review summarises pivotal NUP
interactions with NIMA-related kinases or nephronophthisis proteins that
regulate ciliary function and explores other NUPs potentially implicated in cilia-
related disorders. Overall, elucidating the non-classical roles of NUPs will enhance
comprehension of ciliopathy aetiology.

KEYWORDS

nuclear pore proteins, nucleoporins, Nup205, Nup188, cilia, ciliopathy, NEK3, left-right
patterning

Introduction

The nuclear pore complex (NPC) resides within the nuclear envelope, merging the inner
and outer membranes to create a channel. The overall NPC structure remains evolutionarily
conserved with eight-fold rotational symmetry, comprising about 30 diverse nuclear pore
proteins called nucleoporins (NUPs) (Fernandez-Martinez and Rout, 2021; Zimmerli et al.,
2021). Comprising four ring scaffolds—the cytoplasmic ring (CR), inner ring (IR), nuclear
ring (NR) and luminal ring (Lin et al., 2016; Beck and Hurt, 2017; Huang et al., 2022a)—the
vertebrate NPC exhibits structural stability. The CR and NR share NUP components (Huang
et al,, 2022a), with the IR bridging them (Lin et al., 2016; Huang et al., 2022a; Huang et al.,
2022b), whereas the luminal ring is situated in the ring lumen (Lin et al., 2016). Peripheral
elements, cytoplasmic filaments and the nuclear basket connect to the CR and NR (von
Appen and Beck, 2016).

The NPC’s nomenclature varies across species based on molecular mass. Most NUPs
form robust subcomplexes within the NPC, including Y-complexes (also called the
Nup84 complex in yeast and NUP107 complex in humans), NUP214 complexes (known
as the Nup159 or Nup82 complex in yeast), NUP62 complexes and IR complexes (alo known
as NUP93 complexes in humans) (Beck and Hurt, 2017). Linear motifs in NUPs connect
major NPC modules (Lin et al, 2016; Beck and Hurt, 2017; Huang et al., 2022a). The
structure studies from Xenopus laevis show that the NR comprises 10-member Y-complexes
stabilised by Nup93 and Nup205 (Huang et al., 2022a). Each NR Y-complex has a short arm
(Nup85, Nup43, and Seh1), long arm (Nup160, Nup37 and ELYS) and stem (Sec13, Nup96,
Nup107, and Nup133) (Huang et al., 2022a). The CR contains extra Nup93 and Nup205
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A comprehensive review of the emerging role of nucleoporins (NUPs) beyond their classical functions in nuclear pore complex assembly, with a
particular focus on their involvement in ciliary processes and their interactions with NEK family in regulating cilium resorption, which link non-classical

NUP functions to human ciliopathy.

(inner Nup205) molecules, as well as five Nup358 molecules, but
lacks ELYS (Beck and Hurt, 2017; Huang et al, 2022a). The IR
comprises 30 molecules of nine distinct NUPs, including four
Nup93, six Nupl55, four channel NUP heterotrimers (Nup62/
Nup58/Nup54) and two each of Nup205, Nupl88, NDCl1 and
ALADIN (Huang et al, 2022b; von Appen and Beck, 2016;
Stuwe et al., 2015).

In NPCs, NUPs can be divided into scaffold NUPs and
phenylalanine-glycine (FG)-NUPs (Beck and Hurt, 2017).
Scaffold NUPs form the NPC structure, anchoring the
Nup62 complex and other FG-NUPs,
cytoplasmic filaments and the nuclear basket (Beck and Hurt,
2017; Fernandez-Martinez and Rout, 2021). FG-NUPs with
phenylalanine-glycine-rich disordered domains interact with

and contribute to

nucleocytoplasmic transport mechanisms (Beck and Hurt, 2017;
Fernandez-Martinez and Rout, 2021), creating a size-selective
diffusion barrier for molecules >40 kDa. They also bind nuclear
transport receptors (Karyopherin and import/export proteins),
facilitating signal-carrying cargo transport through the NPC
(Beck and Hurt, 2017).

Although NUPs are typically associated with NPC-related roles,
they have been found in other subcellular components, including the
kinetochore, centrosome, cilia base and chromatin (Kee et al., 2012;
Mossaid and Fahrenkrog, 2015; Verhey and Yang, 2016). Notably,
specific NUPs at cilia bases regulate transport between the cilia and
cytoplasm (Kee et al., 2012; Takao et al., 2017). Moreover, mutations
in some NUPs contribute to ciliopathies (Cardenas-Rodriguez
and Badano, 2009; Del Viso et al, 2016). Certain NUPs,
including NUP93, NUP188 and NUP205, play essential roles in

Frontiers in Molecular Biosciences

cilia-related cardiac left-right (LR) patterning (Del Viso et al., 2016;
Marquez et al, 2021). Inner and outer ring NUPs contribute
differently to renal development, with dysfunction leading to
nephrotic syndrome (Miyake et al, 2015; Braun et al, 2016)

(Figure 1).

Main text
Roles of NUPs in cilia function

Cilia, conserved organelles extending from cell surfaces,
crucially influence cell development and motor-sensory functions
(Bisgrove and Yost, 2006; Berbari et al., 2009; Breslow et al., 2013).
Distinct ciliary proteins regulate membrane-cytoplasmic transport
at the ciliary gating zone (Breslow et al., 2013; Kee and Verhey, 2013;
Diener et al., 2015). Cilia consist of a microtubule core, the axoneme,
which extends from a modified centriole called the basal body. The
axoneme is usually composed of microtubule doublets. However,
each centriole is a cylinder of nine triplets of microtubules. (Bisgrove
and Yost, 2006). The transition zone at the ciliary base, featuring a
Y-shaped junction, serves as a gateway for proteins to enter and exit
the ciliary compartment (Reiter et al., 2012; Diener et al., 2015). Cilia
are categorised into motile and immotile/primary types based on
movement and structure (Berbari et al., 2009). Regular motile cilia
have a ring of nine peripheral microtubule doublets surrounding a
central pair of single microtubules, ie., a 9 + 2 microtubule
arrangement, whereas primary or sensory cilia possess a 9 +
0 configuration and are immotile and present on most cell types
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(Kee and Verhey, 2013; Diener et al., 2015). Ciliary protein
disruptions lead to ciliopathies, severe disorders affecting various
organs (Bisgrove and Yost, 2006; Cardenas-Rodriguez and Badano,
2009). Ciliopathies result in diverse syndromes including situs
abnormalities, respiratory infections, congenital heart disease
(CHD), infertility,
cholestasis (Cardenas-Rodriguez and Badano, 2009; Chen et al,
2022a).

Interestingly, specific NUPs are suggested to localise to primary

male nephronophthisis and neonatal

and motile cilia bases, with kinesin-2 motor KIF17 entry impeded by
NPC transport inhibitors (Kee et al., 2012). Import to the ciliary
compartment involves nuclear trafficking components, including
importins, a Ran-guanosine triphosphate gradient and NUPs (Kee
and Verhey, 2013). Transition zone proteins, including ciliopathy
gene products, e.g., nephronophthisis (NPHP) and Meckel-Gruber
syndrome (MKS) proteins, NUPs and septins, play gating roles
(Takao etal, 2014; Yee et al,, 2015). A ciliary pore complex (CPC) at
the base, analogous to the NPC, has been hypothesised (Kee et al.,
2012). Super-resolution imaging shows Nup188 clusters form two
barrels at the cilium base (Del Viso et al, 2016). However,
dimensions and organization of this barrel-like structure is
incompatible with an NPC-like ring. Nanoscale NUP spatial
organisation studies indicated that Nup93 and Nupl88 lack the
~100 nm diameter rings, suggesting these NUPs did not form the
NPC-like rings at the cilium base. The clear difference between the
organization of nups at the cilium base and that in the NPC argues
against a proposed CPC model (Del Viso et al., 2016). Therefore, the
CPC model remains controversial.

NUP mutations and ciliopathies

Cilia dysfunction contributes to various ciliopathies, including
hydrocephalus, polycystic kidney disease, retinal dystrophy and
CHD (Bisgrove and Yost, 2006; Cardenas-Rodriguez and Badano,
2009; Marquez et al, 2021). In vertebrates, cilia-driven LR
asymmetry in the heart is crucial during gastrulation, initiated by
the ciliated LR organiser (LRO) (Fakhro et al, 2011; Blum et al,
2014). Both motile and immotile cilia break symmetry, ensuring
organelle placement and vascular network development (Koefoed
et al, 2014). Nodal signalling triggered by motile cilia’s leftward
extracellular fluid flow and subsequent gene expression cascade
establish LR asymmetry (Blum et al., 2014; Koefoed et al,, 2014).
The establishment of LR asymmetry defects leads to visceral
malformations, termed heterotaxy (Htx) (Shiraishi and Ichikawa,
20125 Boskovski et al., 2013), often accompanied by severe CHDs
(Shiraishi and Ichikawa, 2012). Cilia dysfunction is implicated in
cystic kidney disease (Cardenas-Rodriguez and Badano, 2009; Chen
et al,, 2022a) and steroid-resistant nephrotic syndrome (SRNS), a
common cause of chronic kidney disease, necessitating dialysis or
transplantation due to progressive end-stage renal disease (Braun
et al, 2016). Over 50 monogenic genes contribute to podocyte
dysfunction in SRNS, indicating the involvement of multiple
pathogenic signalling pathways (Braun et al., 2018).

Human genomics have advanced ciliopathy gene identification,
and NUPs have gained prominence (Fakhro et al., 2011; Braun et al.,
2018). IR nucleoporins, e.g., NUP93 and NUP188, participate in
right LR patterning through cilium roles crucial for the heart’s LR
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asymmetry (Del Viso et al., 2016). Bi-allelic NUP205 mutations,
likely NUP188 paralogs, are associated with CHD (Chen et al,
2019). Recessive NUP205 and NUP93 variants are linked to SRNS
(Braun et al,, 2016). Additionally, collaborations between NUPs and
other proteins contribute to ciliopathies. Inherited polycystic kidney
diseases (PKDs), including ADPKD, ARPKD, and NPHP, are linked
to ciliopathies (Bisgrove and Yost, 2006). NPHP, recessive cystic
kidney disease and MKS, characterised by renal-hepatic cysts and
central nervous system malformations, involve transition zone
localisation and interactions with certain NUPs (Bisgrove and
Yost, 2006; Takao et al, 2017; 2019).
Nek2 expression in Xenopus LRO and kidneys links it to
ciliopathies, with Nup98 interaction affecting cilium resorption
(Fakhro et al.,, 2011; Endicott et al., 2015). Multiple NUPs found
at cilia bases and mutations in NUPs are associated with nephrotic
syndrome (Kee et al., 2012; Braun et al., 2018). Given the established
connection of NUPs with cilia, investigating other NUPs’ roles in

Blasius et al.,

ciliopathies remains important.

NUP205 and ciliary function

NUP205, a scaffold nucleoporin and NUP93 subcomplex
member, resides in the IR of the NPC and is implicated in ciliary
roles (Beck and Hurt, 2017; Huang et al., 2022b). Studies have
highlighted NUP205’s potential significance in ciliary function
(Chen et al., 2019; Marquez et al, 2021) (Table.1). Bi-allelic
missense mutations (p.Thr1044Met and p. Prol610Arg; NM_
015135) in NUP205 were identified in a patient with situs
inversus totalis (Chen et al, 2019). These mutations reduced
protein interaction with NUP93 in patient-derived induced
pluripotent stem cells (Chen et al, 2019). Nup205-silenced
embryos showed disrupted cilia number and length in the retina,
with around 30% displaying cardiac LR asymmetry defects (Chen
etal,, 2019). Subsequent research by Marquez et al. used morpholino
oligos and CRISPR-based knockout in Xenopus, revealing abnormal
cardiac LR patterning upon Nup205 depletion (Marquez et al,
2021). Morphants exhibited a 40% reduction in cilia number in
the LRO, and two-cell stage embryos displayed cilia loss in
multiciliate cells (MCCs) on the Nup205 MO-injected side
compared with the control MO-injected side (Marquez et al,
2021). Additionally, GFP-NUP205 overexpression was localised
in the cilium base in the Xenopus LRO (Marquez et al., 2021).
Transmission electron microscopy confirmed mispositioned basal
bodies in Nup205-depleted embryos (Marquez et al., 2021). Notably,
NUP205 p. Prol610Arg failed to rescue cilia loss, suggesting that it
may be a loss-of-function allele (Marquez et al., 2021). Moreover,
NUP205 p. Thrl044Met impacted protein stability, allowing
overexpressed p. Thr1044Met to restore cilia levels (Chen et al,
2019; Marquez et al., 2021).

Beyond cardiac involvement, NUP205 influences kidney
development. A homozygous missense mutation (p.Phel1995Ser)
in NUP205 was linked to early-onset SRNS (Braun et al., 2016).
Depleted Nup205 in embryos caused dysfunctional pronephric
development and cilia loss (Marquez et al., 2021). Collectively
supported by genetic evidence (biallelic or homozygous
mutations of NUP205), cilia-related phenotypes (LR asymmetry
defects and SRNS), the role of ciliogenesis (disrupted cilia number
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TABLE 1 The key components of the IR, including Nup205, Nup188, and Nup93, have been investigated in relation to cilia.

Nups NPC Localization in cilium

Genetic evidence from human

Cilia-related phenotypes after knockdown

diseases

NUP205 IR Base Marquez et al. (2021)

Homozygous missense mutation (Phe1995Ser) in
SRNS Braun et al. (2016)

NUP188 IR Base Del Viso et al. (2016)

Bi-allelic missense mutations (Thr1044Met and
Prol610Arg) in situs inversus Chen et al. (2019)

Rare copy number variations (gain of copy) in Htx
Fakhro et al. (2011)

Defects in LR asymmetry and heart-looping formation in
zebrafish Chen et al. (2019); Reduced cilia length in human
RPE cells Chen et al. (2019); Abnormal LR patterning and
Dysfunctional pronephric development in Xenopus Marquez
etal. (2021); Loss of cilia number in the LRO, epidermis, and
pronephros in Xenopus Marquez et al. (2021)

Abnormal LR cardiac morphologies in Xenopus Del Viso
et al. (2016); Loss of cilia in mammalian cell lines and the

Bi-allelic LoF variants in patients with neurologic,
ocular, and cardiac abnormalities Muir et al.

LRO of Xenopus Del Viso et al. (2016)

(2020)
NUP93 IR Base Kee et al. (2012); Del Viso et al. | Homozygous missense mutations (Gly591Val and = Reductions in both cilia density and length in Xenopus Del
(2016); Takao et al. (2017) Tyr629Cys) in SRNS Braun et al. (2016) Viso et al. (2016); The loss of cilia in mammalian cell lines
and the LRO of Xenopus Del Viso et al. (2016); Significantly
altered cardiac looping in Xenopus Del Viso et al. (2016)
NUP35 IR Base Kee et al. (2012) -

and length upon NUP205 depletion) and subcellular localisation at
the cilium base (Braun et al., 2016; Chen et al., 2019; Marquez et al.,
2021), previous findings underscore NUP205’s role in cilia bases and
human ciliopathy. Moreover, NUP205’s potential interactions with
two memers of NIMA (never in mitosis A)-related kinases,
NEK2 and NEKS3, vital for cilia-related abnormal cardiac LR
patterning (Chen et al.,, 2019; Zhang et al., 2020), warrant further
exploration. Notably, numerous NIMA paralogs are associated with
ciliary function.

NUP188 and ciliary function

The NUP93 subcomplex, comprising NUP93, NUP35,
NUP188 and NUP205, forms a pivotal part of the inner ring of
the NPC (Huang et al., 2022b). NUP188, likely a paralog of NUP205,
establishes an exclusive direct interaction with NUP93. Initial insights
into NUP188’s ciliary connection emerged from the study of Fakhro
etal.,, who identified a NUP188 duplication in a ciliopathy patient with
CHD and Htx (Fakhro et al, 2011). Depletion of Nupl88 using
morpholino oligos led to abnormal pitx2c expression, inducing
cardiac looping defects akin to the Htx phenotype (Del Viso et al.,
2016). Nup188 knockdown resulted in cilia loss in the LRO during
embryonic development, although NPC function was largely
preserved (Del Viso et al., 2016). Notably, overexpressing Xenopus
or human NUPI188 replicated a Htx-like phenotype in ~15% of
embryos, indicating that Nup188 overexpression mimics its loss of
function (Del Viso et al., 2016). Endogenous Nup188 localisation at
cilia bases reinforces their direct ciliary role. As mentioned earlier,
contrary to the CPC hypothesis, super-resolution imaging exposed
Nup188’s barrel-like structures at the cilium base, contrasting with
NPC-like ring formation (Del Viso et al, 2016). Studies have
positioned NUP188 below the transition zone as a constituent of
pericentriolar material (PCM), directly interacting with CEP152, a
PCM component (Del Viso et al., 2016; Vishnoi et al., 2020).

Prior research has highlighted the collaborative cilia-rescuing
potential of Nup188 and Nup205, which may reciprocally restore
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cilia loss from Nup205 mutations or Nup188 morphants, implying
their partially overlapped functions in MCC cilia (Marquez et al.,
2021). Although NUP93 binds to either NUP205 or NUP188, they
cannot be simultaneously bound, as shown in vitro reconstitution
studies (Amlacher et al., 2011; Beck and Hurt, 2017). Nup188’s role
in mitotic chromosome alignment has been documented (Itoh et al.,
2013; Vishnoi et al, 2020). Importantly, patients harbouring
recessive NUP205 and NUP188 mutations exhibited diverse
phenotypes.  Bi-allelic
manifested remarkably

clinical truncating NUP188 variants
affected

hypotonia,

similar symptoms in six

individuals, encompassing congenital cataracts,
prenatal ventriculomegaly, white-matter anomalies, hypoplastic
corpus callosum, CHDs and central hypoventilation (Muir et al.,
2020). These individuals succumbed due to respiratory failure, with
five not surviving their first year of life. Notably, CRISPR-mediated
NUP188 knockout in Drosophila led to motor deficits and
susceptibility to seizures (Muir et al., 2020), partially mirroring
neurological symptoms observed in affected patients, suggesting that
NUP188 and NUP205 may not be interchangeable in certain

contexts.

Role of NUP93 in cilia

As a pivotal member of the NUP93 subcomplex,
NUP93 orchestrates the assembly of the CR/IR/NR through
direct interactions with numerous NUPs. The presence of
Nup93 at the cilium base has been reported (Kee et al, 2012).
Engineered Nup93 versions, aimed at assessing interactions with
transiting ciliary proteins, exhibited engagement at the cilium’s base
and tip with cytosolic proteins, yet failed to interact with axoneme-
associated motor KIF17 or transmembrane protein SSTR3. This
localisation pattern indicates that Nup93 occupies a central niche in
the inner—outer axis of the ciliary gating zone (Takao et al,, 2017).
Similar to NUP205 and NUP188, Nup93 depletion leads to cilia loss
in the LRO, precipitating aberrant cardiac LR patterning in Xenopus
(Del Viso et al., 2016). In nup93 morphants, pitx2c expression and
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classical LR signalling markers, such as COCO (also known as
DAND5 or CERL2),
compared with control embryos (Del Viso et al., 2016). Pitx2, a

exhibited notably abnormal patterns

homeodomain transcription factor, is important in regulating LR
asymmetry of the internal organs. COCO is a Nodal antagonist
involved in the establishment of the LR body asymmetry (Del Viso
et al, 2016). Although these outcomes strongly support the
functional involvement of NUP93 in cilia, no direct evidence yet
substantiates the connection between NUP93 variations and human
ciliopathies. Bi-allelic NUP93 gene missense mutations have been
identified in families with SRNS and congenital ataxia (Braun et al.,
2016). These mutations decrease NUP205 levels in the NPC, disrupt
NPC assembly and impair interaction with SMAD4 protein (a TGF-
B signalling transcription factor) (Braun et al., 2016). However, the
key cilia-related parameters, such as beating frequency and
ultrastructure, in individuals bearing NUP93 mutations have not
been investigated, despite nephrotic syndrome commonly being
associated with ciliopathies.

Roles of NUP62 and NUP98 in cilia

The NUP62 complex comprises NUP62, NUP54 and NUP58,
categorized as FG-NUPs (Beck and Hurt, 2017). Positioned at the
central channel of the NPC, FG-NUPs establish a selective
nucleocytoplasmic barrier alongside scaffold NUPs (Beck and
Hurt, 2017; Huang et al, 2022b). NUP62-EGFP constructs
indicate the presence of NUP62 at the cilium, as confirmed by
specific antibody detection at the ciliary base of epithelial cells (Kee
et al,, 2012). Within the ciliary gating zone, certain NUPs, as well as
NPHP and MKS proteins, serve as essential components,
orchestrating specialised gating mechanisms to regulate protein
transit between the cilium and cytoplasm (Takao et al, 2014;
Takao et al.,, 2017). The involvement of the channel nucleoporin
Nup62 in facilitating ciliary entry of the cytosolic kinesin-2 motor
KIF17, which directly engages with doublet microtubules of the
axoneme, has been reported (Takao et al., 2017). This interaction
leads to KIF17 relocating Nup62 to the cilium tip, spatially
positioning Nup62 within the inner region of the ciliary gating
zone (Takao et al, 2017). Notably, forced NUP62 dimerisation
disrupts ciliary entry of most cytosolic proteins, whereas
membrane protein gating remains unaffected (Takao et al., 2014).
The dynamic nature of Nup62 within the ciliary gating zone, as
established through FRAP assays, mirrors its behaviour in the NPC,
indicating the structural and compositional adaptability of both
nuclear and ciliary barriers (Sakiyama et al, 2016; Takao et al,
2017).

Nup98 is distinguished by its multiple FG sequences.
Localization of Nup98at the ciliary base has been reported,
where it participates in regulating cilia length (Endicott and
Brueckner, 2018). Employing a fluorescence-based diffusion trap
system, it was demonstrated that Nup98 curbs the diffusion of
soluble molecules exceeding 70 kDa into the cilium in cultured
mammalian cells, signifying its role in restricting the influx of
soluble macromolecules (Endicott and Brueckner, 2018).
Although Nup98 knockdown does not disrupt the overall
architecture of the NPC or the transition zone, it accelerates the
diffusion rate of molecules exceeding 100kDa into the cilium,
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consequently leading to reduced cilia length, which becomes
more responsive to alterations in cytoplasmic soluble tubulin
levels (Endicott and Brueckner, 2018).

Despite an accumulation of evidence highlighting the roles of
NUP62 and NUP9S in cilia, there are as yet no direct indications
from human diseases or model organisms to establish a clear link
between NUP62/98 and ciliopathies. Depleting representative
components of the central transport channel (Nup62) has no
discernible effect on cardiac looping in Xenopus (Marquez et al.,
2021). Although mutations in NUP62 and NUP98 have been
identified in patients with autosomal recessive infantile bilateral
striatal necrosis and Rothmund-Thomson-like spectrum (olombo
et al,, 2023; Basel-Vanagaite et al., 2006), evidence of a cilia-related
connection to these diseases has not been reported.

Potential roles of other NUPs in cilia

Apart from the aforementioned NUPs, NUP35 (an IR NUP),
NUP37 and NUP133 (both outer ring NUPs) also exhibit
localisation at the ciliary base (Kee et al, 2012). The presence of
Nup85 is essential for the localisation of Nup98 at the ciliary base
and for regulating cilia length (Endicott and Brueckner, 2018).
Mutations in NUP107, NUP85, NUP133 and NUP160, encoding
components of the outer ring subunits of the NPC, have been
associated with SRNS, akin to Galloway-Mowat syndrome
(Miyake et al., 2015; Rosti et al, 2017; Braun et al., 2018).
However, despite nephrotic syndrome being a prevalent type of
ciliopathy, the fundamental cilia-related parameters in affected
patients remain unexamined.

Interaction of NUPs with NEKs in cilia

Among primary cilia-related signalling pathways, NIMA-related
kinases (Nekl-Nekl1), a family of serine-threonine kinases, are
implicated in diverse cellular processes (Fry et al., 2012). Although
the precise roles of mammalian Nek proteins remain largely unclear,
their frequent association with cilia is conspicuous. Nekl, Nek3 and
Nek8 have been linked to primary cilium formation (Shalom et al.,
2008; Manning et al., 2013; Chen et al., 2019). Rare genomic copy
number variations in NEK2 have been identified in patients with
Htx (Fakhro etal., 2011). Notably, Nek2 functions as a pivotal switch
governing cilia biogenesis, crucial for normal LR patterning
(Endicott et al, 2015). Loss of Nek8 in homozygous null mice
results in randomised LR asymmetry (Otto et al., 2008). Remarkably,
our previous research underscores the potential involvement of
protein interactions between NUP205 and NEKs in disease onset
and progression (Chen et al., 2019; Zhang et al., 2020). Other studies
have revealed the significance of the Nek2-Nup98 interaction in
regulating cilium resorption (Endicott et al., 2015). Mechanistically,
the phosphorylation of NUP98 by various kinases, mainly NEK2/6/
7, is crucial for NPC disassembly upon mitotic entry (Laurell et al.,
2011) (Figure 1).
interaction with partner NUPs (Linder et al., 2017). Initiation of

Nup53’s  phosphorylation diminishes its
NPC disassembly can be mimicked by a blend of mitotic kinases,

including NIMA, suggesting that phosphorylation-triggered
nucleoporin dissociation is a key concept underpinning mitotic
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nuclear envelope permeabilisation (Linder et al., 2017). The activity
of Nup205 is regulated through self-phosphorylation under normal
physiological circumstances (Lu et al., 2014). Given the numerous
potential phosphorylation sites on Nup205, its dynamics may be
modulated by signalling- or cell cycle-dependent kinases, possibly
including  NEKs. found that NUP205
(p.-Thr1044Met) influences its own protein stability (Chen et al,
2019),
Nup205 phosphorylation and its implications for the regulation
of cilia-related functions (Figure 1). Besides NEKs, NPHP proteins
interact with NUPs at the base of primary cilia (Blasius et al., 2019).

Previously, we

prompting a deeper exploration into

possible

Disruption of NPHP genes impairs the anchoring of transition zone
structures to the ciliary membrane and results in abnormal ciliary
protein composition (Williams et al., 2011; Kee et al, 2012).
Interaction analyses have revealed that Nup62 and the C-termini
of NPHP4 and NPHP5 interact with the axoneme-associated
kinesin-2 motor KIF17, while the N-termini of NPHP4 and
NPHP5 interact with the transmembrane protein SSTR3 (Takao
et al., 2017). Therefore, elucidating the potential effects of these
interactions on protein activities that contribute to disease aetiology
could be a promising strategy for achieving a deeper mechanistic
understanding.

Discussion

In this mini-review, we have summarised the latest research
progress on the non-classical functions of NUPs that extend beyond
their role in NPC assembly. In comparison to NUPs constituting
other vital NPC components, such as the Y-complex, nuclear basket,
cytoplasm and central channel, the key components of the IR,
including Nup205, Nupl88 and Nup93, have been extensively
investigated in relation to cilia. Their subcellular localisation,
contributions to ciliogenesis in model organisms and genetic
evidence from population studies have provided insights into
their involvement. Although direct evidence is lacking, certain
of the NPC,
NUP133 and NUP37, have been implicated in ciliary processes.
However, not all NUPs localise to the ciliary base, e.g., NUP153 and
NUP210. Thus, generating a high-resolution architecture of the

components of the outer rings including

cilium base in humans could effectively address debates surrounding
the CPC model and provide insights into the specificity of NUPs in
ciliary function.

Although ciliopathies can impact various organ systems, NUP-
related diseases seem to preferentially affect cardiology and renal
systems (Miyake et al., 2015; Braun et al., 2016; Braun et al., 2018;
Chen et al., 2019; Burdine et al., 2020). Unlike many recessive loss-
of-function mutations identified in classical cilia-related genes, e.g.,
DNAH and NKE family members, most pathogenic NUP mutations
(excluding NUP188) in patients with SRNS or CHD are missense
mutations (Miyake et al., 2015; Braun et al., 2016; Braun et al., 2018;
Chen et al., 2019; Muir et al., 2020; Chen et al., 2022b). Nevertheless,
five out of six affected individuals carrying NUP188 mutations died
within their first year of life due to respiratory failure (Muir et al,
2020). This may be attributed to the crucial roles that most NUPs
play in maintaining fundamental life activities, making them
susceptible to loss-of-function mutations. We generated a
Nup205 knockout mouse model and found that blocking
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Nup205 function resulted in severe developmental defects.
Through external fertilisation, all homozygous Nup205 KO
embryos arrested at the blastocyst stage, providing insight into
why patient-identified NUP205 mutations are primarily missense
(Braun et al, 2016; Chen et al, 2019). This observation is
corroborated by loss intolerance probability (pLI) scores in the
GnomAD database (Karczewski et al., 2020), where pLI signifies
the probability of a gene belonging to the haploinsufficient class,
with pLI >0.9 indicating extreme loss-of-function intolerance.
NUP205 and NUP188 both exhibit haploinsufficiency with pLI
scores of 1.00 and 0.95, respectively, whereas NUP93,
NUP133 and NUP107 are fully tolerant to loss-of-function
variants with pLI scores of 0. This finding indicates that
NUP205 and NUP188 possess more pivotal biological functions
from an evolutionary perspective compared with other NUPs.
Ultimately, the identification and characterisation of NUPs at
the ciliary base will provide novel insights into the precise
mechanisms underlying cardiac and renal pathologies.
Establishing the causal relationship between NUP variants and
cilia-related disorders represents a crucial step toward developing
advanced therapeutic strategies that enhance patient longevity and
quality of life. In summary, this mini-review reinforces not only the
role of NUPs in the context of cilia but also the importance of these

functions in human diseases.
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Fluid shear stress triggers
cholesterol biosynthesis and
uptake in inner medullary
collecting duct cells,
independently of nephrocystin-1
and nephrocystin-4

Meriem Garfa Traoré'?, Federica Roccio®, Caterina Miceli®,
Giulia Ferri', Mélanie Parisot*, Nicolas Cagnard®, Marie Lhomme?,
Nicolas Dupont?, Alexandre Benmerah?', Sophie Saunier® and
Marion Delous*'

Laboratory of Hereditary Kidney Disease, INSERM UMR 1163, Imagine Institute, Université Paris Cité, Paris,
France, Cell Imaging Platform, Structure Fédérative de Recherche Necker, INSERM US24/CNRS
UMS3633, Université Paris Cité, Paris, France, Institut Necker Enfants-Malades (INEM), INSERM U1151/
CNRS UMR 8253, Université Paris Cité, Paris, France, “Genomics Core Facility, Institut Imagine-Structure
Fédérative de Recherche Necker, INSERM U1163 et INSERM US24/CNRS UMS3633, Université Paris Cité,
Paris, France, °Bioinformatic Platform, Institut Imagine-Structure Fédérative de Recherche Necker,
INSERM U1163 et INSERM US24/CNRS UMS3633, Université Paris Cité, Paris, France, °®lCAN Omics, IHU
ICAN Foundation for Innovation in Cardiometabolism and Nutrition, Pitié-Salpétriere Hospital, Paris,
France

Renal epithelial cells are subjected to fluid shear stress of urine flow. Several
cellular structures act as mechanosensors—the primary cilium, microvilli
and cell adhesion complexes—that directly relay signals to the cytoskeleton
to regulate various processes including cell differentiation and renal
cell functions. Nephronophthisis (NPH) is an autosomal recessive
tubulointerstitial nephropathy leading to end-stage kidney failure before
adulthood. NPHP1 and NPHP4 are the major genes which code for
proteins that form a complex at the transition zone of the primary cilium, a
crucial region required for the maintenance of the ciliary composition
integrity. These two proteins also interact with signaling components and
proteins associated with the actin cytoskeleton at cell junctions. Due to their
specific subcellular localization, we wondered whether NPHP1 and
NPHP4 could ensure mechanosensory functions. Using a microfluidic set
up, we showed that murine inner medullary collecting ductal cells invalidated
for Nphpl or Nphp4 are more responsive to immediate shear exposure with a
fast calcium influx, and upon a prolonged shear condition, an inability to
properly regulate cilium length and actin cytoskeleton remodeling. Following
a transcriptomic study highlighting shear stress-induced gene expression
changes, we showed that prolonged shear triggers both cholesterol
biosynthesis pathway and uptake, processes that do not seem to involve
neither NPHP1 nor NPHP4. To conclude, our study allowed us to
determine a moderate role of NPHP1 and NPHP4 in flow sensation, and to
highlight a new signaling pathway induced by shear stress, the cholesterol
biosynthesis and uptake pathways, which would allow cells to cope with
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mechanical stress by strengthening their plasma membrane through the supply

of cholesterol.
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nephronophthisis, NPHP1, NPHP4, shear stress, cholesterol

Introduction

Nephronophthisis (NPH) is an autosomal recessive tubulo-
interstitial nephropathy that accounts for up to 15% of end stage
kidney disease (ESKD) in children (Hamiwka et al., 2008; Salomon
et al, 2009). The juvenile form is the most prevalent (48%) and
progresses to ESKD before the age of 15 (Hildebrandt et al., 2009;
Petzold et al., 2023). Typical clinical symptoms are polyuria,
with fluid
reabsorption leading to hypovolemia and hyponatremia, anemia
and growth retardation (Konig et al., 2017; Stokman et al., 2018).
Histologically, it is characterized by a thickening of the tubular

polydipsia regular intake, impaired sodium

basement membranes and a massive, diffuse interstitial fibrosis,
accompanied by the appearance of tubular cysts at the cortico-
medullary junction (Hildebrandt et al., 2009). In about 50% of cases,
patients with NPH have extrarenal manifestations defining specific
syndromic forms (Petzold et al., 2023). To date, mutations in more
than 20 different genes have been identified to cause NPH (Braun
and Hildebrandt, 2017; Devlin and Sayer, 2019; Petzold et al., 2023),
the major ones being NPHP1 and NPHP4 genes, which account for
53% and 5% of cases, respectively (Petzold et al., 2023).

NPHP genes are ubiquitously expressed, and most of them code
for proteins located at the primary cilia, thus classifying NPH as a
ciliopathy. Primary cilia are sensory organelles at the cell surface that
are essential for the transduction of extracellular chemical and
mechanical signals to ensure organogenesis and tissue
homeostasis. More specifically, nephrocystin-1 (NPHP1) and
nephrocystin-4 (NPHP4) are at the transition zone of the
primary cilium, participating in the control of ciliary component
entry and exit from the organelle (Jauregui and Barr, 2005; Huang
etal, 2011; Garcia et al., 2022). NPHP1 and NPHP4 also localize to
cell junctions and interact with components of the adherens
junctions (Donaldson et al, 2000; Otto et al, 2000; Benzing
et al., 2001; Donaldson et al., 2002; Mollet et al., 2005; Delous
et al., 2009); they also interact with tensin and filamin present at
focal adhesions, linking them to the actin cytoskeleton (Donaldson
et al., 2000; Benzing et al., 2001).

The renal tubular epithelial cells are subjected to the flow of
primitive urine, which varies along the tube and applies various
forces on the cell surface, such as stretching forces, drag forces and
fluid shear stress (Weinbaum et al., 2010; Gilmer et al., 2018). Several
cellular structures have been proposed to contribute to flow sensing
in the nephron, including microvilli, glycocalyx, focal adhesion, ion
channels or transporters, and the primary cilium (Verschuren et al,
2020). All these structures transduce shear stress into biological
responses, triggering a cascade of signals (ATP release, intracellular
calcium increase, nitric oxide (NO) and reactive oxygen species
(ROS) production, prostaglandin synthesis, MAP-kinase dependent
signaling activation) (Liu et al., 2003; Simons et al., 2005; Sipos et al.,
2009; Cabral, Hong, and Garvin, 2010; Flores et al, 2012;
Svenningsen, Burford, and Peti-Peterdi, 2013; Zheleznova et al,
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2016b; Sheng et al., 2018) that regulate typical renal functions, such
as water and ion reabsorption, cytoskeleton remodeling (Essig et al.,
2001; Duan et al, 2008) and cell differentiation (Rodat-Despoix
et al., 2013).

Due to their location at strategic mechanosensation points
(primary cilium, cell junctions), we investigated the role of
NPHP1 and NPHP4 in flow sensing using murine inner
medullary collecting duct (mIMCD3) deficient for Nphpl (KD_
N1) or Nphp4 (KD_N4). For this, we analyzed the ability of KD_
N1 and KD_N4 cells to respond to instantaneous or long exposure
(48 h) to shear stress. Moderate alterations could be detected in the
regulation of cilium length and actin cytoskeleton remodeling, and
by transcriptomic analysis, we revealed that prolonged shear stress
activates the cholesterol biosynthesis pathway, with an upregulation
of several genes encoding enzymes of the synthesis cascade,
confirmed by immunostaining and by lipidomics. We also
observed an increased cholesterol uptake. These processes,
whether it be cholesterol biosynthesis or uptake, do not seem to
involve NPHP1 and NPHP4 proteins.

Results

KD_N1 and KD_N4 cell lines are more
responsive to immediate shear stress

To assess the role of NPHP1 and NPHP4 in urine flow sensation,
we first generated mIMCD?3 cellular models depleted for NphpI and
Nphp4 using the CRISPR-Cas9 technique. For each line, a
homozygous frameshift mutation that partially induced an out-
of-frame exon skipping was selected (Figures 1A-B’). By RT-qPCR,
we observed a partial RNA decay of mutated Nphpl (8% left) and
Nphp4 (34% left) (Figures 1A’, B),
immunofluorescence, a partial loss of Nphpl at the transition

transcripts and by
zone (Figure 1C). The lack of anti-Nphp4 antibody prevented us
to analyse the expression of the protein. Assuming that there could
be expression of partially functional proteins left, we hereafter
named the cell lines KD N1 and KD_N4.

To validate the deleterious effect of the selected mutations at
cellular level, we first analyzed ciliogenesis, known to be altered in
other NPHP model (Delous et al., 2009; Burcklé et al, 2011;
Vincensini et al.,, 2011; Li et al., 2021; Garcia et al., 2022). No
change of percentage of ciliated cells was observed; however, cilium
length was increased in KD_N1 and KD_N4 cell lines (Figures
1D-D”). We also analyzed the actin cytoskeleton network. In both
cell lines, and especially in KD_N1 cells, the network was altered
with an accumulation of thick stress fibers (Figure 1E), confirming
the potential roles of NPHP1 and NPHP4 in actin cytoskeleton
regulation (Donaldson et al., 2000; Benzing et al., 2001).

To subject cells to a laminar flow, we used a microfluidic system
(Ibidi) and apply a physiological shear stress of 1 dyn/cm® Shear
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FIGURE 1

Generation of Nphp1 (KD_N1) and Nphp4 (KD_N4)-invalidated mIMCD3 cells by CRISPR-Cas9 technique. (A, B) Schemas of Nphp1 (A) and Nphp4

(B) gene structure, with grey boxes representing the exons and black lines the introns. Asterisks indicate the targeted exons (exon 10 in Nphpl, exon 4 in
Nphp4), in which two guides were designed to use the double nickase Cas9 strategy. Chromatograms show the wild-type and mutated sequences of
selected clones. For the KD_N1 clone, a homozygous frameshift deletion of 13 base pairs (c.966_978delTCTAACATGGGAT) was selected which
leads to a premature stop codon in exon 11 (p.Asp322Glufs*16). For the KD_N4 clone, a homozygous frameshift insertion of 7 base pairs (c.339_
340insGTGGTCA) was selected which results into a premature stop codon in exon 4 (p.Thr322Serfs*22). RT-PCR and RT-qPCR (A’, B’) analyses of the
impact of the indel mutations on the splicing of the CRISPR/Cas9-targeted exons and on the total mMRNA expression of Nphp genes relative to that of Hprt
in CTRL, KD_N1 (A’) and KD_N4 (B’) cell lines. Graphs (A’=B’) show the mean + SEM of n = 3 independent experiments. ***p = 0,0006, **p = 0,0079,
using Mann-Whitney test. (C) Immunostaining of CTRL and KD_N1 cells with anti-NPHP1 (green), y-tubulin (basal bodies, red) and acetylated a-tubulin
(cilia, grey) antibodies and DAPI (nuclei, blue). Scale bars, 20 um. Higher magnification images of the outlined area are shown on the right. (D)-
Immunostaining of primary cilia in CTRL, KD_N1 and KD_N4 cells, cultured on slides, using y-tubulin (basal bodies, red) and acetylated a-tubulin (cilia,
grey) antibodies and DAPI (nuclei, blue). Graphs show the quantification of the percentage of ciliated cells (D’) and cilium length (D’’) of n > 350 analyzed
cells issued from 3 independent experiments. Bars represent the mean + SEM. ns: not significant, ****p < 0.0001, using One Way Anova test. Scale bars,
20 pm. (E) Phalloidin immunostaining in CTRL, KD_N1 and KD_N4 cells cultured on slides. Scale bars, 50 ym

stress is known to induce an immediate calcium response in renal  cytosolic calcium response by videomicroscopy for 5 min during the
tubular cells. Thus, we transiently transfected cells with the calcium  onset of shear stress (Figure 2A), that was applied after 1 min of
biosensor R-GECO (Zhao et al., 2011) and monitored instantaneous  recording. An increase of the fluorescence intensity of R-GECO was
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FIGURE 2

KD_N1 and KD_N4 cell lines are more responsive to immediate shear stress. (A) Experimental timeline for live shear stress imaging. 200,000 cells
were seeded at day 0. On day 1, the cells were transfected with the plasmid containing the calcium biosensor R-GECO for 48 h. On day 3, the whole
system was transferred next to the microscope to allow visualization of the calcium response following the application of a 1dyn/cm? shear

(B) Representative pseudo-colored images of the calcium biosensor R-GECO fluorescence, issued from movies of CTRL and KD cells subjected to a
physiological shear stress of 1 dyn/cm? during a videomicroscopy of 120 s. The shear stress was applied after 60 s of recording. Of note, since the
R-GECO biosensor was transiently transfected, the level of expression of the biosensor, and thus the intensity of its fluorescence, is not interpreted, as it
may not be equivalent in each single cell analysed, explaining the different scales of the colour map. Dark blue represents low level of Ca2+, green
intermediate level of Ca2+ and white denotes a high level of Ca2+. Asterisks point to representative cells that react to shear. Scale bars: 50 um.

(C) R-GECO signal intensity normalized to background (AF/F0Q), where FO is the average intensity over the first 30 s. The graph shows the outline of
R-GECO activation of one representative experiment. At represents the response time following shear stress initiation. Quantifications of At (C’) of each
single cell analysed are plotted in graphs, which represent the mean of n > 30 cells from 3 independent experiments. ns: not significant, ****p < 0.0001,
using Kruskal—-Wallis test. a.u.: arbitrary unit

observed in all transfected cells of all cell lines; however, the response KD_N1 and KD_N4 cells exhibit moderate
occurred around 17's after flow onset in control cells, whereas it ~ response alterations to prolonged shear
occurred faster, after about 5 s in KD_N1 cells and 2 s in KD_N4 cells stress

( ; ). Of note, as the transfection

was transient with variable R-GECO expression, the maximum of In order to analyze whether the sensibility of KD_N1 and KD_
fluorescence intensity was not interpreted. Therefore, we concluded N4 cell lines to shear stress persisted after a long exposure to flow, we
that KD_N1 and KD_N4 cells were more responsive to shear stress,  decided to study several cellular processes after 48 h of shear stress
with a faster immediate calcium response than control cells. ( ).
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FIGURE 3

KD_N1 and KD_N4 cells exhibit moderate response alterations to prolonged shear stress of 48 h. (A) Ciliogenesis in static condition (—Shear) and

after shear stress (+Shear) was analysed by immunofluorescence in CTRL, KD_N1 and KD_N4 cells labelled with anti-acetylated a-tubulin antibody (cilia,
green) and DAPI (nuclei, blue). Higher magnification images of the outlined area are shown on the right. Graphs represent the quantification of the
percentage of ciliated cells (A’) and cilium length (A") of n > 350 cells from 3 independent experiments. Bars indicate the mean + SEM. ns: not

significant, ****p < 0.0001, ***p < 0,0003, using unpaired t-test for a 2 by 2 comparison (Shear vs. Static) or One way Anova test (CTRL vs. KD cells). Scale
bars: 20 um. (B) Cell area in static condition (-Shear) and after shear stress (+Shear) was analysed by immunofluorescence in CTRL, KD_N1 and KD_
N4 cells labelled with anti-ZO1 antibody (red). Graph (B’) represents the quantification of the cell area of n > 350 cells from 3 independent experiments
Bars indicate the mean + SEM. ****p < 0.0001, using unpaired t-test for a 2 by 2 comparison (Shear vs. Static) or One way Anova test (CTRL vs. KD cells).
Scale bars: 20 um. (C) Actin cytoskeleton in static condition (-Shear) and after shear stress (+Shear) was analysed by immunofluorescence in CTRL, KD_
N1and KD_N4 cells stained with phalloidin (grey). Graphs represent the quantification of the intensity of phalloidin per cell surface (C’) and that present at
the membranes adjoined to tight junctions (co-labelling with ZO1) (C"). Bars indicate the mean + SEM of n > 350 cells from 3 independent experiments

ns: not significant, ****p < 0.0001, ***p = 0,0001, **p < 0.001, *p < 0,02, using unpaired t-test for a 2 by 2 comparison (Shear vs. Static) or One way Anova
test (CTRL vs. KD cells). a.u.: arbitrary unit. Scale bars: 20 pm.

First, we analyzed ciliogenesis which was previously shown tobe  steady state (Figure 1D”), cilium length increase was more
promoted by shear (Duan et al., 2008). As expected, the percentage  pronounced in KD_NI cells under shear stress than in control or
of ciliated cells and cilium length increased in control cells cultured =~ KD_N4 cells. These data suggest that loss of NPHP1 function alters
for 48 h upon shear compared to the static condition (Figures  shear stress-mediated regulation of cilium length.
3A-A"). In both KD_N1 and KD_N4 cell lines, impact of shear As a second cellular process, we analyzed cell size shown to be
stress on ciliogenesis was also observed. Nevertheless, as seen in  reduced upon shear stress in other kidney cell types by the activation
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of autophagy and mTOR signaling pathways (Boehlke et al., 20105
Orhon et al,, 2016; Miceli et al., 2020; Viau et al., 2020). We
measured cell area using ZO1, a marker of cell junctions, and
confirmed that in control mIMCD3 cells the cell size decreased
upon shear stress by an average factor of 1.4. Similar effect was also
seen in KD_N1 and KD_N4 cells (Figures 3B-B’) by an average
factor of 1.3. These results indicated that mechanisms of cell size
regulation upon prolonged shear stress were not affected by the
absence of NPHP1 and NPHP4.

Finally, we explored the impact of shear stress on the remodeling
of actin cytoskeleton. Shear stress has been shown to cause a
redistribution of dense actin bands at the periphery of the cell,
thus reinforcing the formation of both tight and adherens junctions,
as well as to induce a disruption of basal stress fibers (Essig et al.,
2001; Duan et al., 2008). We performed phalloidin staining to label
actin fibers and noticed first, that, in static condition, like in steady
state (Figure 1B), the actin network appeared altered, with an
abundance of thick stress fibers in KD_N1 cells while stress
fibers were sparse in KD_N4 cells. Quantification of the relative
intensity of phalloidin, both in the cytoplasm and at the membrane,
shows a 2-fold difference between control and KD_N4 cells, thus
reinforcing this observation (Figures 3C-C"). Secondly, upon shear
stress, a redistribution of actin was observed in control cells: actin
was more homogeneously redistributed, with reinforcement at the
membrane and in stress fibers (Figures 3C-C"). At the opposite, in
KD_NT1 cells, the stress fibers appeared thinner than in the static
condition, suggesting a significant disruption of the fibers in these
cells upon shear. In KD_N4 cells, an increase of the total amount of
actin was observed, at both membrane and stress fibers. It is
noteworthy that actin remodeling might be a process highly
activated in KD_N4 cells, since these cells were initially poor of
stress fibers.

Altogether, these results showed that overall, KD_N1 and
KD_N4 cells do sense shear stress but exhibit inappropriate
response to control cilium length and actin cytoskeleton
remodelling, suggesting that NPHP1 and NPHP4 are required to
ensure the proper dynamic response to shear.

Transcriptomic analysis reveals cholesterol
biosynthesis as a pathway modulated by
shear stress

In order to explore the molecular changes occurring upon shear
stress, we performed a transcriptomic study by RNA sequencing and
compared static and shear conditions (48 h).

First, we performed an analysis of the principal components
(PCA) to have an overview of our dataset and check its
consistency. As shown in Figure 4A, we first observed that the
triplicates of each condition are grouped together, confirming
their homogeneity. Then, the principal component PCI,
differentiating shear (on the left) and static (on the right)
conditions, is of 40%, while the second principal component,
PC2 of 17%, explains the differences between KD_NT1 on one side
(bottom) and KD_N4 and control cells (CTRL) on the other side
(top). This PCA shows that, overall, our samples are first
distinguishable by the culture conditions, and second by the
genotype. Of note, it reveals also that KD_N4 and control
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samples have a closer transcriptomic signature than with KD_
N1 samples which is also visible on the heatmap (Figure 4A").

In control cells, 48 h of shear stress induced a drastic change of
gene expression compare to static condition, with the deregulation
of a total of 4,302 genes, of which 2,236 were upregulated and
2,066 downregulated (fold of 1.2) 4A”,
Supplementary Table S1). Of note, Nphpl expression is slightly
modulated by shear stress (fold change of 1.44), while Nphp4 is not
(fold change of 1.08).

To understand which signaling pathways were the most altered

change (Figure

upon shear stress, we performed a pathway enrichment analysis
using Ingenuity software (Qiagen) (Figure 4B, Supplementary
Table S2). GO terms were selected according to the z-score and
ranked according to the p-value. The z-score predicts the global
status of activation or inhibition of a pathway by combining the
expression patterns of the genes involved in the pathway. Upon
48 h of shear, the most regulated pathways in the control cell line
were related to cell metabolism, with globally a decrease of mRNA
translation (EIF2 signaling, regulation of eiF4 and p70/S6K
signaling, tRNA charging), a promotion of cell cycle arrest
(activation of senescence pathway, inhibition of cyclins and cell
cycle regulation) and a moderation of energy production (decrease
of glycolysis), with an inhibition of PI3K/AKT signaling that
promotes metabolism, proliferation, growth, angiogenesis and
cell survival. As previously reported, shear stress induces the
production of reactive oxygen species (ROS) (Zheleznova, Yang,
and Cowley, 2016a) and nitric oxide (NO) (Cabral, Hong, and
Garvin, 2010) (activation of iNOS pathway), which helps to cope
the stress and modulates glucose and lipid metabolism. Together
with that, NRF2-mediated oxydative stress response pathway that
protects the cell against ROS and/or NO was activated. Several GO
terms suggested an activation of inflammation (Toll-like receptor
NF-kB which  has
demonstrated as a consequence of shear stress (Miravete et al,

signaling, signaling), been previously
2011, Miravete et al., 2012). Finally, amongst the top modulated
pathways, there was also the phosphoinositide-related signaling
which induces cytoskeletal changes and actin remodeling, and
plays a role in clathrin-mediated endocytosis, vesicle trafficking,
membrane dynamics, autophagy, cell division/cytokinesis and cell
migration.

In KD_NI cells, 3,583 genes were deregulated by shear stress, of
which 1,968 were upregulated and 1,615 were downregulated. In
KD_N4 cells, 5,029 genes were deregulated by shear stress, of which
2,754 were upregulated and 2,275 were downregulated (fold change
of 1.2) (Figure 4A’, Supplementary Table S1). Globally, as the PCA
and the heatmap underlined it, there were more genes commonly
shared by KD_N4 and CTRL than between KD_N1 and each of the
two other conditions, suggesting once again that KD_N4 and CTRL
might have a close transcriptomic signature in response to shear (the
most common pathway being the EIF2 signaling that is highly
significant and has a high z-score in both KD_N4 and CTRL
conditions). Analyzing the GO terms, we observed that some of
the signaling pathways highlighted in the control condition were
also modulated in both KD_N1 and KD_N4 cell lines, notably the
decrease of energy production (glycolysis) and of mRNA translation
(EIF2  signaling), and the
(neuroinflammation pathway) (Figures 4B’, B”). The production

activation of inflammation

of NO and/or the activation of pathways protecting against ROS/NO
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FIGURE 4

Transcriptomic analysis by RNA sequencing reveals that shear stress triggers cholesterol biosynthesis. (A) Principal component analysis (PCA) plot of

the RNAseq data shows the samples in triplicates of each condition. Static conditions are represented by dots, shear conditions by squares. Heat map (A’)
represents the gene expression of all genes modulated by shear stress as a function of cell type. Color map represents z-score with dark shades of blue
indicating upregulated genes and light shades of blue indicating downregulated genes. Venn diagram (A”) represents the differentially expressed
genes (fold change of 1.2) in CTRL, KD_N1 and KD_N4 cells between static and shear stress conditions. In italic are numbers of genes common to the
three or two conditions, or unique to 1 cell type (n = 3 independent experiments). (B) Diagrams showing the 15 most deregulated signaling pathways
following 48 h shear stress in CTRL (B), KD_N1 (B") and KD_N4 (B") cells. Pathway enrichment analysis was performed using Ingenuity software. Pathways
are ranked according to the p-value, with in blue, the upregulated signaling pathways (z-score >2) and in grey, the downregulated pathways
(z-score < -1,5). (C) Simplified diagram of the key steps of the cholesterol biosynthesis pathway. It starts by the conversion of acetyl-CoA to HMG CoA by
the HMG-CoA synthase, which is transformed into mevalonate by the action of HMG-CoA reductase (HMG-CR), a target of statin molecules. Mevalonate
is then processed in several steps via the Bloch or Kandutsch-Russel pathways into cholesterol. In blue are indicated the enzymes involved in each step of
the process. HMG CoA: 3-Hydroxy-3-Methylglutaryl-Coenzyme A. (D) Heat map representing the gene expression of enzymes of the cholesterol
biosynthesis pathway that are identified by RNAseq to be modulated by shear. Color map represents z-score with dark shades of blue indicating
upregulated genes and light shades of blue indicating downregulated genes. (E) RT-gPCR analyses of mRNA expression of Cyp51A1, Nsdhl, Hsb17B7
normalized to the geometric mean expression of the house-keeping genes Hprt, Sdha and Rpl13. Bars indicate the mean + SEM of 3 independent
experiments. ns: not significant, ***p < 0,0008, **p < 0.007, *p < 0,03, using unpaired t-test for a 2 by 2 comparison (Shear vs. Static) or One way Anova
test (CTRL vs. KD cells).
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were also amongst the top pathways modulated by shear in
KD_N1 and KD_N4 cells.

In contrast, we observed pathways more specific to KD_N1 and
KD_N4 conditions, notably the upregulation of the signaling of Rho
family GTPases (KD_N1: z-score of 4.06, -log (pval) of 2.88; KD_N4:
z-score of 2.83, -log (pval) of 4.96) along with the downregulation of
the counteracting RhoGDI signaling (KD_N1: z-score of 2.6, -log
(pval) of 2.76; KD_N4: z-score of —1.81, -log (pval) of 2.11) (Figures
4B’, B”, Supplementary Table S2). Rho GTPases are central
regulators of actin reorganization and consequently function in
cellular processes such as cell migration, wound healing, cell
adhesion, cell polarity, membrane trafficking and cytokinesis
(Van Aelst and Symons, 2002). This result is in line with the
phenotype observed in KD_N1 and KD_N4 cells, with a
perturbed actin cytoskeleton at steady state and its important
remodeling upon shear stress. Another interesting pathway
present in KD_N4 line is the PPAR signaling (KD_N4: z-score
of —1.81, -log (pval) of 2.95), that was mostly downregulated. PPAR
stands for peroxisome proliferator-activated receptors, which are
nuclear receptors activated by fatty acid derivatives (Varga,
Czimmerer, and Nagy, 2011). It regulates energy homeostasis:
when activated, it leads to the stimulation of the fatty acid
oxydation to produce energy. PPAR signaling has also a role in
cholesterol metabolism, and tends to enhance the cholesterol efflux
to lower its concentration.

Finally, in both KD cell lines, the cholesterol biosynthesis
pathway appeared in the top 15 pathways modulated by shear
stress, and we chose to study this further. Indeed, contrary to
that that cholesterol
stress-induced ~ signaling pathways, thus
participating in the processes of mechanosensation (Ferraro et al.,
2004; Zhang et al,, 2011; Yamamoto and Ando, 2015), our data
indicate here that cholesterol biosynthesis could itself be regulated

previous reports showed membrane

modulates  shear

by shear stress.

Cholesterol is synthesized in the endoplasmic reticulum by the
concerted action of more than 30 enzymes organized in the
mevalonate pathway, that transforms acetyl-CoA in lanosterol,
which is then converted in several final steps into cholesterol
(Figure 4C; Ac¢imovi¢ and Rozman, 2013). The limiting reaction
in cholesterol biosynthesis is the conversion of HMG CoA to
mevalonate, catalyzed by HMG-Co reductase (HMG-CR). This
tightly regulated at
transcriptional levels and is the pharmacological target of statins,

enzyme is transcriptional and post-
the most widely used family of cholesterol-lowering drugs. In a
heatmap, we plotted the genes involved in this pathway that were
highlighted by the RNAseq data (Figure 4D). The genes are classified
according to the position of the enzymes they encode in the
cholesterol biosynthesis pathway. We can notice that the majority
of the genes code for enzymes involved in the last steps of the
biosynthesis pathway, notably the steps leading to the synthesis of
cholesterol from lanosterol (Figure 4D). The heatmap shows that in
control cells, the biosynthesis was active in static condition and
slightly stimulated upon shear. In both KD_N1 and KD_N4 cells,
expression of cholesterol genes was initially very low, and then
activated upon shear, which was more obvious for KD_N4 cells. To
validate the transcriptomic data, we selected three of the modulated
genes (Cyp51A1, Nsdhl, Hsd17B7) and quantified their expression by
RT-qPCR in static and shear stress conditions. Overall, shear stress
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induced an increase of expression of all three tested genes, by a factor
of 2 to 4 (Figure 4E), thus confirming the RNAseq data.

Altogether, RNAseq analysis, further confirmed by RT-qPCR
analysis, allowed us to identify a novel pathway, the cholesterol
biosynthesis, as a pathway modulated by shear stress in control, KD_
N1 and KD_N#4 cell lines.

Fluid shear stress triggers cholesterol
biosynthesis independently of NPHP1 and
NPHP4

To assess the effect of shear stress on the amount of intracellular
cholesterol, we performed a staining with filipin, a fluorescent
compound from Streptomyces filipinensis that specifically binds to
free cholesterol (Wiistner, 2012). In control cells, as well as in KD_
N1 and KD_N4 cells, there was an increase in the amount of
cholesterol content upon shear stress (Figures 5A, A’). A similar
increase of cholesterol amount at the apical cell membranes was also
observed in all cell lines (Figure 5A”) when using co-labelling
with ZO1. This observation was confirmed by extraction and
analysis of free cholesterol by Gas Chromatography-Mass
Spectrometry (GC-MS) (Figure 5B).

To evaluate the contribution of the cholesterol biosynthesis
pathway in this increase, cells were treated with simvastatin, an
inhibitor of the HMG-Co reductase (HMG-CR), for 48 h during
shear stress. In control and KD cells, a decrease of the amount of
cholesterol was observed after treatment (Figures 5A-A”). Thus, we
concluded that shear stress does activate cholesterol biosynthesis
that is correlated with an increase of cellular cholesterol amount, and
this process is independent of NPHP1 and NPHP4.

Then, a step further, we evaluated whether the increase in
cholesterol participates to the cellular responses to shear stress,
and we analysed ciliogenesis. Blockade of the cholesterol
biosynthesis pathway by statins has already been shown to
decrease the percentage of ciliated cells and cilium length (Maerz
etal, 2019). Here, we found that simvastatin treatment during shear
stress did not affect the percentage of ciliated cells (Figures 5C, ch;
however, it decreased cilium length to the level of static condition in
control cells whereas it had a slight to no effect in KD_N1 and KD_
N4 cells (Figures 5C-C"). Altogether these data suggest that the
shear stress-induced regulation of cilium length is dependent on
cholesterol synthesis and that this cholesterol-dependent response is
altered in KD_N1 and KD_N4 cells.

Fluid shear stress triggers cholesterol
biosynthesis and uptake via SREBP2

Cellular cholesterol is maintained at homeostatic levels by the
concerted action of transcriptional and post-transcriptional
mechanisms. At transcriptional level, the SREBP/SCAP/INSIG
complex modulates cholesterol synthesis and uptake. When
intracellular cholesterol levels are low, the mature form of SREBP
translocates to the nucleus where it binds to the transcriptional
regulator SRE (Serum Response Element) sequences in the
regulatory region of the target genes, Hmgcr and Ldlr (Low
Receptor), thereby their

Density  Lipoprotein activating
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Fluid shear stress triggers cholesterol biosynthesis independently of NPHP1 and NPHP4. (A) Cellular cholesterol content in static condition (—Shear)

and after shear stress, without (+Shear) or with 5 uM simvastatin (+Shear + Simvastatin), was analysed by immunofluorescence in CTRL, KD_N1 and KD_
N4 cells stained with the fluorescent probe filipin (cyan). Graphs represent the quantification of the filipin intensity per cell surface (A’) or that present at
the membranes adjoined to tight junctions (co-labelling with ZO1) (A”). Bars indicate the mean + SEM of n > 350 cells from 3 independent
experiments. ns: no significant, ****p < 0.0001, ***p < 0.0004, *p < 0.02, using One Way Anova test. a.u.: arbitrary unit. Scale bars: 20 pm. (B) Free
cholesterol extraction and analysis by Gas Chromatography—Mass Spectrometry (GC-MS). Cells from microslides were resuspended with methanol and
lipids were extracted and injected into the GC-MS. The graph represents the total extract cholesterol in nmol per cell surface. Bars indicate the mean +
SEM of 4 independent experiments. ns: not significant, **p < 0.007, *p < 0,02 using Mann Whitney for a 2 by 2 comparison (Shear vs. Static) or Kruskal-
Wallis test (CTRL vs. KD cells). (C) Ciliogenesis after shear stress with 5 uM simvastatin was analysed by immunofluorescence in CTRL, KD_N1 and KD_
N4 cells labelled with anti-acetylated a-tubulin antibody (cilia, green) and anti-ZO1 antibody (red). Higher magnification images of the outlined area are
shown on the right. Graphs represent the quantification of the percentage of ciliated cells (C’) and cilium length (C"’) of n > 350 cells from 3 independent
experiments. Bars indicate the mean + SEM. ns: not significant, ****p < 0.0001, ***p < 0,0002, **p < 0.002, using One Way Anova test. Scale bars: 20 um.

transcription (Ikonen, 2008). It thus results into the activation of
cholesterol synthesis through increased levels of HMG-CR and the
promotion of LDL uptake by LDL receptors. To study the regulation
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of intracellular cholesterol levels via SREBP, we analysed its
subcellular localisation in nuclei, under static and shear stress
conditions, by immunofluorescence. We observed an increase in
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FIGURE 6

Fluid shear stress triggers cholesterol biosynthesis and uptake via SREBP2. (A) SREBP2 localization in nucleus, in static condition (—Shear) and after

48 h shear stress (+Shear) was analyzed by immunofluorescence in CTRL, KD_N1 and KD_N4 cells labelled with anti-SREBP2 antibody (green) and DAPI
(nuclei, blue). Graph represents the quantification of the nuclear SREBP2 intensity per cell surface (A’). Bars indicate the mean + SEM of n > 350 cells from
3 independent experiments. ns: no significant, ****p < 0.0001, ***p < 0,0003, **p < 0.003, *p < 0,03, using unpaired t-test for a 2 by 2 comparison
(Shear vs. Static) or One way Anova test (CTRL vs. KD cells). RT-gPCR analysis (A’") of mRNA expression of Hmgcr and Ldlr, normalized to the geometric
mean expression of the house-keeping genes Hprt, Sdha and Rpl13. Bars indicate the mean + SEM of 3 independent experiments. ns: not significant,
***p = 0,0006, **p = 0,0033, *p < 0,04, using unpaired t-test for a 2 by 2 comparison (Shear vs. Static) or One way Anova test (CTRL vs. KD cells). (B)
Cholesterol localisation in lysosomes, in static condition (—Shear) and after shear stress (+Shear) was analysed by immunofluorescence in CTRL, KD_
N1and KD_N4 cells labelled with the fluorescent probe filipin (cyan) and with anti-LAMP1 antibody (red). Higher magnification images of the outlined area
are shown on the right. Graph represents the Pearson’s correlation coefficient (B’) that evaluates the colocalization of filipin and LAMP1 staining. Bars
indicate the mean + SEM of n = 10 fields from 3 independent experiments. ns: no significant, ****p < 0.0001, **p < 0.004, using unpaired t-test for a 2 by
2 comparison (Shear vs. Static) or One way Anova test (CTRL vs. KD cells).
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the amount of nuclear SREBP in all cell lines after shear stress
(Figures 6A, A'), as well as an increase of mRNA expression of the
Hmgcer and Ldlr genes in control and KD_N1 cells, by RT-qPCR
(Figure 6A”). In KD_N4 cells, shear-stress mediated increase of
Hmgcr gene expression could not be observed (Figure 6A7);
however, the increased expression of downstream enzymes
(Figures 4D,E), including MVK that is also regulated by SREBP2
(Vergnes et al., 2016), might compensate the lack of Hmgcr gene
expression regulation. These results indicated that shear stress-
mediated activation of cholesterol biosynthesis pathway is
ensured by SREBP/SCAP/INSIG complex; they also indicated
that cholesterol could also be imported from the extracellular
compartment through LDL uptake. To confirm this, we studied
the lysosome compartment using co-staining with LAMP1. Upon
48 h shear stress, we observed that, whatever the cell line, shear stress
induced an accumulation of cholesterol in lysosomes, as illustrated
by the increase of Pearson’s correlation between filipin and
LAMPI1 staining. This result suggested that the transport of
cholesterol from lysosomes was more intense upon shear stress,
and this was independent of NPHP1 and NPHP4 (Figures 6B, B').

Altogether, these results clearly showed that shear stress induced
cholesterol biosynthesis and uptake in mIMCD3 cells, through the
transcriptional regulation of SREBP protein.

Discussion

In the present study, we focused on the putative roles of
nephrocystins NPHP1 and NPHP4, two proteins involved in
nephronophthisis, in the processes of flow sensation. Altogether,
our data show that the loss of function of Nphp1 and Nphp4 leads to
altered response to shear stress, with an inappropriate immediate
calcium response, a defective regulation of cilium length (for
Nphpl) and an impaired actin network remodeling. Since Nphp1
and Nphp4 expression is barely or not activated upon shear stress,
we presume that Nphpl and Nphp4 have indirect roles in flow
sensation that are discussed below. In addition, our work allowed us
to highlight for the first time the cholesterol biosynthesis and uptake
pathways as being regulated by shear stress in kidney cells. We
showed that upon shear stress, both cholesterol content and cellular
distribution are modulated, processes in which NPHP1 and
NPHP4 proteins do not play a central role. It is noteworthy that
the lack of total loss of expression of Nphpl and Nphp4 proteins in
our cellular models might have impede the observation of stronger
involvement of both proteins in flow sensation response and
cholesterol biosynthesis regulation.

As a first read-out, we analyzed the immediate calcium response.
It is triggered by various mechanisms, and notably an initial calcium
entry through mechanosensitive channels or GPCR located at the
plasma membrane and at ciliary membrane. This event activates the
phospholipase C protein that cleaves the phosphoinositide PIP2 into
DAG and IP3, which in turn activates the release of calcium from the
intracellular store, the endoplasmic reticulum (ER). By using a
calcium biosensor, we showed that the increase of intracellular
calcium level upon shear stress sensation happens faster in KD
cells than in control. This result indicates that KD cells are more
responsive to shear stress, which can be due to an over-activation of
mechanosensitive channels or GPCR, or to an inappropriate control
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of calcium release from ER. The impact of this exacerbated calcium
response in KD_N1 and KD_N4 cells under shear stress remains to
be evaluated, but it may presumably alter cellular calcium
homeostasis with detrimental consequences for cell function as
differentiation, proliferation or apoptosis (Berridge, Lipp, and
Bootman, 2000).

Interestingly, it has been shown that cilium length is a factor of
shear stress sensitivity. The longer the cilia are, the more prone they
are to bend, thus contributing to the activation of mechanosensitive
channels present at its surface (Abdul-Majeed, Moloney, and Nauli,
2012; Chikamori et al., 2020). Hence, since we showed that KD cells
have elongated cilia at steady state, we can hypothesize that cilia
contribute to the sensitivity of KD cells to shear stress. Of note,
elongated cilia were also detected in vivo in the renal tubules of both
Nphpl™~ mouse model and biopsies from patients with NPHPI
mutations (Garcia et al,, 2022). Hence, excessively long cilia, further
exacerbated by shear stress, might fail to act as efficient
short
regulation of cellular processes and in kidney cyst development
(Dell, 2015).

We also showed that KD cells, and especially KD_N1, are unable
to correctly regulate cilium length upon shear stress. One of our

mechanosensor, resulting as cilia. do, in improper

recent studies showed that alteration of cilium length in NPHPI
models was related to decreased ciliary localisation of adenylate
cyclases and cAMP production, rescued by the treatment with
prostaglandins (Garcia et al., 2022), which release is stimulated
by shear stress. Hence, we can hypothesize that alteration of
immediate response to shear stress in KD cells can contribute to
an improper modulation of prostaglandin signaling. Another
parameter that controls cilium length is the actin cytoskeleton
(Smith, Lake, and Johnson, 2020). We showed that the actin
network is impaired in KD cells lines, which was further
underlined by our transcriptomic analysis that revealed an
upregulation of the RhoGTPase pathway along with the
downregulation of the RhoGDI (Rho GDP-dissociation inhibitor)
signaling. Among the members of the Rho GTPase family is Cdc42,
which gene is upregulated in KD cells. It has been shown that the
Cdc42 effectors, p130Cas, Par6 and ACKI, as well as the associated
actin network proteins, filamin and tensin, interact with NPHP1 and
NPHP4 (Donaldson et al., 2000; Benzing et al., 2001; Mollet et al.,
2005; Eley et al, 2008; Delous et al, 2009). This suggests that
NPHP1 and NPHP4 can modulate the activation of Rho
GTPases and thus participate to the reorganization of the actin
cytoskeleton, as well as the related cellular processes, including
ciliogenesis.

To our knowledge, the transcriptomic analysis we performed at
48 h shear stress in the first of its kind. Previous RN Aseq studies on
kidney cells (mIMCD3 or PTEC) subjected to short shear stress
exposure (3 h or 6 h) highlighted pathways related to cell-cell and
cell-matrix interactions, as well as cytoskeleton remodeling. More
specifically, the MAPK, TNF and TGF-b signaling pathways were
upregulated while JAK-STAT or Rho were downregulated
(Mohammed et al,, 2017; Kunnen et al., 2018a). In our study,
after 48 h of shear stress, these pathways were not differentially
modulated between static and shear conditions; instead we brought
out pathways that regulate glucose and lipid metabolism, induce
inflammation or protect against reactive oxygen species and nitric
oxide, released upon shear stress.
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The most remarkable pathway that is modulated by shear stress
at 48 h is the cholesterol biosynthesis pathway. Very few studies
report a link between cholesterol and shear stress in the kidney.
Cellular cholesterol composition has been shown to affect
COX2 expression and shear stress-mediated PGE2 release via a
p38-dependent mechanism (Liu et al., 2015). Cholesterol can also
repress the expression of genes involved in sodium and water
regulation, leading to increased Na* and water retention (Repetti
et al, 2019). We show here for the first time the direct link between
cholesterol biosynthesis and shear stress, in which NPHP1 and
NPHP4 do not seem to be involved. We showed that shear stress
induces an increase of cholesterol biosynthesis after 48h, via the
activation of the SREBP/SCAP/INSIG complex, which results into a
stronger proportion of cholesterol at the membranes adjoined to
junctions as well as in lysosomes. Modulation of cholesterol content
upon shear stress seems important for the cell responses. Indeed, we
showed that treatment with simvastatin suppressed shear stress-
induced cilium length regulation in control cells and partially in
KD_N1 and KD_N4 cells. Such observation has been reported in
both cultured cells and zebrafish, in which absence of cholesterol
resulted in cilium frequency and length decrease (Maerz et al., 2019).
Hence, treating KD cells with simvastatin could dampen their
excessive cilium length and their sensitivity to shear stress.

To conclude, although our study has not identified a direct role
of NPHP1 and NPHP4 in regulation of cholesterol content in
mIMCD3 cells exposed to shear stress, we showed that targeting
the cholesterol pathway in KD_N1 and KD_N4 cells influences
cilium length regulation, potentially offering a new therapeutical
approach for NPH patients.

Materials and methods

CRISPR/Cas9-mediated invalidation of
Nphp genes in mMIMCD3 cells

To avoid off-target effects, the strategy of double Cas9 nickase
was used. For that, two guide RNAs were designed using
CRISPOR online tool (http://crispor.tefor.net; Concordet and
Haeussler, 2018), to target an out-of-frame exon of each gene,
i.e., exon 10 (#10) for Nphpl (NM_001128178) and exon 4 (#4) for
Nphp4 (NM_015102). Guides were cloned into pSpCas9n (BB)-
2A-GFP/mCherry plasmids expressing nickase Cas9 along with
GFP (gift from Feng Zhang (Ran et al., 2013), Addgene plasmid
#48140) or mCherry following the protocol described in (Reilly
et al.,, 2019).

After cotransfection of both GFP and mCherry plasmids, double
positive mIMCD?3 cells were sorted by flow cytometry prior to clonal
dilution. Genomic DNA of each single clones was extracted using
QuickExtractTM DNA Extraction Solution (Tebu-bio, QE09050)
and the genotype was determined by Sanger sequencing.

Cell culture and flow chamber
mIMCD3 cells were cultured in DMEM/F-12 (Gibco")

10% FBS,
streptomycin. For culture in flow condition, cells were seeded at

supplemented  with glutamine and penicillin/
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confluence (200,000 cells/cm?®) in closed perfusion chambers
(Microslide I 0.6 Luer, Ibidi) and cultured for 1 day at 37°C and
5% CO,. Cells were then either incubated in static conditions or
exposed to a shear stress of 1dyn/cm” for 48 h. Medium was
refreshed twice a day for static conditions. For shear stress
experiments, the chamber was connected to a computer-
controlled set-up containing an air-pressure pump and a two-
way switching valve (Ibidi pump system), and 10 mL of cell
culture medium was pumped unidirectionally between two
reservoirs through the flow channel at a rate corresponding to a
shear stress of 1 dyn/cmz. For statin treatment, 5 pM of Simvastatin
was added to the 10 mL of cell culture medium in both reservoirs
connected to the flow chambers during the shear stress experiment.

Immunofluorescence

Cells were cultured on coverslips or in microslides, washed in
PBS and fixed in 4% PFA at room temperature for 20 min. After a
wash in PBS and 1 h blocking in PBS; BSA 1%; Tween 0.1%, cells
were incubated with the appropriate primary antibodies overnight at
4°C: acetylated a-Tubulin (1:1,000; Sigma, T6793), y-Tubulin (1:200;
Sigma, T6557), NPHP1 (1:100; Bicell scientific, 90001), ZO1 (1:100;
Invitrogen, 33-9,100), Lamp1 (1:100; Abcam, 24170), SREBP-2 (1:
200; Santa Cruz, sc-13552) followed by secondary antibodies (Alexa
Fluor” 488, 555 or 647, 1:200; Thermo Fisher Scientific) for 30 min at
room temperature. The intercalated dyes used were Alexa Fluor™
647 Phalloidin (1:300; Thermo Fisher Scientific, A22287) and DAPI
(1:2000; Thermo Fisher Scientific, 62247). All antibodies were
diluted in blocking buffer. For filipin staining, cells were washed
in PBS three times and incubated in the filipin solution at a
concentration of 50 ug/mL (Sigma Aldrich, F-9765) for 30 min at
room temperature. Coverslips and microslides were mounted in
Mowiol media. Image acquisition was performed with a Yokogama
CSU-X1 spinning disk microscope (63x, NA 1.4) (filipin staining) or
a Leica SP8 laser scanning confocal microscope (63x, NA 1.4). Fiji
software (http://fiji.sc/) was used for all quantifications, with the
JACoP plugin for Pearson correlation coefficient analysis.
Measurements of cilium length was done with Imaris software
(Oxford Instruments).

Calcium measurements

Cells were seeded at a density of 200,000 cells/microslide with a
growth area of 2.5 cm® and grown for 1 day prior to transfection.
Cells were then transfected with 500 ng of R-GECO calcium
biosensor plasmid (Addgene plasmid # 45494) using
Lipofectamine 2000 (Thermo Fisher Scientific, 11668-019) for
48h and cultured with phenol red-free medium. Images were
acquired on a Nikon Ti-E inverted microscope equipped with a
temperature chamber set at 37°C, at the x40 objective (NA 1.4). The
shear stress of 1 dyn/cm? was applied after 1 min of acquisition over
a total period of 5 min. R-GECO signal intensity was normalized to
background (AF/F0), where FO is the average intensity over the first
30 s, were measured for each cell over time using Image] software.
The response time following shear stress initiation (At) was
evaluated for all analyzed cells.
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RNAseq analysis

Total RNA from 3 different experiments were isolated using the
RNeasy Kit (QIAGEN) including a DNAse treatment step. RNA
quality was assessed by capillary electrophoresis using High
Sensitivity RNA reagents with the Fragment Analyzer (Agilent
Technologies) and the RNA concentrations were measured by
both spectrophometry using the Xpose (Trinean) and Fragment
Analyzer capillary electrophoresis. RN Aseq libraries were prepared
starting from 100 ng of total RNA using the universal Plus mRNA-
Seq kit (Nugen) as recommended by the manufacturer. The oriented
c¢DNA produced from the poly-A+ fraction were sequenced on a
NovaSeq6000 from Illumina (Paired-End reads 100 bases
+100 bases). A total of ~50 millions of passing filter paired-end
reads was produced per library. FASTQ files were mapped to the
ENSEMBL reference (Mouse GRCm38/mm10) using Hisat2 and
counted by the Counts function of the R Subread package (http://
www.r-project.org/). Normalizations of read counts and group
comparisons were performed by the statistical methods Deseq2,
Voom and edgeR. Flags were calculated from counts normalised to
the mean coverage. All normalised counts <20 were considered
background (flag 0) and >20 as signal (flag = 1). P50 lists used for the
statistical analysis regroup the genes showing flag = 1 for at least half
of the compared samples. The results were filtered at a p-value <0.
05 and a fold-change of 1.2. Gene lists common to all three methods
were uploaded to Ingenuity Pathway Analysis (Qiagen) to determine
canonical pathways differentially regulated under shear stress. The
PCA has been performed using “prcomp” function in R and the
2 first dimensions were plotted. The clustering has been performed
using “dist” and “hclust” functions in R, using Euclidean distance
and Ward agglomeration method. Bootstraps have been realized
using “pvclust” package in R, with the same distance and
agglomeration method, using 1,000 bootstraps. Results for
cholesterol biosynthesis genes are shown as a heat map made
with the R package ctc: Cluster and Tree Conversion and imaged
by Java Treeview software (Java Treeview—extensible visualization
of microarray data).

RT-qPCR analysis

Total RNA was reverse transcribed using SuperScript II Reverse
Transcriptase (LifeTechnologies) according to the manufacturer’s
protocol. Quantitative PCR was performed with iTaqTM universal
SYBR® Green Supermix (Bio-Rad) on a CFX384 C1000 Touch (Bio-
Rad). Hprt, Rpl13 and Sdha were used as normalization controls
(Vandesompele et al., 2002). Each biological replicate was measured
in technical duplicates. The primers used for RT-qPCR are listed in
Supplementary Table S3.

Free and esterified cholesterol analysis by
GC/MS and LC-MS/MS

Deuterated internal standards were purchased from Avanti
Polar Lipids (Alabaster, AL, United States). LC/MS grade or
UPLC grade solvents were used without further purification and
obtained from Merck KGaA (Darmstadt, Germany).
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Cells on microslides were resuspended with 3 times 150ul
methanol. Free and esterified sterols were extracted using a
modified Bligh and Dyer method. Resuspended cells (total
volume of 450ul) were supplemented with deuterated internal
standards (cholesterol d7 and CE (18:1-d7)) and lipids extracted
with 1.5 mL chloroform and 300ul methanol (total methanol
fraction 750ul). Phase separation was triggered by addition of
450 uL of ammonium carbonate (250 mM). Extracted lipids were
dried and resuspended in LC/MS solvent.

Cholesterol esters were quantified by LC-ESI/MS/MS using a
Prominence UFLC (Shimadzu, Tokyo, Japan) and QTrap
4,000 mass (AB  Sciex, MA,
United States). Sample was injected into an Ascentis Express
C18 column (150 x 2.1 mm, 2.7 pum) (Merck Group). Mobile
phases consisted of A) acetonitrile/water (60:40 v/v) and B)

spectrometer Framingham,

isopropanol/acetonitrile (90:10 v/v) supplemented with 10 mmol/
L ammonium formate and 0.1% formic acid. Lipid species were
detected using scheduled multiple reaction monitoring.

For the quantification of free cholesterol, previously extracted
lipids were dried and derivatized with BSTFA/TMCS (10%) for 1 h
at 80°C. Silylated cholesterol was quantified by GC/MS (Trace ISQ,
ThermoFisherScientific) using split mode injection at 250°C and
separation on a 50 m X 0.25mm, 0.25um DB-5MS capillary
column. Cholesterol was detected by electronic ionization in
SIM mode.

Statistical analysis

Data from 3 independent experiments were expressed as
means + SEM. After performing a Shapiro-Wilk normality test,
differences between groups were evaluated using unpaired ¢-test or
Mann Whitney test when only two groups were compared or when
testing more comparisons by One Way Anova test or
Kruskal-Wallis test. The statistical analysis was performed using

GraphPad Prism V7 software.
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Alzheimer's disease (AD) is a brain disorder manifested by a gradual decline in
cognitive function due to the accumulation of extracellular amyloid plaques,
disruptions in neuronal substance transport, and the degeneration of neurons. In
affected neurons, incomplete clearance of toxic proteins by neighboring microglia
leads to irreversible brain inflammation, for which cellular signaling is poorly
understood. Through single-cell transcriptomic analysis, we discovered distinct
regional differences in the ability of microglia to clear damaged neurites.
Specifically, microglia in the septal region of wild type mice exhibited a
transcriptomic signature resembling disease-associated microglia (DAM). These
lateral septum (LS)-enriched microglia were associated with dense axonal bundles
originating from the hippocampus. Further transcriptomic and proteomic approaches
revealed that primary cilia, small hair-like structures found on cells, played a role in the
regulation of microglial secretory function. Notably, primary cilia were transiently
observed in microglia, and their presence was significantly reduced in microglia from
AD mice. We observed significant changes in the secretion and proteomic profiles of
the secretome after inhibiting the primary cilia gene intraflagellar transport particle 88
(Ift88) in microglia. Intriguingly, inhibiting primary cilia in the septal microglia of AD
mice resulted in the expansion of extracellular amyloid plagues and damage to
adjacent neurites. These results indicate that DAM-like microglia are present in the
LS, a critical target region for hippocampal nerve bundles, and that the primary ciliary
signaling system regulates microglial secretion, affecting extracellular proteostasis.
Age-related primary ciliopathy probably contributes to the selective sensitivity of
microglia, thereby exacerbating AD. Targeting the primary ciliary signaling system
could therefore be a viable strategy for modulating neuroimmune responses in AD
treatments.

KEYWORDS

microglia, primary cilia, extracellular vesicles, amyloid-beta, Alzheimer's disease

Abbreviations: AAV, adeno-associated virus; AC3, adenylate cyclase type lll; AD, Alzheimer's disease;
ATM, axon tract microglia; A, amyloid-beta; Co-IP, Co-immunoprecipitation; CP, caudate putamen;
Cx3crl, CX3 chemokine receptor 1; DAM, disease-associated microglia; EVs, extracellular vesicles; GSEA,
gene-set enrichment analysis; Hb, Habenula; Hif-1a, hypoxia-inducible factor-la; Ift88, intraflagellar
transport particle 88; IRM, interferon-responsive microglia; LCMS, liquid chromatography-mass
spectrometry; LS, lateral septum; Lyz2, Lysozyme M; mPFC, medial prefrontal cortex; NAc, nucleus
accumbens; NTA, nanoparticle tracking analysis; P2ry12, P2Y purinoreceptor 12; pHrodo-Ap, Ph-sensitive
dye-conjugated ap; Tmem119, transmembrane protein 119; UMAP, uniform manifold approximation and
projection; vDG, ventral dentate gyrus; WT, wild-type; GO, gene ontology; PPI, protein-protein
interaction.
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Normal primary cilia of microglia

Impaired primary cilia of microglia

GRAPHICAL ABSTRACT

Microglial phagocytosis and exocytosis of AR are mediated by primary cilia, which influence extracellular proteostasis, Ap plaque formation, and neurite
dystrophy. When microglia in wild-type mice develop into the disease-associated state, they require genes involved in primary ciliogenesis and extracellular|
vesicle secretion. Inhibition of Ift88, a key cilia gene, in microglia stimulates phagocytosis and the secretion of extracellular vesicles with an altered proteomic
composition, leading to the failure of extracellular proteostasis and neurite degeneration.

Introduction

Microglia are the phagocytic cells involved in brain development
and homeostasis with synapse pruning, clearance of cellular and
synaptic debris, and dead cells (Schafer and Stevens, 2015). They
mediate age-related primary pathogen defense and responses to
injuries and coordinate the cellular crosstalk by secreting cytokines
and chemokines (Damani et al., 2011). Microglial secretory vesicles
during cellular communication also have important roles in the
pathogenesis of neurodegenerative diseases such as Alzheimer’s
disease (AD) (Martin et al, 2017; Muraoka et al, 2021).
Amyloid-beta (AP) plaques recruit activated forms of microglia,
(DAM) or
neurodegenerative microglia (MGnD) (Keren-Shaul et al, 2017;
2017). The DAM exhibit promoted
phagocytosis of AP and dystrophic neurites and condensation of

also  known as disease-associated microglia

Krasemann et al.,

the plaques. Another important genetic feature of DAM is the high
expression of genes related to extracellular vesicle (EV) secretion.
EVs are membranous vesicles containing a variety of cargo
molecules, such as AP and phosphorylated tau (p-tau), in AD
brains (Muraoka et al, 2020; Cohn et al,, 2021). A disease-
associated subset of microglia adjacent to AP plaques
encapsulates and spreads p-tau in TSG101-positive EVs (Clayton
et al,, 2021). EVs are released from the intracellular endosome
recycling pathways, including the multivesicular body and
lysosomes. Exocytosis of lysosomal contents is regulated by a
complex set of signaling pathways that involve the activation of
small GTPases, and the formation of multi-vesicular bodies (MVBs)
and subsequent secretions as exosomes (Andrews, 2000; Medina

et al, 2011; Krause et al., 2022). The activation of Transcription
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Factor EB (TFEB), a master regulator of lysosomal biogenesis, leads
to the upregulation of the expression of lysosomal proteins and
enzymes (Settembre et al., 2012), which can be sorted into MVBs
and exosomes. These vesicles are then transported to the cell surface
and released by exocytosis. Undegraded AP in phagocytic cells is
released after lysosomal concentration (Hu et al., 2009). The
exocytosis of lysosomal contents serves to remove the phagocytic
load from the cell and prevent damage to the phagocytic cell, while
simultaneously providing seed for extracellular AP plaques and
of extracellular debris or
that
hydrolases, activating a series of enzymatic reactions. Successful

neurite dystrophy. Phagocytosis

pathogens forms phagolysosomes consume lysosomal
lysosomal degradation and clearance occur via the fusion of LC3-
marked autophagosomes with lysosomes (Gotzl et al., 2018; Ye et al.,
2020). After degradation in the lysosome, substrates are transferred
into the cytoplasm and recycled to produce cellular components that
serve as substrates in biosynthetic pathways. The promoted
phagocytic
lysosomes

activity combined with weakening degradative
viability
accumulation. Thus, vesicle secretion pathways are well-coupled

impacts  cellular through  undegraded
into the lysosomal function (Hu et al., 2015; Higuchi-Sanabria et al.,
2020). Secretion of vesicles containing lysosome contents benefits
from overloading lysosome function, bypassing lysosomal storage
failure, the formation of toxic accumulates, aberrant activation of
signaling pathways, and blockage of the endosome-lysosome
pathway (Parenti et al., 2021).

Primary cilia are cellular extrusions composed of microtubule-
associated signaling molecules involved in Shh, Notch, PDGF, and
Whnt signaling pathways in most cells (Wheway et al., 2018). Pivotal

developmental processes are mediated via restricted expression and
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specific transport of signaling molecules in primary cilia, including
cell proliferation, migration, and differentiation (Guemez-Gamboa
et al., 2014; Hasenpusch-Theil and Theil, 2021). Mis-localization of
signaling molecules in primary cilia is thus tightly linked with
neurodevelopmental diseases such as Joubert syndrome, Meckel
syndrome, and Bardet-Biedl syndrome (Delous et al, 2007;
Berbari et al., 2008). The correct localization of ciliary proteins
crucially relies on the intraflagellar transport (IFT) system. The
cytoplasmic IFT proteins also mediate extraciliary functions,
including autophagy (Pampliega and Cuervo, 2016) and
intracellular trafficking of vesicles (Hsiao et al, 2012). The IFT
system is associated with endosomal compartments and mediates
vesicular trafficking-related functions in leukocytes that do not have
a primary cilium (Finetti et al., 2014; Onnis et al., 2016; Vivar et al,,
2016). In non-ciliated cells, the IFT system participates in lysosome
biogenesis and autophagosome activation by transporting acid
hydrolases to lysosomes, recruiting the core autophagy protein
ATGI16L1 to the early autophagosome, and upregulating TFEB-
dependent lysosomal gene network expression (Finetti et al., 2020;
Finetti et al., 2021). Primary cilia are positioned near Golgi stacks,
which supply Golgi-derived vesicles to replenish the ciliary
constituents, including membrane proteins and lipids (Kim et al.,
2014; Conduit and Vanhaesebroeck, 2020). Golgi-derived vesicles
are not only sorted to the primary cilia but also fused to the MVB
before secretion through the plasma membrane or degradation by
fusion with the lysosome (Teng and Fussenegger, 2020). Primary
cilia also secrete cilia-derived vesicles named ectosomes through the
tip of the structure (Mohieldin et al., 2021). However, MVB is the
main hub of vesicles for secretion via EVs and degradation by fusion
with lysosomes. The primary cilia rooted in the basal body
(Stinchcombe et al, 2015), a microtubule organizing and
synthesizing center, should be directly or indirectly involved in
the control of vesicular trafficking, including the MVB. Vesicle
trafficking to the primary cilia depends on the microtubule
network (Pedersen et al., 2016), however, it has not been studied
whether the ciliary trafficking system is linked to the biosynthesis,
transport, and secretion of MVB. Inhibition of Ift88, a protein that
plays an essential role in cilium biogenesis, shortens cilia length and
affects exocytosis, including vesicle number and proteomic contents
of the vesicles (Zuo et al., 2019; Mohieldin et al., 2021). The coupling
of cytosolic exocytosis and signaling through the primary cilia
should be critical, especially for microglia, in which secretion
occurs in a toxic milieu that could affect the primary cilia
signaling. The coordinated alignment of cells within a plane
facing the pathologically misfolded protein aggregate may play a
crucial role in achieving specific functions, such as the removal or
compaction of toxic substrates. The primary cilia are well-position
to control the coordinated migration of phagocytic cells toward the
AP plaques, which has not been addressed. The secretion and
endocytosis from the microglial processes could be under the
control of the primary cilia in the perinuclear compartment,
closely located to the enlarged lysosome. The primary cilia facing
the extracellular milieu may be involved in maintaining extracellular
proteostasis by regulating phagocytosis, lysosomal clearance, and
protein loading and secretion of EV's in microglia. In this study, we
demonstrated that Ift88 in the microglia is an essential component
of the vesicle trafficking between the lysosome and EV secretion. The
impaired Ift88 function of microglia caused the secretion of EVs
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which
extracellular proteostasis and promoted the growth of AP plaques

containing altered proteomic contents, exacerbated

and related neurite dystrophy in AD model mice.

Materials and methods
Animals

All animal experiments were conducted in accordance with the
ethical guidelines of the Korea Brain Research Institute and with the
approval of the Korea Brain Research Institute Ethical Committee
for Animal Experimentation (approved protocol numbers IACUC-
22-00014, M2-IACUC-21-00014). Mice were housed in standard
ventilated cages with ad libitum access to food and water on a
standard 12-h light/12-h dark cycle. 5xFAD (also known as Tg6799,
B6SJL-Tg(APPSwFILon, PSENI1*MI461*L286V)6799Vas/Mmjax),
1ft88-floxed (B6.129P2-Ift88tm1Bky/]),
(B6J.B6N(Cg)-Cx3crltml.1(cre)Jung/])
from the Jackson Laboratory and C57BL/6 mice via Orient Bio.
(South Korea). Adult 5xFAD and their respective Ift88-flox/flox
littermates were utilized in the experiments. To examine the effect of
the loss of function of the Ift88 allele in a 5xFAD background,
5xFAD; Ift88-flox/flox and 5xFAD; Ift88-flox/wt mice were used.

and Cx3crl-cre

mice were purchased

AAV vector construction

A recombinant AAV vector was created by combining two
different plasmids: pAAV-CD68-hM4D(Gi)-mCherry, a gift from
Dr. Bryan Roth (Addgene plasmid #75033), and pAAV-GFP/Cre, a
gift from Dr. Fred Gage (Addgene plasmid, #49056). The EGFP-Cre
fragment was amplified using a forward primer (CCGCGGGTC
GACGCCACCATGGTGAGCAAGGGCGA) and a reverse primer
(CCGCCCGAATTCCTAATCGCCATCTTCCAGCA) using
pAAV-GFP/Cre as a template. The pAAV-CD68-Cre plasmid
was generated by inserting a Sall-EcoRI fragment containing the
EGFP-Cre into the pAAV-CD68-hM4D(Gi)-mCherry after removal
of hM4D(Gi)-mCherry using Sall and EcoRI sites. The pAAV-
pCD68-Cre was propagated in Stbl3 E. coli cells (Invitrogen™
One Shot™ StbI3™ Chemically Competent E. coli, C737303,
ThermoFisher Scientific) and sequenced (Bionics) to check for
correct expression.

AAV purification

Generation and purification of AAV-PHPeB-pCD68-Cre and
AAV1 (AAV-hSynl1-EGFP-P2A-EGFPf-WPRE-HGHpA, a plasmid
generously provided by Dr. Guoping Feng from Addgene, plasmid
#74513) were conducted following established protocols provided by
Addgene. In brief, AAV vectors, rep/cap packaging plasmids, and
adenoviral helper plasmids were added to AAV-293 cells after
mixing with polyethyleneimine (PEI, Polysciences, Inc.). After
the
precipitated overnight at 4°C by mixing it with 40% w/v PEG-
8000 and 0.4M NaCl. The resulting mixture was centrifuged at
2,500 g for 30 min at 4°C, and the pellet was resuspended in PBS

72h  of transfection, supernatant was collected and
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containing 0.001% Pluronic F68, and 200 mM NaCl (virus buffer).
Simultaneously, the cell pellet was resuspended in virus buffer and
sonicated with four 1-s pulses, followed by at least 15 min of
incubation on ice. The cell debris was pelleted at 3,220 g for
15min, and the clear lysate was transferred to the tube that
contained the resuspended virus. The total crude virus was
subjected to iodixanol gradient centrifugation. Recovered AAVs
were concentrated, and the buffer was exchanged with virus
buffer using Amicon 100K columns (EMD Millipore). To
determine virus titers, RT-PCRs were performed.

Stereotaxic AAV injection

Mice aged 6 months were fasted for 12 h prior to surgery. For
anesthesia, 150 mg/kg of 2,2,2-tribromoethanol (Sigma-Aldrich)
was administered, and 1.5 percent isoflurane in combination with
oxygen was used to maintain deep anesthesia. The animals were
placed in a stereotaxic frame (Kopf Instruments), and the surgical
site on the head was cleaned with isopropyl alcohol. Stereotaxic
coordinates were determined based on the location of the
bregma. Following a minor incision to expose the skull, small
holes with a diameter of less than 1 mm were drilled bilaterally
for virus injection. Each animal received approximately 1.5 x
109 viral genomes of AAV1 (AAV-hSynl-EGFP-P2A-EGFPf-
WPRE-HGHpA) injected at a rate of 30 nL/min into specific
regions: the mPFC (bregma +2.0, £0.45, dura —-1.7), vDG (vDG,
lambda. 0.4, 2.9, dura-2.7), and the LS (bregma. 0.4, 0.3, dura-
2.6). The injection was performed using a pulled glass pipette
(20-30 pm inner diameter) controlled by a Nanoject III
(Drummond Scientific) to regulate the injection speed.
Following the procedure, the incision was sutured, and the
mice were returned to their respective home cages once they
had fully recovered from anesthesia. Post-operative care,
including buprenorphine injections, was provided as required
by the JACUC of Korea Brain Research Institute. One month
after AAV injection, brain tissues were collected and perfused
with 4% paraformaldehyde for subsequent immunostaining and
three-dimensional imaging.

Tissue clearing and visualization of AAV
tracers

The X-Clarity tissue clearing system II (Logo Biosystems, Korea)
was employed to achieve brain tissue transparency in mouse brains
14 days after AAV injection. The brains were polymerized for a
period of 3 hours and subsequently cleared for 24 hours using the
X-Clarity system. Following tissue clearing, brain samples were
subjected to antibody staining utilizing the DeepLabel Antibody
Staining Kit (Logos Biosystems, Korea). After thorough washing
with PBST, the tissues were incubated with anti-GFP antibodies (1:
200) in 0.1% tween 20 in PBS at 37°C for a duration of 1-2 days. This
was followed by an additional day of washing and subsequent
incubation with secondary antibodies conjugated with Alexa
Fluor 488 (1:400, United States). To facilitate
imaging, the cleared brain tissues were immersed in an RI

Invitrogen,

matching solution for 24-48h, consisting of 50% sucrose and
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25% urea. For three-dimensional circuit visualization using AAV
tracers, the cleared samples were imaged using a light sheet
fluorescence microscope (Ultramicroscope II, LaVision BioTec
GmbH, Germany) equipped with a fiber laser source (SuperK
EXTREME EXW-12, NKT photonics A/S, Denmark) to generate
the light sheet. The emitted light was transmitted through a 2x
objective lens (MVPLAPO, Olympus, Japan) and detected by a Neo
sCMOS camera (ANDOR NEO, Oxford Instruments,
United Kingdom). The GFP signals of the AAV tracers were
observed using a bandpass filter set with an excitation range of
470/40 nm and an emission range of 520/50 nm. The numerical
aperture of the light sheet was calculated to be 0.073 in the system
software, and the thickness of the light sheet was approximately
5um at the manufacturer’s setting. Since the axial resolution to
separate two different structures parallel to the laser beam was
determined by the numerical aperture of the light sheet system, the
step size in the Z-direction between each image was set to 5 um. The
resulting serial TIFF image files were subsequently converted to the
Imaris file format, enabling image post-processing and three-
dimensional rendering using Imaris software (Bitplane, Cologne).

Cell culture

BV2 cells (kindly provided by Dr. Hoe, Hyang-Sook) were
DMEM high glucose (Thermo  Fisher)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific) and 1%
Scientific). Subculturing of the cells was performed every 3 days,

maintained in
penicillin/streptomycin  (Thermo  Fisher

and the cells were incubated at 37°C in a humidified atmosphere

Preparation of Ap (1-42) and pHrodo-Ap (1-
42) for cell treatment

AP 1-42 peptide (Bachem AG) was dissolved in sterile distilled
water to achieve a concentration of 500 uM and then incubated at
37°C for 5 days (Pike et al., 1993). For the phagocytosis assay, AP (1-
42) was labeled with pHrodo using the pHrodo iFL red microscale
protein labeling kit (Invitrogen) according to the manufacturer’s
instructions.

Transfection and treatment of Ap (1-42) or
LysoTracker

SiRNA transfection was conducted using Lipofectamine
RNAIMAX Transfection Reagent (Thermo Fisher Scientific). BV
cells were transfected with 80 nM of mouse silft88 or a negative
control siRNA (Bioneer). The RNA sequence of the mouse silft88
siRNA used was ACUGGGAGAGUUAUACGAU. Following
siRNA transfection, BV2 cells were treated with a final
concentration of 1 uM AP (1-42), pHrodo-Ap (1-42), or 50 nM
LysoTracker (Invitrogen).BV2 cells were seeded at a confluence
of approximately 80%. The following day, cells were transfected with
siRNA and treated with AP 6 hours after siRNA transfection. BV2
cells transfected with siRNA were exposed to AP for 18 h. BV2 cells
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were harvested or fixed at 24 h after transfection. For the analysis of
the intensity of pHrodo-AP and lysotracker, 3 z-stack images
(1.5 um thick) were acquired per experiment using a confocal
microscope (100x oil objective, Plan Apo VC 100x Oil D IC N2,
Nikon A1/Ni-E). Maximal intensity projection pictures from every
z-stack were created using NIS-Elements AR analysis software
(Nikon). The intensity of pHrodo-AP and lysotracker in each
BV2 cell was analyzed using NIS-Elements AR analysis software
(Nikon). We pooled data from the 3 technical replicates.

Immunohistochemistry and confocal
microscopy

The mice were perfused with 4% paraformaldehyde and
subsequently post-fixed for an additional 3h. Brain tissues were
cryoprotected in a 20% sucrose solution and embedded in OCT
compounds to obtain thin sections of 12-20 um thickness. The
tissue sections were then rinsed in PBS containing 0.2% Tween20
(Merck Millipore) for 10 min, followed by overnight incubation at 4 °C
with primary antibodies (refer to the antibody table) diluted in 5% BSA.
After washing with PBST, the sections were incubated with appropriate
fluorescent-conjugated secondary antibodies (refer to the antibody
table, Thermo Fisher Scientific) for 4h at room temperature. To
stain EV with PSVue-550, the tissue sections were incubated 10 uM
of PSVue-550 (Molecular Targeting Technologies) and Amylo-Glo for
1 h and then washed with washing buffer (pH7.4) including 5 mM TES
and 145 mM NaCl. Immunofluorescence images were captured using a
Nikon Ai Rsi/Ni-E confocal microscope, and the signals were analyzed
using NIS-Elements AR analysis software (Nikon).

A confocal microscope (Nikon A1/Ni-E) with laser sources
(Coherent; 403 nm (power 100 mW), 457/488/514 nm (power,
40 mW), 561 nm (power 20 mW), and 640 nm (power 40 mW)
were used to capture the images. The bandpass filter configured with
an excitation range of 520/50 nm and an emission range of 500/
50 nm was used to observe Alexa 488 signals. The bandpass filter
configured with an excitation range of 595/50 nm and an emission
range of 570/50 nm was used to examine Alexa 594 signals. The
bandpass filter configured with an excitation range of 700/75 nm
and an emission range of 663/75 nm was used to observe Alexa
647 signals. The bandpass filter was configured with an excitation
range of 450/50 nm and an emission range of 400/50 nm was used to
detect Amylo-Glo signals.

For the analysis of the axon spheroid near the AP plaque in the
LS, NAc, CP, and Hb (6-month-old, n = 4/each group, female),
5 z-stack images (1.5 pm thick) were acquired per experiment using
a confocal microscope (20x dry objective, Plan Apo VC 20x DIC
N2 with 3x digital zoom, Nikon A1/Ni-E). Microcopy acquisition
settings were kept constant within the same experiment. Maximal
intensity projection pictures from every z-stack were created using
NIS-Elements AR analysis software (Nikon). Axon spheroids near
each AP plaque were counted within the area (300 um x 300 um).

To analyze the percentage of AC3-positive microglia and measure
the length of AC3 in the LS and cortex (5-month-old, n = 4/each group,
female), 10 z-stack images (1 pm thick) were acquired per experiment
using a confocal microscope (100x oil objective, Plan Apo VC 100x Oil
DIC N2, Nikon A1/Ni-E). Maximal intensity projection pictures from
every z-stack were created using NIS-Elements AR analysis software
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(Nikon). We counted the microglia and measured the length of the
AC3 in the area (120 um x 120 um), where AC3 was present in the
main process of the microglia.

To count the number of AP plaques (D54D2) and Amylo-Glo
plaques and to measure the area of AP plaques (D54D2) and
Lampl in the LS (10-month-old, n = 3/each group, one male and
two females), 2D images were acquired per experiment using a
confocal microscope (20x dry objective, Plan Apo VC 20x DIC
N2 with 3x digital zoom, Nikon A1/Ni-E). AP plaques (D54D2) and
Amylo-Glo plaques were counted, and the area of AP plaques
(D54D2) and Lampl was measured within the area (500 pm x
500 um) using NIS-Elements AR analysis software (Nikon). To get
representative images of AP plaques (D54D2) and Lampl, 3 z-stack
images (2.5um thick) were acquired per experiment using a
confocal microscope (100x oil objective, Plan Apo VC 100x Oil
DIC N2, Nikon A1/Ni-E). Maximal intensity projection pictures
from every z-stack were created using NIS-Elements AR analysis
software (Nikon).

To count the number of microglia (10-month-old, n = 3/each
group, one male and two females), located within <5 um distance from
the Amylo-Glo plaques in the LS, 3 z-stack images (2.5 um thick) were
acquired per experiment using a confocal microscope (100x oil
objective, Plan Apo VC 100x Oil DIC N2, Nikon AI/Ni-E).
Maximal intensity projection pictures from every z-stack were
created using NIS-Elements AR analysis software (Nikon). Microglia,
located at < 5 um from the Amylo-Glo plaques, were counted in each
image. Data from three animals in each group was combined.

To analyze the intensity of EV on each dense plaque stained with
Amylo-Glo in the LS and cortex (10-month-old, n = 3/each group, one
male and two females), 4 z-stack images (2 pm thick) were acquired per
experiment using a confocal microscope (100x oil objective, Plan Apo
VC 100x Oil DIC N2, Nikon A1/Ni-E). Maximal intensity projection
pictures from every z-stack were created using NIS-Elements AR
analysis software (Nikon). We measured the fluorescence intensity
of CD63, CD81, or PSVue-550 on each dense plaque stained with
Amylo-Glo using NIS-Elements AR analysis software (Nikon). Data
from three animals in each group was combined. Information on the
antibodies used in each experiment is listed in Table 1.

EV preparation

The conditioned medium was collected from BV2 cells 24 h after
transfection with silft88 or siCon and subsequent treatment with Af.
EVs present in the conditioned medium were isolated using the
ExoQuick® ULTRA EV Isolation Kit (SBI System Biosciences)
following the manufacturer’s instructions. The precipitated EVs were
then resuspended in HBSS buffer for NTA. For Co-IP (co-
immunoprecipitation), EV pellets were resuspended in lysis buffer
containing 1% Nonidet P-40 (Sigma-Aldrich), 50 mM Tris-HCI,
150 mM sodium chloride (pH 7.4), and Halt™ Protease and
Phosphatase Inhibitor Single-Use Cocktail (Thermo Fisher Scientific).

Nanoparticle tracking analysis (NTA)
NTA was conducted using the NanoSight LM10 instrument

(Malvern Instruments) following the manufacturer’s user
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TABLE 1 Information of antibodies used in figures.

10.3389/fmolb.2023.1250335

1st-antibody Company Clonality 2nd-antibody (dilution Company
(dilution) rate)
Figure 1 B GFP DyLight 488 Novusbio NBP1- Mouse N.A. N.A. N.A.
(1:200) 69963
Figures 1C-H Anti-GFP (1:100) ThermoFisher A-11120 Mouse Goat anti-Mouse IgG (H + L) Life A11029
Scientific™ Secondary Antibody, Alexa Fluor”  technologies
488 conjugate (1:250)
Anti-GFP (1:100) Novusbio NBP1- Mouse Goat anti-Mouse IgG (H + L) Life A11029
69963 Secondary Antibody, Alexa Fluor”  technologies
488 conjugate (1:250)
Anti-B-amyloid Cell Signaling 82438 Rabbit Goat anti-Rabbit IgG (H + L) Life A11037
(D54D2) (1:100) Secondary Antibody, Alexa Fluor technologies
594 (1:250)
Figure 4A Anti-AC3 (1:100) Abcam ab125093 Rabbit Donkey anti-Rabbit IgG (H + L) Life A21206
Highly Cross-Adsorbed Secondary = technologies
Antibody, Alexa Fluor 488 (1:250)
Anti-Ibal (1:100) Abcam ab5076 Goat Donkey anti-Goat IgG (H + L) Life A11058
Secondary Antibody, Alexa Fluor technologies
594 (1:250)
Anti-B-amyloid (1-16) BioLegend 803001 Mouse Donkey anti-Mouse IgG (H + L) Life A31571
(6E10) (1:100) Secondary Antibody, Alexa Fluor” technologies
647 conjugate (1:250)
Figure 8B,C,E,G. Anti-Lamp1 (1D4B) Developmental Studies 1D4B Rat Donkey anti-Rat IgG (H + L) Life A21209
Supplementary (1:100) Hybridoma Bank Secondary Antibody, Alexa Fluor”  technologies
Figure S5A (DSHB) 594 conjugate (1:250)
Anti-B-amyloid Cell Signaling 8243S Rabbit Donkey anti-Rabbit IgG (H + L) Life A31573
(D54D2) (1:100) Secondary Antibody, Alexa Fluor” technologies
647 conjugate (1:250)
Anti-CD63 (1:100) Sicgen AB0047- Goat Donkey anti-Goat IgG (H + L), Life A21447
200 Secondary Antibody, Alexa Fluor”  technologies
647 conjugate (1:250)
Anti-CD81 (1D6) Novusbio NBP2- Rabbit Donkey anti-Rabbit IgG (H + L) Life A31573
(1:100) 67722 Secondary Antibody, Alexa Fluor” technologies
647 conjugate (1:250)
Anti-Ibal (1:100) Abcam ab5076 Goat Donkey anti-Goat IgG (H + L) Life A11058
Secondary Antibody, Alexa Fluor technologies
594 (1:250)
Amylo-Glo RTD Biosensis TR- N.A.
Amyloid Plaque Stain 300-AG
Reagent (1:1000)
PSVue-550 Molecular Targeting P-1005 N.A.
Technologies
Supplementary Anti-GFAP antibody Abcam Ab49874 Mouse N.A. N.A. N.A.
Figure $5C [G-A-5] (Cy3 *) (1:200)
Anti-Ibal (1:100) Abcam ab5076 Goat Donkey anti-Goat IgG (H + L) Life A11058
Secondary Antibody, Alexa Fluor technologies
594 (1:250)
Anti-B-amyloid Cell Signaling 8243S Rabbit Donkey anti-Rabbit IgG (H + L) Life A31573
(D54D2) (1:100) Secondary Antibody, Alexa Fluor” technologies
647 conjugate (1:250)
Amylo-Glo RTD Biosensis TR- N.A.
Amyloid Plaque Stain 300-AG
Reagent (1:1000)
manual (NanoSight LM10 User Manual). The capture and optimal particle visibility without signal saturation, the

analysis of the particles were performed using the integrated
NanoSight Software NTA3.2 (Malvern Instruments). For
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camera level was set to 10. Most observed particles were
detected using a detection threshold of 15. The NTA
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measurements were performed at 25°C, and each sample was
measured for 60 s, five times.

Co-immunoprecipitation (Co-IP)

BV2 cells were seeded at a confluence of approximately 80%. The
following day, cells were transfected with siRNA and treated with Af
6 hours after siRNA transfection. BV2 cells transfected with siRNA were
exposed to AP for 18 h.BV2 cells and CM were harvested at 24 h after
transfection. Cells and EVs were lysed using a lysis buffer composed of
1% Nonidet P-40 (Sigma-Aldrich), 50 mM Tris-HCI, 150 mM sodium
chloride (pH 7.4), and Halt™ Protease and Phosphatase Inhibitor
Single-Use Cocktail (Thermo Fisher Scientific). The cell lysates were
then subjected to immunoprecipitation by incubating them overnight at
4 C with either anti-CD63 (Sicgen) or anti-CD81 (Novus) antibodies.
Subsequently, the mixtures were incubated with Dynabeads Protein G
(Thermo Fisher Scientific) for 4 h at room temperature. After several
washes with PBST containing 0.01% Tween20 in PBS, the
immunoprecipitated proteins bound to the beads were eluted using
2x sample buffer (BioRad) for subsequent western blot analysis, or the
beads containing the binding proteins were directly analyzed
using LCMS.

Western blot analysis

The BCA protein assay kit (Thermo Fisher Scientific) was used to
access protein concentration before using 15 ug of proteins onto 4%-
20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad
Laboratories). Subsequently, the proteins were transferred to
Immobilon®-P PVDF membranes (Millipore). The membranes
were blocked for 30 min in a PBS solution containing 5% skim

TABLE 2 Information of mice used in figures.

10.3389/fmolb.2023.1250335

milk (BD Biosciences) and 0.1% Tween 20 (Merck Millipore).
Primary antibodies, including anti-CD63 (Sicgen, AB0047-200, 1:
1,000), anti-CD81 (Novus Biologicals, NB100-65805, 1:1,000), anti-
GAPDH (Origene, TA802519, 1:1,000), anti-Ift88 (Proteintech,
60227-1-Ig, 1:1,000), anti-p-Amyloid (D54D2) (Cell Signaling,
8243S, 1:1,000), anti-TMEM119 (Proteintech, 66948-1, 1:1,000)
anti-P2RY12 (BioLegend, 848002, 1:1,000), anti-C1Q (Abcam,
ab182451, 1:1,000), anti-SPARC (Cell Signaling, 8725, 1:1,000),
anti-aTub (Abcam, ab21058, 1:1,000), anti-Trem2 (Novusbio,
nbp1-44067, 1:1,000), anti-CD9 (Bio-Rad, MCA2749, 1:1,000),
anti-SPP1(R&D System, AF808, 1:1,000), anti-Dapl2 (LSbio, Is-Is-
€749774/193791, 1:1,000), anti-Apoe (Abcam, ab 1906, 1:1,000), and
anti-B-actin (Origene, TA811000S, 1:1,000), were then incubated with
the membranes overnight at 4°C. Following washing steps, HRP-
conjugated secondary antibodies were incubated with the membranes
for 30 min at room temperature. The HRP signals were visualized
using an Enhanced Chemiluminescence Reagent Kit (Thermo Fisher
Scientific, United States). Information about the mice used in each
experiment is listed in Table 2.

LCMS analysis

Protein samples and beads containing immunoprecipitated
proteins were subjected to reduction by adding 2 pL of 500 mM
DL-dithiothreitol and incubated for 30 min at 55°C. Alkylation
was then accomplished by adding 4 pL of 500 mM iodoacetamide
and incubating at room temperature in the dark for 20 min.
Trypsin digestion was carried out overnight at 37°C using an
enzyme/substrate ratio of 1:50. For label-free proteomics, the
samples were cleaned using a PierceTM C18 spin column
(Thermo Fisher Scientific), followed by vacuum drying and
storage at —20°C until further use. Prior to analysis, the dried

Control Experiment

6 months/n = 4/Female
3 months/n = 39,577/Male
6 months/n = 2,156/Female (hippocampus, habenula)

6 months/n = 11,018/Male (septum)

Figure 1B 6 months/n = 4/Female
Figures 1C-E 6 months/n = 4/Female
Figure 2A 3 months/n = 17,796/Male
6 months/n = 2,642/Female (hippocampus, habenula)
6 months/n = 9,934/Male (septum)
9 months/n = 27,819/Male and female
12 months/n = 33,243/Male
Figure 4B 5m/n = 4/Female

5m/n = 4/Female

Figures 5B,D,E,F BV2 culture, n = 3

BV2 culture, n = 3

Figure 5H, 1 BV2 culture, n = 4 BV2 culture, n = 4
Figure 6 Lysate, EV n = 4 Lysate, EV n = 4
Figure 7 CD63IP_Lysate, EV, n = 4 CD63IP_Lysate, EV, n = 4
CD81IP_Lysate, EV, n = 4 CD81IP_Lysate, EV, n = 4
Figure 8 10 months/n = 3/1 Male, 2 Female 10 months/n = 3/1 Male, 2 Female
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peptides were resuspended in 20 pL of 0.1% formic acid. The
dried peptides were resuspended in 20 uL of 0.1% formic acid.
Nano-liquid chromatography (UltiMate 3,000, Thermo Fisher
Scientific) coupled to a Q-Exactive Plus Orbitrap mass
spectrometer (Thermo Fisher Scientific) was utilized for
peptide analysis. All analyses utilized a binary solvent system
comprising 0.1% formic acid in water and acetonitrile,
respectively, as previously described (Jang et al, 2023).
Peptide fractions were separated wusing an Ultimate
3,000 RSLCnano System (Thermo Fisher Scientific) with a
PepMap 100 C18 LC column (#164535, Thermo Fisher
Scientific) as a loading column, followed by a PepMap RSLC
C18 (#ES903, Thermo Fisher Scientific) analytical column using
10%-50% solvent B (0.1% formic acid in ACN) in 80 min, 50%-—
95% solvent B in 0.1 min, a 20 min hold of 90% solvent B, a return
to 10% solvent B in 0.1 min, and finally a 20 min hold of 10%
solvent B. All flow rates were 300 nL/min delivered using a Easy-
nLC1000 liquid chromatography system (Thermo Scientific).
Solvent A consisted of water and 0.1% formic acid. Peptides
were ionized with an EASY Spray source (Thermo Scientific) held
at 250°C and set to 1.8 kV. For MS1 (Full MS mode), precursor
ion selection scanning between 350 and 2,000 m/z at a resolution
of 70,000, a AGC target of 3e°, and a maximum IT of 100 ms in
the Orbitrap mass analyzer were utilized. For MS2 (ddMS?
mode), precursor ion selection is scanned between 350 and
2,000 m/z at a resolution of 17,500. A AGC target of 1e’, and
a maximum IT of 100 ms in the Orbitrap mass analyzer were
utilized.

Mass spectrometry data processing

Proteome Discoverer™ (PD; version 3.0) software was used for
protein identification and quantification. Raw MS data were searched
against a protein database obtained from the UniProt Knowledgebase
Release 2022_5 (14-Dec-2022). Searches are performed utilizing the
preinstalled processing workflow (PWF_Hybrid_Precursor_Quan_
and LFQ_SequestHT_Percolator) and consensus workflow (CWF_
Comprehensive_Enhanced Annotation _LFQ_and Precursor_Quan)
as provided by PD3.0. In the processing workflow steps (PWF_
LFQ_SequestHT_Percolator),
peptides are required to have a minimum length of >6 and a

Hybrid_Precursor_Quan_and

maximum allowable number of reported peptides equal to 10. In
the consensus workflow steps (CWF_Comprehensive_Enhanced
Annotation _LFQ_and Precursor_Quan), a minimum of one
peptide sequence is used as a protein filter criterion. The Protein
FDR Validator node in PD3.0 was used to analyze the protein data
(confidence thresholds = 0.01). This node systematically assessed the
list of target proteins, calculating the FDR as it progressed from the
highest to the lowest-ranked proteins. Subsequently, a protein list
consisting of high-confidence candidates (FDR <0.01) was selected for
the differential analyses. A protein list with abundance values obtained
at FDR <0.01 was used for the downstream differential expression
analyses. The abundance values of identified proteins were log-
transformed and normalized according to the default algorithms
of PD3.0.

Lists of identified peptides with a fold-change value and a
p-value were exported as a text file. The text file was transferred
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to the Jupyter environment with the R kernel (version 4.3.0) and
analyzed following the analysis workflow in the Differential
Enrichment Analysis of Proteomics Data (Zhang et al., 2018). An
adjusted p-value less than 0.05 and an absolute value of fold change
larger than 0.25 were used as cut-off criteria. The abundance values
of identified proteins were log-transformed and normalized
according to the algorithms of PD3.0. A comparison of
differentially ~expressed proteins between two types of
experimental groups is shown in Venn diagrams (Gao et al,
2021). The differential expression protein analysis was visualized
in a volcano plot using the ggplot2 package (Wickham, 2016). For
further functional pathway enrichment analysis of the differentially
expressed proteins, the Enrichr R package with Reactome, KEGG,
and GO datasets was employed. The enriched pathways were
selected based on a p-value <0.01. Cytoscape (version 3.9.1)
(Shannon et al., 2003) was used to generate a network of these
proteins by mapping protein data onto a PPI network. The network
was constructed in Cytoscape’s public database section using the

STRING database (Doncheva et al., 2019).

Sample preparation, library construction,
and sequencing

Mice were sacrificed by carbon dioxide gas overdose, and the
brains were rapidly dissected out. The hippocampus of 3-, 6-, 9-, and
12-month-old mice, the septum of 6-month-old mice, and the Hb of
3-,9-, and 12-month-old mice were collected from 5xFAD mice and
WT mice. The samples were cut into small pieces, placed in
digestion media (Neurobasal media (Gibco) containing 1 mg/mL
Collagenase type 1, 2, 4 (Worthington Biochemical Corp.,
United States) or papain (Worthington Biochemical Corp.,
United States), and 20 U/mL of DNasel (Sigma)), and incubated
in a shaking incubator at 37 C for 45 min. The digested tissues were
mechanically dissociated and filtered through a 40 pm cell strainer.
The papain was additionally inactivated by adding 20 pg/mL
ovoicoid protease inhibitor (Worthington Biochemical Corp.).
The single-cell suspension was centrifuged at 500 ¢ for 15 min at
4°C and the resulting pellet was suspended in ice cold neurobasal
media containing B27. This neurobasal media wash was repeated
twice with two different spins at 100 g and 200 g centrifugation to
remove dead cells and cellular debris. The single-cell suspension was
finally suspended in an ice-cold Hanks’ balanced salt solution with
0.04% bovine serum albumin (A3294, Sigma-Aldrich, United States)
at approximately 2 x 10° cells/mL cell population.

The single cells were profiled using in Drop™ barcoded beads
in a home-made microfluidic device connected to the Drop-seq
apparatus in the Korea Brain Research Institute. Libraries from
isolated single cells were generated according to the in Drop™
Protocol with the following modifications (Zilionis et al., 2017).
Amplified cDNAs were not fragmented, and cDNA cleanup and
size selection were performed using SPRIselect beads (B23317,
Beckman Coulter, United States). Amplified cDNAs and final
libraries were assessed on an Agilent BioAnalyzer using the High
Sensitivity DNA Kit (Agilent Technologies, United States). The
libraries were pooled and sequenced on a NovaSeq 6,000 system
or a NextSeq500 system at two sequencer companies (Macrogen,
Korea/LAS Science, Korea).
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Single-cell RNA sequencing data processing

The Python pipeline available at https:/github.com/indrops/
indrops was used to read raw sequencing data with modified
parameters (Bowtie 1.2.3 m = 200, n = 1,1 = 15, e = 1,000) followed
by the
(GRCm38 release 102) to obtain a cell-gene expression matrix. In

alignment to Ensembl mouse reference genome
the R environment (version 4.3.0), the Seurat package (version 4.3)
(Butler et al., 2018; Stuart et al., 2019; Hao et al., 2021) was used to filter
cells, reduce dimensionality, cluster with Louvain, and project cells with
UMAP. Cells with low quality, defined as having less than 1,000 reads
and 500 UMI-filtered mapped reads, were prefiltered. Doublets were
identified and removed using the ScDblFinder package (Germain et al,,
2021). Using the SCTtransform wrapper, the G2M phase score, the
S-phase score, the UMI count, and the proportion of mitochondrial
genes were regressed out. Our samples were integrated with parts of a
public dataset (GSE129788) as a reference based on L2 normalization
using Harmony (Korsunsky et al., 2019) for improved data integration
and cell-type identification. Initial clustering was used to group cells
using the Louvain graph clustering algorithm, and cells were annotated
using the topmost significant upregulated cluster-specific genes.
Microglia were isolated and preferentially expressed markers of
microglia or macrophages. The subset of microglia was processed
through dimensionality reduction, Louvain clustering, and projection
into UMAP. To examine changes in gene expression, we used the
MAST (Yajima, 2023) test based on a log fold change threshold of 0.
25 and an adjust p-value of p < 0.1 (about p-value <1 x 107°) in Seurat.
The weighted kernel density estimation was calculated and visualized
using the Nebulosa package (Alquicira-Hernandez and Powell, 2021).
The results of the differential gene expression were plotted as volcano
plots using the EnhancedVolcano package (Lewis, 2023). GSEA was
performed with the clusterProfiler package (Yu et al,, 2012; Wu et al,,
2021). We identified pathways with p-value <0.01 as significant
pathways. The pathways we showed in the dot plot were plotted
using the ggplot2 package (Wickham, 2016). Pseudotime analysis
was performed using the Monocle3 package (Cao et al, 2019). A
beginning point for the trajectory was selected manually based on the
expression of canonical markers of homeostatic microglia. To analyze
gene expression dynamics along the pseudotime, we used the tradeseq
package (Van den Berge et al,, 2020). An association test was used to
determine gene expression changes along the pseudotime lineage. Next,
we applied the patternTest function to evaluate the smoothed gene
expression patterns along the pseudotime between the two principal
trajectories. The scores of the three gene-sets previously reported were
calculated by the UCell package (Andreatta and Carmona, 2021).

Public dataset processing

We reanalyzed public datasets of single-cell transcriptome
profiles from previously published research. The count data from
the Gene Expression Omnibus (GEO) database with the accession
numbers GSE121654, GSE127893, GSE129788, GSE165306, and
GSE166548 datasets (Hammond et al.,, 2019; Sala Frigerio et al,
2019; Ximerakis et al., 2019; Grubman et al., 2021; Safaiyan et al.,
2021) were downloaded. Subsequently, all datasets were integrated
using Harmony, and the standard Seurat analysis workflows were
implemented as previously described.
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Information on the number of animals and the number of
replicates for experiment

Statistical analyses

The statistical analyses involved in the western blot analysis and
the immunostaining analysis were conducted with GraphPad Prism
9 (GraphPad Software Inc.). For the statistical analysis of the
transcriptome, R environments were employed, while for the
proteome analysis, the PD 3.0 software was utilized. All data
were presented as the mean + standard error of the mean (SEM).

Results

Differential formation of axonal spheroids in
various brain regions of 5xFAD mice

Loss of synapses in AD patients is directly associated with
cognitive decline (Selkoe, 2002; Barthet and Mulle, 2020). To
investigate the regional selectivity of axonal dystrophies in an
amyloidopathy mouse model, we used 5xFAD mice that carry
(APP)
PSENI1 genes leading to AP accumulation to introduce AAV
tracers  expressing EGFP  (AAV1-hSynl-EGFP-P2A-EGFPf-
WPRE-HGHpA) into the ventral dentate gyrus (vDG), the lateral
septum (LS), and the medial prefrontal cortex (mPFC) (Figures

mutations in the amyloid precursor protein and

1A,B). These injections targeted the major axonal tracts of the vDG
to the LS, the LS to the habenula (Hb), and the mPFC to the nucleus
accumbens (NAc) or the caudate putamen (CP), respectively. To
visualize three-dimensional axonal projection from each injection
site, we took advantage of the brain clearing and three-dimensional
rendering of EGFP tracers using the mouse brain expressing the
AAV tracers. The dorsal and lateral brain-wide imaging showed
major axonal projections targeting the LS, the Hb, and the subcortex
(Figure 1B). The coronal sections of the AAV-expressing mouse
brains were used to localize the EGFP signals in dystrophic axons
adjacent to the AP plaques in 5XFAD mice compared to the normal
axonal projections in WT mice. The strong EGFP signals of the
axons originally injected in the vDG, the LS, and the mPFC were
observed at the LS, the Hb, and NAc/CP, respectively, in both wild-
type (WT) and 5xFAD mice (Figures 1C-E). While AP plaques were
predominantly present in the vDG, the LS, and the mPFC of 5xFAD
mice, the EGFP-expressing axons exhibited distinct signals of axonal
spheroids near each plaque. The vDG-LS tracts showed the most
drastic AP plaques (D54D2, red) and axonal spheroids (EGFP)
signals (Figure 1F), whereas the LS-Hb tracts did not exhibit such
axonal spheroid signals (Figure 1G). In the case of the mPFC-NAc/
CP tracts, the NAc showed the signals of AP plaques with tiny axonal
spheroids, and the CP did not exhibit any detectable signals
(Figure 1H, CP not shown). We quantified the number of axon
spheroids within each AP plaque in the terminal region of the axonal
tracts and found that the LS of the vDG-LS tracts had a significantly
higher number of axonal spheroids compared to the other tracts
(Figure 11). These results show that the vDG neurons projecting to
the LS are susceptible to forming an axonal spheroid structure close
to AP plaque.
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FIGURE 1

Visualization of differential axonal spheroid formation in 5xFAD mice using AAV tracers (A) A schematic drawing depicts the injection of AAV-GFP

into the vDG to trace the axonal projection into the LS. (B) Whole-brain imaging exhibits each track of AAV injected into the vDG, the LS, and the mPFC (6-
month-old, WT, n = 4, female). The representative neuronal projections of each injected site were visualized: LS to Hb (LS — Hb), vDG to LS (vDG — LS),
and mPFC to the NAc and CP (mPFC— NAc/CP) of mice. Each black bar in the schematic drawings indicates the AAV-injected position. Allen brain
atlas was used as a reference for mouse three-dimensional images (pink). (C) Representative images of an AAV-injected vDG region and the axonal target
region in the LS are presented. Ap plaques were stained using anti- Ap antibodies (D54D2, red), and AAV-EGFP tracers were stained for EGFP (6-month-
old, n = 4, each group, female). (D) Representative images of the AAV-injected LS and its main axonal target in the Hb (6-month-old, n = 4, each group,
female) (E) Representative images of the AAV-injected mPFC and its major axonal targets, such as the NAc and CP of WT and 5xFAD mice (6-month-old)
Imaging of AAV-injected mice was conducted 3 weeks after stereotaxic injection (6-month-old, n = 4, each group, female). (F~H) Representative images
of axonal spheroids and Ap plaques (D54D2, red) at the AAV-injected sites and the axonal target sites (F, vDG — LS; G, LS — Hb; H, mPFC— NAc). (I) A plot
depicts the number of axonal spheroids/AB plaque in each projection: vDG — LS, mPFC — NAc, mPFC — CP, and LS — Hb. Data represent means + SEM,
and p-values were calculated by an unpaired two-tailed t-test. **p < 0.01, *p < 0.05. Scale bars = 2 mm (B); 100 um (C~E); 10 um (F~H)
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Route A

Route B

Differential trajectories of DAM from WT microglia were analyzed using the scRNAseq dataset. (A), (upper) UMAPs depict 144,185 cells sequenced

from 16 samples of the hippocampus (88,011 cells), 4 samples of the septum (20,952 cells), and 7 samples of the Hb (35,222 cells), colored by each cell
type (left) and highlighting a microglia-specific cluster (right). (A), (lower) UMAP depicts subclusters of 1,660 microglia selected from (A) representing
each cell obtained from WT (366 cells at 3 months, 124 cells at 5 months, 26 cells at 6 months, 240 cells at 9 months, and 292 cells 12 months) and
5xFAD (201 cells at 3 months, 337 cells at 5 months, and 74 cells at 6 months) (B) Kernel density estimation with the Nebulosa package (Alquicira-
Hernandez and Powell, 2021) shows the distribution of three homeostatic microglial feature genes (top) and six DAM feature genes (middle and bottom).
(C) Trajectory plots showing the bifurcation of microglial progression into two principal trajectories (R: main root node, A: end node of Route A, B: end
node of Route B, colored by pseudotime (D) Venn diagram of genes significantly associated with pseudotime in each trajectory (E) Trem2 gene
expression along pseudotime in Route A (solid line) and Route B (dotted line) (F) Heatmap showing five clustered expressions of genes significantly

associated with pseudotime in Route A and Route B. The root was set by microglia in the MG-02 cell cluster of 3-month-old WT mice.

Inference analysis of single-cell RNA
sequencing (scRNAseq) data predicts
regional differences in cilium-related gene
expression

Microglia are phagocytic cells that engulf a variety of debris,
including AP plaques, myelin fragments, apoptotic cells, and
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extracellular harmful substances. This diversity of phagocytic
targets is reflected in the heterogeneous microglial subtypes, each
with its own unique set of receptors and signaling pathways (Ribeiro
Xavier et al., 2015; Krasemann et al., 2017; Butler et al., 2021;
Clayton et al, 2021; Huang et al, 2021). As demonstrated in
stereotaxic experiments, the vDG-septum tract of 5xFAD mice
implies the presence of microglia that are associated with these
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axonal abnormal structures in the septum. To profile the regional
heterogeneity of microglia, including the septum, we performed
single-cell transcriptome profiling isolated from the hippocampus,
the septum, and the Hb of WT and 5xFAD mice using an inDrop™
platform (Klein et al., 2015). We captured a total of 144,185 cells
with 38,075 feature genes, from 27 independent libraries
(Figure 2A). The cell types of 50 clusters were annotated by
examining marker genes and comparing them to those in a
previous study (Ximerakis et al, 2019). A subset of microglia
among these clusters was identified with the most significantly
upregulated genes (Cst3, Ctss, Clqa, Clgb, B2m, Supplementary
Figure S1). A total of 1,660 microglia were projected to new UMAP
dimensions, and clustered into the twelve microglia clusters that
were named MG-01 to MG-12 (Figure 2A bottom).

The microglia in WT mice were primarily characterized as
homeostatic, expressing genes encoding transmembrane protein
119 (Tmeml19) (Satoh et al, 2016), P2Y purinoreceptor 12
(P2ry12), and CX3 chemokine receptor 1 (Cx3crl) (Butovsky
et al.,, 2014). The MG-02 cell cluster had dense expression of the
Tmem119 and P2ryl2 genes, indicating that it is a homeostatic
microglia-like cell cluster (Figure 2B, Supplementary Figure S2A,B).
Microglia from WT and 5xFAD mice overlapped across the seven
microglia clusters. Of the seven identified clusters, the MG-01 cell
of Apoe
(Supplementary Figure S2C,D), along with Trem2 and Cst7 genes

cluster demonstrated more elevated expression
previously known as DAM genes (Keren-Shaul et al, 2017
Krasemann et al., 2017). These findings suggested that the MG-
01 cluster was comprised of DAM. The distribution of Axl and Dkk2
expression indicated that the MG-03 and the MG-10 cell clusters
were identified as activated response microglia and/or a DAM
cluster (Aghaizu et al., 2023). The MG-04, the MG-06, the MG-
07, and the MG-09 cell clusters were distinguished by their
expression of hypoxia-inducible factor-la (Hif-1a). The MG-03
and the MG-10 cell clusters consisted primarily of microglia
isolated from the hippocampal region, while the other four cell
clusters, including the MG-01, consisted primarily of microglia
isolated from the septum. This result suggests that there were
regional differences in the microglial transcriptome and in the
distribution of DAM. Interestingly, microglia from the septum,
the hippocampus, and the Hb regions in the MG-01, the MG-04,
the MG-07, and the MG-09 cell clusters overlapped regardless of age
(Supplementary Figure S2A,B).

It is assumed that homeostatic microglia in the normal and
healthy states progressively undergo a transition into DAM in a
pathological condition via extracellular stimuli. The application of
pseudotime analysis to the scRNAseq data has revealed the existence
of five distinct trajectories with the microglia clusters. Two primary
trajectories have been identified, originating from the MG-02 cell
cluster and then bifurcating toward either the MG-01 (Route A) or
the MG-03 cell cluster (Route B, Figure 2C). These trajectories were
consistent with the spatial distribution of regional differences in
DAM  described
hippocampus-enriched DAM (Route B) and septum-enriched

earlier. To characterize the progress of
DAM (Route A), we looked for the genes whose expression
varied significantly over pseudotime within each trajectory. We
found 1,912 genes in Route A, 76 genes in Route B, and
159 genes in both routes (Figure 2D). Given that both routes

originated from a common MG-02 cell population, certain genes
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with different expression patterns may explain the characteristics of
hippocampus-enriched DAM and septum-enriched DAM among
the 159 genes found to be significantly associated with pseudotime.
The Trem2 gene, as a canonical marker of DAM, exhibited
comparable trends of slight fluctuations over time in both
primary trajectories (Figure 2E). This aligned with Trem2
expression, which is initially increased in DAM. In contrast, it
was observed that out of the 159 genes that were previously
identified, 26 genes exhibited significantly different expression
patterns in Route A and Route B (Figure 2F). The genes Kif5a,
Cysl, and Armc2 were commonly associated with ciliary assembly
(Tao etal.,, 2009; Novas et al., 2018; Hesketh et al., 2022). The finding
indicates that the variation in the expression of genes associated with
cilia. may be one of the contributing factors to the regional
heterogeneity observed in both routes.

Analysis of differential gene expression in
WT microglia reveals that cilium-related
gene expression is regionally regulated

Microglia isolated from WT and 5xFAD mice were similarly
distributed across seven microglial clusters, as determined by UMAP
dimensionality reduction analysis of the microglial subtypes. The
findings suggested the presence of a microglial subtype in the brains
of WT mice with gene expression features related to the DAM
subtype identified in 5xFAD mice. To test whether the analysis of
microglial single-cell transcriptome datasets supports these findings,
the five publicly available datasets (Hammond et al., 2019; Sala
Frigerio et al., 2019; Ximerakis et al., 2019; Grubman et al., 2021;
Safaiyan et al., 2021) were acquired and integrated using the same
method used in the previous analysis (Supplementary Figure S3A).
This allowed us to identify a total of 43 clusters of microglia. To
analyze marker gene expression in the microglial subclusters, we
selected 9 clusters consisting of more than 1% microglia from
5xFAD mice and APP/PS1 mice (Supplementary Figure S3B).
We further selected 10 clusters that had markers for Sppl,
Trem2, Axl, Lpl, Lgals3, and Gpnmb, and 7 clusters that had
markers for Cx3crl, P2ryl12, and Tmeml119. This down-sampling
process produced a total of seventeen clusters containing 36,013 cells
(Supplementary Figure S3C). We examined the canonical marker
gene expression in the microglial subclusters (Supplementary Figure
S3D). This led to the identification of two microglial subtypes in the
WT mouse brains that exhibited characteristics like DAM gene
expression, supporting our previous findings using scRNAseq data
from the septum.

Our previous scRNAseq analysis identified three microglial
clusters in the mouse brain that exhibited comparable expression
of DAM signature genes, such as MG-01 in Route A, MG-03, and
MG-10 in Route B. These clusters all expressed DAM signature
genes such as Apoe, Dkk2, and AxI (Figure 3A). To ascertain the
similarity of DAM stages between the Route A and the Route B cell
populations, we compared the gene expression profiles of these cell
populations in WT and 5xFAD mice (Figure 3B). We found that
both cell populations had two common DAM signature genes
(Apoe and Ctdb) and three common axon tract microglia (ATM)
signature genes (Apoe, Ctdb, and Ctds), which were significantly
upregulated in 5XFAD mice. The Route B cell populations, which
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Differential regulation of genes regulating ciliogenesis and secretion in septum- and hippocampus-enriched microglia (A) MG-01 (belonging to

Route A, septum enriched, upper), MG-03 (belonging to Route B, hippocampus enriched, bottom), MG-10 (belonging to Route B, hippocampus
enriched) cell clusters in WT mice, colored by each subcluster (B) Four-way plots showing differential expression analysis between 5xFAD and WT mice in
the cell population of Route A and the cell population of Route B. Red dots indicate a mean fold change higher than 0.25 and a p-value less than 0.05,
whereas blue dots indicate a fold change less than 0.25 and a p-value less than 0.05. (C) Heatmap showing gene scores calculated by 14 DAM, 20 ATM,
and 20 IRM feature genes. The columns in the heatmap represent the MG-01, the MG-02, the MG-03, and the MG-10 cell cluster. (D) Volcano plots
depicting the differentially expressed genes observed in the comparison between MG-01 and MG-03 versus MG-02 in WT mice. Differentially expressed
gene analysis yielded 8 upregulated genes and 99 downregulated genes in the MG-01, 109 upregulated genes and 413 downregulated genes in the MG-
03 cell cluster (Genes marked with red dots have an absolute value of average fold change greater than 0.25 and an adjust p-value less than 0.1). Among
these genes, those highlighted in red are the ones that overlapped with genes listed in CiliaCarta. (E) Bar graph showing GSEA based on the GO and the
Reactome database for both MG-01 and MG-03 clusters. For the MG-01, GSEA identified 19 pathways based on the GO-CC, 16 pathways based on the
GO-BP, 3 pathways based on the Reactome (p-value less than 0.01). For the MG-03, GSEA revealed 29 pathways based on the GO-CC and 38 pathways
based on the GO-BP (p-value less than 0.01). The bar graph represents the results of a keyword search within these pathways, highlighting terms such as

"wound,” “cilium,” “inflammatory,” “complement,” "hemostasis,” “secretory,” "vesicle,” “vacuole,” “endosome,” “lysosome,” and “exosome.”

are predominantly hippocampus-derived microglia, had three
DAM signature genes (Ftll, Lyz2, and Fthl) that were
significantly upregulated in 5xFAD mice. To determine if there
were microglial subtypes in the WT mouse brain that exhibited
DAM features in our data containing a regional distribution, we
examined microglia derived from WT brains. Gene score values
were calculated using known 14 DAM genes (Ank, Apoe, Axl, Cclé6,
Cde3, Cd9, Csfl, Cst7, Ctsz, Igfl, Itgax, Lpl, Spp1, Tyrobp), 20 axon
tract microglia (ATM) genes (Sppl, Gpnmb, Igfl, Lgals3, Cd9,
Fabp5, Lpl, Syngrl, Pld3, Ctsl, Lgalsl, Lilrb4a, Ccl9, Anxa5,
Gml1673, Csfl, Cd63, Gml0ll6, Anxa2, Apoe),
20 interferon-responsive microglia (IRM) signature genes
(Cerl2, Csprs, Dhx58, Ifitl, Ifit2, Ifit3, Ifit3b, Ifitm2, Ifitm3, Irf7,
Isgl5, Isg20, Ly6a, Oasla, Oaslg, Oas3, Oasll, Oasl2, Stat2, Usp18)

and
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(Figure 2C) (Hammond et al., 2019; Lall et al., 2021). The MG-02
cell cluster enriched in WT mice, which was considered the
homeostatic microglia, had relatively low gene scores for DAM
and ATM. The MG-01 cell cluster from WT mice, with a high
proportion of septum-derived microglia, maintained high gene
score values for DAM and ATM but had the lowest values for IRM.
In contrast, the MG-03 cell cluster from WT mice, which was
dominated by microglia from the hippocampus, had relatively high
gene score values for DAM and ATM and the highest value for
IRM. Similarly, the MG-10 cell cluster from WT mice showed high
gene score values for DAM, ATM, and IRM. This may imply that
WT microglia are regionally heterogeneous and transcriptionally
primed to respond closely to the pathological needs of the cells
comprising the tissues.
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Subsequent differential expression gene analysis was conducted
on the MG-01 and the MG-03 in comparison to the MG-02 in WT
mice (Figure 3D, Supplementary File S1). The analysis yielded a list
of genes associated with cilia that exhibited significant alterations in
expression (with adjust p-value <0.1 and an average absolute Log,
Fold change >0.25) based on data from CiliaCarta (van Dam et al.,
2019). Only the Kif5a gene among those cilia-related genes exhibited
downregulation in differential expression analysis between the MG-
01 and MG-02 cell clusters in wild-type mice. However, it was
discovered that 14 cilia-related genes overlapped with the
differentially expressed genes in the MG-03 cell cluster in WT
mice as compared to the MG-02 cell cluster, indicating the
presence of ciliary dysfunction. To gain insights into the
differential enrichment of signal pathways among regional
microglial subtypes, we performed gene-set enrichment analysis
(GSEA) using the differentially expressed genes. GSEA, based on
the Gene Ontology (GO) and the Reactome databases, revealed a
notable increase in genes related to cilium organization within the
MG-03 cell cluster (Figure 3E, Supplementary File S1). On the other
hand, the cluster of MG-01 cells displayed an upregulation of diverse
vesicle-related genes such as secretory granules, lytic vacuole, and
cytoplasmic vesicle. Additionally, we observed a decrease in genes
related to immune system, lysosome, and endosome within the MG-
01 cell cluster. These results suggest that the regionally
heterogeneous microglial subtypes may be involved in distinct
stages or priming status as determined by cilium-, vesicle-, and
secretion-related genes.

Dampening of the primary cilia in microglia
in amyloidopathy

The previous scRNAseq analysis of microglial subclusters in
different brain regions revealed that cilium-related genes may
regulate the status of microglia. To examine the role of the
microglial primary cilia in a pathological condition such as
amyloidopathy, we compared the expression of adenylate cyclase
type III (AC3), a well-established cilia marker found in primary
cilia throughout the brain (Bishop et al, 2007), in microglia from
6-month-old WT and 5xFAD mice in the LS and the cortex. We
identified AC3-labeled primary cilia localized in the region between the
cell body and the major process in microglia expressing Ibal. In the LS,
both WT and 5xFAD mice showed microglia with primary cilia,
regardless of AP plaques. However, in the cortex of 5xFAD mice,
AC3 was not detected in microglia (Figures 4A,B). The percentage of
AC3-positive microglia in the LS and the cortex was significantly lower
in 5xFAD mice compared to WT mice. Furthermore, microglia in
5xFAD mice exhibited shorter primary cilia in the same brain region
(Figure 4B). Since the primary cilia face outside cells, the protruding
structure could be damaged by extracellular toxic substances such as
AP. These results indicate microglia in the cortex are more likely to be
affected in their primary cilia by extracellular amyloidopathy. To
examine the involvement of primary cilia in microglial status, we
used BV2 cells, a mouse microglial cell line, to downregulate the
expression of Ift88 using siRNA transfection. Subsequently, we
examined protein markers associated with both homeostatic and
activated microglial states. The knockdown of Ift88 led to a
decrease in the expression of homeostatic microglial cell markers,
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such as Tmem119, Clq, and Sparc, except for P2ry12, which exhibited
a significant induction (Figure 4C). Additionally, the expression of
protein markers associated with activated microglial cells, including
Trem2, CD9, Sppl, and Apoe, was reduced upon siIft88 treatment
(Figure 4D). These findings suggest that Ift88 or primary cilia may be
involved in triggering or maintaining the activated status of microglia
such as DAM.

Regulation of microglial secretion by
primary cilia

Microglia in the DAM state exhibit upregulation of genes
involved in EV secretion as well as phagocytosis of AP and
dystrophic neurites. To assess whether the primary cilia of
microglia regulate the biogenesis and secretion of EVs, we
evaluated the protein expression levels of CD63 and CD81, a
member of the tetraspanin family known to be specifically
localized in EVs and crucial for EV biogenesis and secretion
(Berditchevski and Odintsova, 2007). In BV2 cells transfected
with silft88, the levels of CD81 and Ift88 were significantly
reduced in the cellular lysate. However, the expression of
CD63 remained unchanged upon decreased Ift88 in BV2 cells
(Figures 5A.B). Indeed, it is intriguing to note that upon the
silencing of Ift88, a discernible elevation in CD63 expression was
observed, accompanied by a statistically significant augmentation in
CD81 levels (Figure 5C,D). These findings suggest that primary cilia
may be involved in EV secretion and EV biogenesis in microglia. EV
secretion can be influenced by lysosomal overload, and the removal
of toxic substrates may alleviate cellular damage (Eitan et al., 2016;
Hessvik and Llorente, 2018). To investigate microglial phagocytosis
and lysosomal clearance, BV2 cells were treated with A (1 pM)
following transfection with either scrambled siRNA or silft88.
Remarkably, AP uptake was significantly augmented in BV2 cells
transfected with silft88 (Figure 5E). Furthermore, the release of AP
within EVs was also enhanced (Figure 5F). To assess lysosomal
activity in siRNA-transfected BV2 cells, we employed pH-sensitive
dye-conjugated AP (pHrodo-AP) and LysoTracker. Silencing
Ift88 in BV2 cells resulted in a greater proportion of cells
positive for pHrodo-Ap and LysoTracker compared to controls
5G). the intensity of pHrodo-Af and
LysoTracker signals was significantly increased in BV2 cells
transfected with silft88 (Figure 5H, I). These findings suggest
that Ift88 deficiency may induce aberrantly heightened lysosomal

(Figure Moreover,

activity while promoting the secretion of EVs containing AP in
microglia.

Silencing Ift88 in microglia alters EV
proteomic profiles in response to exposure
to Ap

To characterize the proteomic changes in microglia in response
to AP treatment, we performed proteomic analysis of BV2 cells with
the combination of Ift88 inhibition and treatment with Ap.
Figure 6A illustrates the experimental workflow utilized for
proteomic analysis via LC-MS. Most proteins were identified in
both lysates (88%) and EVs (85%) between the (siCon + AB) group
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Repression of microglial primary cilia in 5xFAD mice (A) Representative images of AC3 (green)-positive microglia (MG) stained for Ibal (red) in the LS

and the cortex of WT and 5xFAD mice (6-month-old). In 5xFAD mice, Ap plaques were stained using 6E10 antibodies (white). (B) Plots depict the
percentage of AC3-positive microglia and the length of AC3-stained primary cilia, respectively. Images were taken from the LS (1024 pm?) and the cortex
(1024 pm?) of WT and 5xFAD mice (5-month-old, n = 4, each group, male) (C) Western blot analysis shows the differential expression of the
homeostatic microglial markers in BV2 cells, which were harvested 24 h after transfection with silft88. Plots represent protein expression normalized by
a-tubulin (@Tub, n = 3). (D) Western blot analysis shows the differential expression of the DAM markers in BV2 cells transfected with silft88 for 24 h. Plots
represent protein expression normalized by aTub (n = 3). (B—D) Data represent means + SEM, and p-values were calculated by an unpaired two-tailed
t-test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns (non-significant). Scale bars = 10 ym.

and the (siIft88 + AP) group (Figure 6B). In the lysates of BV2 cells
transfected with silft88 and treated with AP, we observed
168 upregulated proteins >0.25, adjust
p-value <0.05) and 126 downregulated proteins (log2 fold-
change < -0.25, adjust p-value <0.05) (Figure 6C). To gain
insight into the functional implications of the differentially
we performed GSEA, which
in various biological processes.

(log2  fold-change

revealed
The
upregulated proteins were enriched in terms associated with

expressed proteins,
significant alterations

Alzheimer disease, phagosome, ER-phagosome, ER-to Golgi
anterograde, positive regulation of exocytosis, among others.
Conversely, the downregulated proteins were enriched in terms
such as interferon o/p signaling, autodegradation of Cdh1 by Cbh1:
APC/C, APC/C:Cdc20 mediated degradation of Securin, and more
(Figure 6D, Supplementary File S2). EV marker proteins such as
Tsgl01 were induced by Ift88, indicating the involvement of the
primary cilia in the regulation of EV biogenesis and secretion.
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Overall, the enrichment analysis results suggest that the loss of
Ift88 may induce an AD-associated state in microglia, stimulating
secretion and decreasing phagocytic vesicle function. In the EV's of
BV2 cells transfected with siIft88 and treated with AP, we observed
that 76 proteins were upregulated (log2 fold-change >0.25, adjust
p-value <0.05), while 196 proteins were downregulated (log2 fold-
change < -0.25, adjust p-value <0.05) (Figure 6E). The upregulated
proteins were predominantly associated with cellular response to
stress, regulation of cellular response to stress, cytokine signaling in
immune system, and ribosome biogenesis. On the other hand, the
downregulated proteins were enriched in terms related to
autophagosome maturation, regulation of phagocytosis, lysosomal
lumen, and vesicle cytoskeletal trafficking (Supplementary File S2).
Representative proteins were depicted on the volcano plot, using
distinct colors to denote their association with specific processes,
such as dark red for cellular response to stress, bright red for
cytokine immune green for vesicle

signaling in system,
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Promotion of phagocytosis and EV secretion in BV2 cells by silencing of Ift88 (A) A representative western blot result of Ift88, CD63, and CD81,
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siCon or silft88. (D) Plots depict the expression of CD63 and CD81 from western blots in (C) (n = 3). (E) Western blot analysis of Ap uptake, analyzed
using lysates of BV2 cells transfected with siCon or silft88, followed by treatment with 1 pM Ap for 18 h. A plot depicts A in cell lysates (n = 3). (F) Western
blot analysis of AB secretion in EVs, analyzed using the EVs collected from the conditioned medium of the BV2 cells transfected with siCon or silft88,
followed by treatment with 1 uM Ap for 18 h. A plot depicts the Ap obtained in EVs (n = 4). (G) Representative images of Ap phagocytosis and lysosome
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**xp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns (non-significant). Scale bars = 10 pm.

cytoskeletal trafficking, and blue for autophagosome maturation,
regulation of phagocytosis, and lysosomal lumen (Figure 6E, F).
These findings suggest that the loss of Ift88 may induce proteomic
alterations in EVs secreted by microglia, characterized by an increase
in cellular response to stress and cytokine signaling in immune
system and a decrease in autophagosome maturation and vesicle
cytoskeletal trafficking. To validate the increase in vesicles, because
of positive regulation of exocytosis, we performed nanoparticle
tracking analysis (NTA) on EVs derived from BV2 cells
transfected with silft88 and treated with AP. Figure 6G illustrates
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the size distribution of EVs with and without A treatment. The
concentration of EVs was significantly increased in BV2 cells
transfected with siIft88 and treated with AP, supporting the
previous proteomic analysis (Figure 6H).

EVs exhibit heterogeneity, and their proteomic contents provide
insights into the signaling cascade mediated by these vesicles and the
alterations in extracellular protein homeostasis, also known as,
extracellular proteostasis (Geraghty et al, 2021; Krause et al,
2022). As demonstrated in previous findings (Figures 5B,D), the
loss of Ift88 resulted in a decrease in CD81 levels in the lysate but an
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increase in CD63 and CD81 levels. To investigate the specific
proteomic alterations in EVs associated with CD63 and CD81, transfected with siIft88 and treated with A, utilizing co-
we conducted a proteomic characterization of CD63-or CD81-
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expressed proteins in silft8-transfected BV2 cells’ EVs by A treatment. The cut-off values were determined by adjust p-value <0.05, and log2 (fold
change) > 0.25 (upregulated) or log2 (fold change) < —0.25 (downregulated). (F) Up- and downregulated proteins were analyzed for enriched pathways
using Enrichr. Significantly enriched clusters (p-value <0.01) for up- and downregulated proteins are indicated in each graph. Representative proteins in
each term of the ontology were marked with the same color in the volcano plot. (G) Representative histograms of EV size distributions collected from
BV2 cells transfected with siCon or silft88 followed by treatment with or without AB (1 pM). The average size of EVs is presented above each histogram. (H)
Statistical analysis of concentration (particles/ml) and average size of EVs isolated from the conditioned medium of BV2 cells, transfected with siCon or
silft88, and treated with or without AB (1 uM). Data represent means + SEM, and p-values were calculated by two-way analysis of variance (ANOVA)
followed by Turkey’s multiple comparison test. **p < 0.01, *p < 0.05.
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antibodies. Figure 7A illustrates the experimental workflow for
analyzing CD63-and CD81-binding proteins through liquid-
chromatography mass-spectrometry (LCMS). Representative
results of the Co-IP experiment showed that CD63 was enriched
in the elution of the CD63-Co-IP, both in the lysates and EVs, and
AP was also detected in the CD63-binding proteins (Figure 7B),
indicating a potential interaction between A and CD63 in BV2 cells
and their secreted EVs. Most CD63-binding proteins were identified
in both the lysates (89%) and EV's (72%) when comparing the (siCon
+ AP) group with the (silft88 + AP) group (Figures 7C,D). In the
lysates of BV2 cells transfected with silft88 and treated with A,
96 proteins were upregulated (log2 fold-change >0.25, adjust
p-value <0.05), 127  proteins downregulated
(log2 fold-change < -0.25, adjust p-value <0.05) among the
CD63-binding proteins (Figure 7C). In EVs, 75 proteins were

while were

identified as upregulated proteins (log2 fold-change >0.25, adjust
p-value <0.05), and 8 proteins were identified as downregulated
proteins (log2 fold-change < —0.25, adjust p-value <0.05) among the
CD63-binding proteins (Figure 7D). In the lysates, the upregulated
proteins associated with CD63 were involved in processes such as
Rab regulation of trafficking, intracellular protein transport, cellular
response to stress, and Fc gamma R-mediated phagocytosis. The
downregulated proteins associated with CD63 were related to
selective autophagy and secretory granule lumen (Figure 7E,
Supplementary File S3). In EVs, the upregulated proteins
associated with CD63 were linked to phagosome, cytoplasmic
vesicle lumen, and extracellular vesicle. The downregulated
proteins associated with CD63 were involved in micro GTPase
and RHOBTB3, signaling by Rho GTPase and vacuolar lumen
(Figure 7E, Supplementary File S3). In the lysates of BV2 cells
transfected with silft88 and treated with AP, we observed that
147  proteins upregulated (log2 fold-change >0.25,
p-value <0.05 adjust p-value <0.05), while 113 proteins were
downregulated (log2 fold-change < -0.25, adjust p-value <0.05)
among the CD81 binding proteins. Furthermore, in EVs, 76 proteins

were

were identified as upregulated (log2 fold-change >0.25, adjust
p-value <0.05), and 13 proteins were identified as downregulated
(log2 fold-change < —0.25, adjust p-value <0.05). Regarding the
CD81-binding proteins in the lysates, the upregulated proteins were
associated with Rab regulation of trafficking, phagocytosis vesicle,
lumen, vesicle.

and cytoplasmic vesicle

downregulated proteins among the CD81-binding proteins were

Conversely, the

involved in processing of capped intron -containing pre-mRNA,
regulation of focal adhesion assembly, and peroxisomal membrane
(Figure 7F, Supplementary File S4). On the volcano plots,
representative proteins were marked with distinct colors, such as
dark red for AD, bright red for the secretory granule lumen, pink for
the interleukin-12-mediated signaling pathway, green for focal
adhesion, and blue for mRNA processing (Supplementary Figure
S4A). In the EVs, the upregulated proteins associated with
CD81 were linked to phagosome, phagosome pathway, cargo
trafficking to periciliary membrane, vesicle, extracellular vesicle,
and cytoplasmic vesicle lumen. The downregulated proteins
among the CD81-binding proteins were associated with immune
system, post-translational protein modification, and metabolism of
proteins (Figure 7F, Supplementary Materail S4). On the volcano
plot, representative proteins were marked with distinct colors, such
as dark red for phagosome, bright red for cargo trafficking to periciliary
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membrane, faint red for vesicle, green for the metabolism of proteins
and post-translation protein modification, and blue for immune system
(Supplementary Figure S4B). Figure 7G,H summarize the protein-
protein interaction (PPI) network among the up- or downregulated
proteins of CD63 or CD81 binding proteins in each cell lysate and EV.
These findings suggest that the loss of Ift88 may lead to an upregulation
of stress response-related proteome in the extracellular space via EVs
altering the extracellular proteostasis. The changes in the EV proteome
and extracellular proteomic composition may affect the amyloidopathy
in AD.

The effect of the conditional inhibition of the
primary cilia in microglia on the
pathogenesis of AD

To further investigate the role of microglial primary cilia in the
development of AD, we utilized 5XFAD mice carrying the
1ft88-flox (5xFAD; Ift88-flox/flox). The
chemokine receptor Cx3crl serves as a selective marker for

conditional allele
microglia in the central nervous system. To examine the effects
of endogenous Ift88 loss in microglia, we generated Cx3crl-cre;
Ift88-flox/flox; 5xFAD mice by crossing Cx3crl-Cre mice (Yona
etal., 2013) with 5xFAD; Ift88-flox/flox mice (Supplementary Figure
S5A). We investigated the characteristics of AP plaques and
dystrophic neurites in the LS of 3-month-old mice when the AP
plaques started to occupy the region. The number of small-sized
Amylo-Glo plaques (<50 pm) significantly increased, and there was
a noticeable trend of increased AP plaques marked with D54D2
(Supplementary Figure S5B). Furthermore, the fluorescence
intensity of GFAP and
(Supplementary Figure S5C, D), indicating elevated gliosis

Ibal was significantly elevated
possibly from the promoted EV secretion containing altered EV
proteins from Ift88-inhibited microglia. To avoid the possible non-
specific inhibition of Ift88 in the Cre-driver mouse line (Zhao et al.,
2019), we also employed an intracranial injection of adeno-
associated virus (AAV) carrying Cre recombinase under the
control of the CD68 promoter (AAV-pCD68-Cre), which is
active in activated microglial cells (Bodea et al., 2014). Figure 8A
illustrates an experimental outline to investigate the function of
microglial Ift88 in the axon terminal region of the vDG-LS tract and
its impact on the pathogenesis of AD. We induced the loss of Ift88 in
5xFAD mice at 9 months of age through stereotaxic injection of
AAV-pCD68-Cre. Immunohistochemical analysis of the LS in
5xFAD; Ift88-flox/flox mice injected with AAV-pCD68-Cre
revealed pronounced Lampl signals, indicative of dystrophic
neuronal membranes including axons, compared to 5xFAD mice
injected with a sham control (Figures 8B,C). Notably, the LS of
5xFAD; Ift88-flox/flox mice injected with AAV-pCD68-Cre
exhibited a significant increase in AP plaques (D54D2) and
Amylo-Glo stained plaques, specifically in the small (<50 pm)
and large (>200 pm) size ranges (Figures 8C,D). Considering that
microglia lacking Ift88 tended to engulf and secrete more EVs
containing AP, we hypothesized that the enlarged plaques may be
contributed by microglial secretion, which also induced neuritic
dystrophy adjacent to the plaques. Indeed, staining for Lampl-
positive dystrophic neurites adjacent to AP plaques revealed a
significant increase in dystrophic neurites in 5xFAD mice with
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FIGURE 7

Proteomic analysis of CD63 or CD81-associated proteins in cell lysates (n = 4, each group) and EVs (n = 4, each group) of BV2 cells transfected with

silft88 in combination with Ap (A) An experimental scheme describes the identification of CD63 or CD81 binding proteins by LCMS. (B) Western blot
analysis of CD63 IP using cell lysates and EVs shows binding of Ap with CD63 using cell lysates or EVs. CD63 IP using EVs shows CD63 EVs contain Ap and
other EVs, as revealed by A in the flow-through fraction. (C), D) Venn diagram and volcano plot of CD63-binding proteins in cell lysates (C) and EVs

(D) show identified proteins in upregulated proteins (adjust p-value <0.05, log2 (fold change) > 0.25) or downregulated proteins (adjust p-value <0.05,
log2 (fold change) < —0.25) from BV cells, which were transfected with silft88 followed by treatment with Ap (1 uM), compared with BV2 cells transfected
with siCon and treated with AB (1 uM). (E, F) GO pathway enrichment analysis of CD63-binding proteins (E) and CD81-binding proteins (F). Up- and
downregulated proteins were analyzed separately using the Enrichr. Significantly enriched clusters (p-value <0.01) for up- and downregulated proteins
are indicated in each graph. Representative proteins for each GO term were color-coded and marked in the volcano plot as well. (G, H) PPl network
analysis using the STRING database reveals a network among the selected GO enrichment pathways of CD63-binding proteins (G) and CD81-binding

proteins (H) in the cell lysates and EVs.

conditionally inhibited Ift88 expression in microglial cells
(Figure 8D). These findings suggest that the loss of Ift88 in
microglia may contribute to the increased occurrence of diffused

and recruitment of microglia to the AP plaques. Quantifying
microglia near each plaque enabled us to examine the
recognition and interaction of microglia with plaques in both
5xFAD and 5xFAD mice with Ift88-deficient microglia. We

observed a reduced number of microglia located within 5 pm of

and fibrillar AP plaques as well as dystrophic neurons affecting the
axon projection. The toxic substances may also affect the dystrophy
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FIGURE 8

Increased AB plaques and dystrophic neurites in the LS of Ift88-flox/flox; 5xFAD (10-month-old) 1 month after intracerebroventricular (ICV)
administration of AAV-pCD68-Cre (A) A schematic drawing illustrates the stereotaxic injection of AAV-pCD68-Cre into the lateral ventricle of Ift88-flox/
flox; 5xFAD mice and the examination of the septal region after 1 month. (B) Representative low magnification images of the LS for Ap plaques (D54D2,
white), cored A plaques (Amylo-Glo, blue), and dystrophic neurites (Lamp1, red) in 5xFAD (sham) (10-month-old, n = 3, one male and two females)

and [ft88-flox/flox; 5xFAD (10-month-old, n = 3, one male and two females), injected with AAV-pCD68-Cre. (C) Representative images of dystrophic
neurites (Lamp1, red) adjacent to Ap plaques (D54D2, white). The cored Ap plaques were counter-stained using Amylo-Glo (blue). (D) Plots depict the
number of AR plagues marked with D54D2 and Amylo-Glo. The seeded Amylo-Glo-positive (<50 um) and growing cored plaques (=200 ym) were
measured. A plot depicts Lampl-labeled dystrophic neurites as shown by the area ratio (Lamp1/D54D2) in each plaque in 5xFAD (sham) (10-month-old,
n = 3, one male and two females) and [ft88-flox/flox; 5xFAD (10-month-old, n = 3, one male and two females), injected with AAV-pCD68-Cre. (E)
Representative images of Ap plague (Amylo-Glo, blue)-associated microglia (Ibal, red) in the LS of 5xFAD (sham) (10-month-old, n = 3, one male and two
females) and Ift88-flox/flox; 5XFAD mice (10-month-old, n = 3, one male and two females), injected with AAV-pCD68-Cre. (F) A plot depicts the number
of microglia adjacent to each AB plaque. (G) Representative images of PSVue-550, CD63, and CD81 show the vesicular coverage in the Amylo-Glo-
positive plagues of the cortex and the LS. (H) Plots depict the intensity of PSVue-550 that binds phosphatidylserine of EVs and EV markers, such as CD63
and CD81, in the cortex and the LS of 5xFAD (sham) (10-month-old, n = 3) and [ft88-flox/flox; 5xFAD (10-month-old, n = 3) injected with AAV-pCD68-
Cre. (D, F, H) The data represent means + SEM, and p-values were calculated by an unpaired two-tailed t-test. ****p < 0.0001, *p < 0.05. Scale bars = 100
um (B); 10 um (C, E, G)
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the plaque in 5xFAD; Ift88-flox/flox mice injected with AAV-CD68-
Cre compared to 5XFAD mice (Figures 8E,F). This finding suggests
that the loss of microglial Ift88 affects the sensing and recruitment of
microglia towards AP plaques. The facilitated EV secretion in Ift88-
deficient microglia could aggravate the amyloidopathy via
dampening of microglial primary cilia function and altering the
extracellular proteostasis.

To investigate the dysregulated accumulation of EVs on the
AP plaques in the cortex and the septum, we conducted
immunohistochemistry analyses using 5xFAD (sham) and 5xFAD;
1£t88-flox/flox mice injected with AAV-pCD68-Cre, employing anti-
CD63 and anti-CD81, as well as the vesicle-specific dye PSVue-550.
Interestingly, the intensities of CD63, CD81, and PSVue-550 were
significantly elevated within the AP plaques in the LS of 5xFAD; Ift88-
flox/flox mice injected with AAV-pCD68-Cre relatively to 5xFAD
(sham) (Figures 8G,H). The markers of EVs such as CD63 and
CD81 were also elevated in the cortical AP plaques after the
inhibition of Ift88 with slight decreased signals of PSVue. Even
though cortical microglia may behave differently than septal
microglia, it is reasonable to assume that the lipid composition of
the cortical plaques may confer resistance to PSVue staining, given
that the EV markers were elevated in AP plaques in the LS, just as in
the cortical plaques. These results provide compelling evidence
supporting our initial idea that the absence of Ift88 in microglia
may potentiate the secretion of EVs, potentially contributing to
increased plaque formation.

Discussion

AD risk genes such as TREM2, ABCA7, CD33, MS4A6A, CR1,
INPP5D, BINI, PICALM, EPHAI, CD2AP, SORLI, and RIN3 are
tightly linked to AP clearance via the endo-lysosomal pathway
(Hansen et al, 2018; Lambert et al., 2022). EVs have been studied
primarily to discover biomarkers of AD progression (Watson et al,
2019; Eren et al,, 2020). In this study, we demonstrated that microglial
primary cilia are involved in EV secretion, and that disruption of this
process has a substantial effect on AP plaques and dystrophic neurites,
highlighting the possibility that EV-related genes could be AD risk
genes. Primary cilia could regulate the sensing of the recruitment of
microglia toward the amyloidopathy, and impaired microglia
aggravated the condition by altering the extracellular proteomic
composition. It has been known that DAM-like microglia appear in
the brain region at the time of postnatal cortical myelination
(Hammond et al,, 2019; Li et al., 2019). Our research also revealed
the highly enriched presence of DAM-like microglia in the adult LS. The
fornix, a bundle of hippocampal neuronal axons, targets the LS under
the corpus callosum (Senova et al., 2020). These axons may contribute
to the appearance of DAM-like microglia in the LS through the
maintenance of axon structures and the removal of damaged
myelin. Other fornix targets, such as the mammillary body, are also
enriched for dystrophic neurites in the vicinity of AR plaques in 5XFAD
mice (Canter et al.,, 2019). Future studies should determine whether the
mammillary body-specific microglia are involved in amyloidopathy,
which may strengthen the major contribution of the fornix and
associated microglia to AD pathologies.

Maintenance of extracellular proteostasis, or a balanced
proteome composition in the extracellular space, is essential for
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the proper functions of neurons and glial cells (Geraghty et al,
2021). In Ift88-deficient microglia, the secreted proteome was
perturbed, especially increasing translation-related proteome in
EVs, which may worsen the extracellular proteostasis and disrupt
the compaction of AP plaques. Dystrophic neurites containing
such as Ap
neurofibrillary tangles should be removed by nearby phagocytic

neuropathologic  proteins aggregates and
cells to contain the spreading of damage (Gomez-Arboledas et al.,
2018). DAM is localized close to dystrophic neurites containing APP
and p-tau, and phagocytosis of the neurite may lead to extracellular
AP plaque compaction following vesicular secretion of lysosomal
contents. The compaction of AP plaques is protective for
extracellular proteostasis by sequestrating toxic substances (Butler
et al, 2021; Huang et al, 2021). The selective phagocytosis of
extracellular amyloid proteins, dystrophic neurites, and EVs
secreted by other cells by DAM is regulated by microglial
membrane proteins and proteins controlling endo-lysosomal
transport. It has been known that activated microglia highly
express EV-specific tetraspanin proteins such as CD9, CD63, and
CD81 (Keren-Shaul et al., 2017; Sousa et al., 2018). These proteins
occupy specific membrane domains in EVs (Shoham et al., 20065
Umeda et al., 2020; Ma et al., 2021). Extracellular proteostasis could
be affected by the altered proteomic composition of EVs as well as
dysregulation of phagocytosis, endolysosomal degradation, and
vesicular secretion. Thus, the biosynthesis of secretory vesicles
and the selective loading of proteins for secretion are another
signaling pathway of DAM that must be finely controlled. Recent
single-cell analysis of microglia heterogeneity revealed that DAM
subtypes are neuroprotective in a narrow window by maintaining
their genomic signatures, which regulate containment of the damage
(Keren-Shaul et al,, 2017). In this study, we revealed that DAM are
prone to generating vicious microglia, which are dysfunctional and
excessively pro-inflammatory, by altering their secretome. Ift88 or
primary cilia may regulate phagocytosis and EV secretion in
microglia by sensing the extracellular milieu, such as the
accumulation and spread of AP plaques in AD progression,
which impose vulnerable conditions for the ciliated microglia.
Even though we revealed Ift88 regulates EV secretion in
microglial cells, the microglia in pathological conditions such as
amyloidopathy and tauopathy also promote EVs with altered
proteomic content, which should be addressed in future studies.
Lysosomal degradation of proteins and organelles is a highly
conserved intracellular process for the removal of damaged
components or the recycling of functional compartments.
Intracellular accumulation of altered proteins interferes with
linked  to
2014).
Microglial lysosomal degradation is the key clearance pathway in

normal cell functioning and has been

neurodegenerative diseases (Shen and Mizushima,
the brain, however, overloading the microglial endo-lysosomal
pathway leads to aggravation of neuropathology by failure of
clearance and subsequent cellular death, leaving much more toxic
debris 2019).

components of microglia are vulnerable to aging and contribute

(Gabande-Rodriguez et al, Endo-lysosomal
to late-onset neurodegeneration (Van Acker et al., 2019). Thus, a
clear understanding of the phagocytosis-exocytosis coupling in
activated microglia is key to developing therapeutics for
neurodegenerative diseases such as AD. Lysosome exocytosis
carries molecules left over from degradation secretion out of

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1250335

Yeo et al.

cells. It is assumed that there are molecular switches balancing
whether the lysosome recycles molecules without encapsulating
secretory vesicles or vice versa (Andrews, 2000; Medina et al,
2011). The switch function is critical, especially in pathological
conditions when microglial phagocytosis of extracellular debris
increases intracellular demands responsible for breakdown in
lysosomes. Incorrect clearance of phagocytosed debris and
neuroinflammatory stimuli released from the secretory vesicles
may jeopardize the condition, and repeated failure of the recycle
itself may also interfere with the microglial viability. The prevention
of microglial lysosomal burden is largely dependent on EV secretion
and reuptake by healthy nearby phagocytic cells. For example,
misfolded proteins released by dystrophic microglia should be
reabsorbed by other glial cells in the vicinity. Without re-uptake
and clearance, dystrophic microglia secrete toxic substances, which
can cause the damage to spread. Microglial EV's are a major carrier of
p-tau (Clayton et al., 2021; Zhu et al., 2022). The cellular mechanism
underlying EV-mediated tau spreading may be a microglial defense
involving the reduction of lysosomal burden via the secretion of EV's
after ingesting p-tau-containing dystrophic neurites. The microglial
regulation of lysosomal recycling or vesicular secretion could affect
the microenvironment since microglial lysosomal failure may result
in the accumulation of dead microglial cells with toxic substrates,
which eventually worsens the burden of the clearance system. The
coordination of microglial recycling and vesicle secretion is thus
critical for the survival of the cell as well as tissue function. By
ingesting and secreting toxic substances without complete clearance in
the lysosome, the Ift88-deleted microglia may create a toxic
environment. In this context, age-related dysfunction of microglial
cilia may increase the AD risk associated with microglial EV secretion.

While chemokines such as ATP and CCL5 released from
damaged neurites and glial processes are known to control
microglial migration (Carbonell et al., 2005; Dou et al, 2012),
intracellular ~signaling pathways regulating the directional
migration are not clear. The axis of the primary cilia and the
centrosome control cyclic AMP dynamics and PKA signaling in
conjunction with AC3, which is enriched in the primary cilia, and
regulate the migration of newly born neurons in the subventricular
zone (Stoufflet et al., 2020). Recognition of the parenchymal milieu
by microglia is mediated by cAMP in the filopodia of the microglial
membrane (Bernier et al., 2019). Activation of intracellular adenylyl
cyclase (AC) and PKA downstream of membrane receptors
impaired microglial focal adhesion formation (Lee and Chung,
2009). The local cAMP dynamics regulated by the AC3, and
centrosome may possibly regulate the migration of microglia
toward the AP plaques. Dysregulated expansion of microglia
damages the cells by limiting their clearance capacity in a small
number of cells (Gomez-Nicola et al., 2013). Microglia deficient in
Ift88 failed to cluster toward the AP plaques, resulting in the
expansion of AP plaques and subsequent neurite dystrophies.
The signaling pathways downstream of the primary cilia may
control the microglial migration toward the AB plaque as a
population, thereby allowing enough phagocytic cells to surround
the extracellular toxic substrates. Overall, we provide evidence that
microglia are heterogeneous in different brain regions and that
microglial Ift88 may regulate phagocytic clearance and EV secretion
in AD, possibly by sensing the extracellular milieu via the signaling
of primary cilia. Targeting the microglial primary ciliary signaling
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system could therefore be a viable strategy for modulating
neuroimmune responses in AD treatments.
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SUPPLEMENTARY FIGURE S1

A heatmap illustrates the expression of marker genes used to annotate each
cluster across down-sampled cells in columns and gene expression levels
in rows.

SUPPLEMENTARY FIGURE S2

Subclusters of microglia representing the temporal and spatial
heterogeneities (A) ~ (B) UMAP plots depict the temporal (A) and spatial (B)
distribution of microglial subsets. (C) A heatmap shows the expression of a
group of marker genes differentially expressed in each microglial subclusters,
representing down-sampled cells in columns and their gene expression in
rows. (D) A dot plot depicts the expression of the canonical markers for
microglia. The average expression is color-coded in a dot, whose size
represents the percent of cells expressing the marker.

SUPPLEMENTARY FIGURE S3

scRNAseq characterization of all microglia acquired from five previously
published datasets of GSE121654, GSE127893, GSE129788, GSE165306, and
GSE166548 (A) UMAPs depict the projection of subclustered microglia
from each published dataset (B) Color dots marked microglia derived from
APP/PS1 and 5xFAD mice, including 75 microglia from 5xFAD mice and
584 microglia from APP/PS1 mice, compared to 119,274 microglia from WT
mice (grey dots) (C) UMAP visualization of 36,013 microglial cells from
clusters marked with homeostatic microglial genes or clusters overlapping
with microglia from 5xFAD mice (D) A dot plot of 36,013 microglial cells
with 17 clusters shows the expression of canonical microglial marker genes in
each cluster.

SUPPLEMENTARY FIGURE S4

The volcano plots of the commonly upregulated proteins (adjust

p-value <0.05, log2 (fold change) > 0.5) or downregulated proteins (adjust
p-value <0.05, log2 (fold change) < —0.5) of CD81 binding proteins in cell
lysates (A) and EVs (B) obtained from BV cells. These BV cells were
transfected with silft88 followed by treatment with Ap (1 uM), in comparison
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SUPPLEMENTARY FIGURE S5

Increased AB plaques and gliosis in the LS of Cx3crl-Cre; Ift88-flox/flox;
5xFAD compared to the littermate 5xFAD mice at 3 months of age (A)
Representative images of Ap plaques (D54D2, white), plaque cores (Amylo-
Glo, blue), and dystrophic neurites (Lamp1, red) in the LS of 5xFAD mice (two
male and one female) and Cx3crl-cre; Ift88-flox/flox; 5xFAD mice (three
female) at 3 months old. (B) Plots depict the number of Ap plaques marked
by D54D2, A plaques without Amylo-Glo-labeled cores, and small Ap
plagues-labeled with Amylo-Glo (<50 pm) in the LS of 5xFAD mice (two
male and one female) and Cx3crl-cre; Ift88-flox/flox; 5xFAD mice (three
female) at 3 months old. (C) Representative images of Ap plaques (D54D2,
white), plague cores (Amylo-Glo, blue), astrocyte (GFAP, red), and microglia
(Ibal, red) in the LS of 5xFAD mice (two male and one female) and Cx3crl-
cre; Ift88-flox/flox; 5xFAD mice (three female) at 3 months old. (D) Plots
depict the increased gliosis presented with the increased intensity of GFAP
and Ibal in the LS of 5xFAD mice (two male and one female) and Cx3crl-
cre; Ift88-flox/flox; 5xFAD mice (three female) at 3 months old. (B, D) Data
represent means + SEM, and p-values were calculated by an unpaired two-
tailed t-test (n = 4). ****p < 0.0001, **p < 0.01, *p < 0.05. Scale bars =
100 pum (A top, (C); 10 um (A middle and bottom).

SUPPLEMENTARY FILE S1

Differentially expressed genes on the MG-01 and the MG-03 clusters in
comparison to the MG-02 in WT mice used in Figure 3D. Enriched pathway
lists based on GO-CC, GO-BP, and Reactome used in Figure 3E using
clusterProfiler.

SUPPLEMENTARY FILE S2

Differentially expressed proteins identified by mass spectrometry-based
proteomic analysis of cell lysates and EVs from BV-2 microglial cells used in
Figure 6C,D. Enriched pathway lists with Reactome, KEGG, GO-BP, and
GO-CC used in Figure 6E,F using Enrichr.

SUPPLEMENTARY FILE S3

Differentially expressed proteins identified by mass spectrometry-based
proteomic analysis of CD63-based immunoprecipitation of cell lysates and
EVs from BV-2 microglial cells used in Figures 7C,D. Enriched pathway lists
with Reactome, KEGG, GO-BP, and GO-CC used in Figure 7E using Enrichr.

SUPPLEMENTARY FILE S4

Differentially expressed proteins identified by mass spectrometry-based
proteomic analysis of CD81-based immunoprecipitation of cell lysates and
EVs from BV-2 microglial cells used in Supplementary Figure S4. Enriched
pathway lists with Reactome, KEGG, GO-BP, and GO-CC used in Figure 7F
using Enrichr.
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Serum metabolomics identified
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progression in patients with
Alstrom and Bardet-Biedl
syndromes
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Michal Ciborowski® and Agnieszka Zmyslowska>*

'Department of Endocrinology and Metabolic Diseases, Polish Mother's Memorial Hospital—Research
Institute, Lodz, Poland, *Department of Paediatric Endocrinology, Medical University of Lodz, Lodz,
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Objectives: Alstrom syndrome (ALMS) and Bardet-Biedl syndrome (BBS) are
among the so-called ciliopathies and are associated with the development of
multiple systemic abnormalities, including early childhood obesity and progressive
neurodegeneration. Given the progressive deterioration of patients’ quality of life,
in the absence of defined causal treatment, it seems reasonable to identify the
metabolic background of these diseases and search for their progression markers.
The aim of this study was to find metabolites characteristic to ALMS and BBS,
correlating with clinical course parameters, and related to the diseases
progression.

Methods: Untargeted metabolomics of serum samples obtained from ALMS and
BBS patients (study group; n = 21) and obese/healthy participants (control group;
each of 35 participants; n = 70) was performed using LC-QTOF-MS method at the
study onset and after 4 years of follow-up.

Results: Significant differences in such metabolites as valine, acylcarnitines,
sphingomyelins, phosphatidylethanolamines, phosphatidylcholines, as well as
lysophosphatidylethanolamines and lysophosphatidylcholines were observed
when the study group was compared to both control groups. After a follow-
up of the study group, mainly changes in the levels of lysophospholipids and
phospholipids (including oxidized phospholipids) were noted. In addition, in case

Abbreviations: ALMS, Alstrém syndrome; BBS, Bardet-Biedl syndrome; BMI, body mass index; CAR,
acylcarnitin; eGFR, estimated glomerular filtration rate; FA, fatty acid; Hbalc, glycated haemoglobin;
HOMA-IR, Model Assessment for Insulin Resistance; IQR, interquartile range; LC-QTOF-MS, liquid
chromatography quadrupole time-of-flight mass spectrometry; LPC, lysophosphatidylcholine; LPE,
lysophosphatidylethanolamine; LPIM2, nonadecanoylglycero-phospho-myo-inositol; LPL,
lysophospholipid; Me, median; MS/MS, tandem mass spectrometry; PAPC, 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine; PC, phosphatidylcholine; PCA, principal component
analysis; PE, phosphatidylethanolamine; PLS-DA, partial least squares discriminant analysis; SM,
sphingomyelin; ST, sterol lipid; T1, first time-point; T2, second time-point; T2DM, type 2 diabetes mellitus.
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of ALMS/BBS patients, correlations were observed between selected phospholipids
and glucose metabolism parameters. We also found correlations of several LPEs
with patients’ age (p < 0.05), but the level of only one of them (hexacosanoic acid)
correlated negatively with age in the ALMS/BBS group, but positively in the other
groups.

Conclusion: Patients with ALMS/BBS have altered lipid metabolism compared to
controls or obese subjects. As the disease progresses, they show elevated levels of
lipid oxidation products, which may suggest increased oxidative stress. Selected
lipid metabolites may be considered as potential markers of progression of ALMS

and BBS syndromes.

KEYWORDS

metabolomic profiling, ALMS, BBS, ciliopathy, obesity, phospholipids

Introduction

Alstrom syndrome (ALMS) and Bardet-Biedl syndrome (BBS)
are rare genetic diseases classified as ciliopathies, in which the
observed abnormalities are caused by dysfunction of primary cilia
found in most cell types and involve in many important body
processes, such as signal transduction, cell migration and
regulation of the cell cycle (Marshall et al, 2015; Alvarez-Satta
et al, 2017). These syndromes have an autosomal recessive
mechanism of inheritance, and although a defect in only one
gene occurs in ALMS (Marshall et al, 2011; Marshall et al,
2015) and causative variants affect more than 20 genes in
patients with BBS (Katsanis et al., 2001; Forsythe et al, 2018),
both syndromes have a very similar clinical presentation.
Common major criteria include early-childhood obesity and
retinal degeneration progressing to blindness. In addition,
patients with BBS and ALMS often have additional conditions,
such as type 2 diabetes mellitus (T2DM), insulin resistance,

TABLE 1 Clinical characteristics of the study groups.

endocrinopathies  (hypothyroidism, hypogonadism), hearing
impairment, renal, cardiovascular or liver dysfunction and
skeletal abnormalities. Intellectual disability in patients with BBS
and motor development and learning problems in patients with
ALMS are also identified (Marshall et al., 2011; Forsythe and Beales,
2013; Priya et al., 2016; Forsythe et al., 2018; Tahani et al., 2020;
Jeziorny et al., 2022). Recent studies on the ciliary localization of
leptin and melanocortin-4 receptors have confirmed that cilia play a
crucial role in the transmission of metabolic signals in hypothalamic
neurons, also indicating the central nature of the disorders observed
in patients with ALMS and BBS (Davenport et al., 2007; Vaisse et al.,
2017; Siljee et al., 2018). To date, no precise therapy has been found
to inhibit the development of all components of both syndromes,
and treatment is only symptomatic or targeted at particular
disorders, including those of a central origin (Haws et al., 2020;
Haws et al., 2021).

Due to the progressive nature of the observed symptoms,

leading to shortened life expectancy of patients, it seems

Comparison between BBS and ALMS group

BBS
Me (IQR)

ALMS
Me (IQR)

Age (years) 8.8 (10.9) 14 (8.5) 0.17
BMI (kg/m?) 28.1 (5.0) 30.6 (8.2) 0.28
At the beginning of the study
Study group - ALMS/BBS Patients with obesity - OB Healthy controls - Ctrl P
Me (IQR) Me (IQR) Me (IQR)
Age (years) 13.6 (11.4) 13.1 (6.3) 13.4 (10.8) 0.998
BMI (kg/m?) 28.6 (7.7) 29.6 (8.4) 0.4
Sex (F/M) 33%/67% 34%/66% 43%/57% 0.69
Comparison between time points (T1 vs T2)
Age (years) T1—13.6 (10.5) N/A N/A 0.0001
T2—18.3 (12.9)
BMI (kg/m?) T1—29.8 (8.0) N/A N/A 0.2
T2—30.8 (6.5)
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FIGURE 1

Principal component analysis (PCA) score plots of the serum
fingerprints obtained for analyzed serum (black dots) and QC (red
dots) samples. Panel (A) positive ion mode, R2 = 0.259. Panel (B)
negative ion mode, R2 = 0.697.

reasonable to look for markers of progression of ALMS and BBS
syndromes. One of the promising methods may be metabolomics.
Metabolomics is a relatively new technology that enables the
evaluation of metabolites—small molecules formed during
metabolism, the precise identification of which provides insight
into biological processes. This allows a better understanding of
cellular mechanisms and links them to the phenotype of patients.
Metabolomics is gaining popularity and there are more and more
attempts to demonstrate its usefulness in understanding the
pathophysiology ~ of  diseases, especially diseases

(Zmyslowska et al., 2017; Zacchia et al., 2020).

rare
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The aim of the study was to identify serum metabolites
characteristic to ALMS and BBS and to correlate the identified
compounds with clinical parameters and diseases progression.

Material and methods
Patients

The study protocol was approved by the University Bioethics
Committee at the Medical University in Lodz, Poland (RNN/343/
17/KE and RNN/267/18/KE). Patients and/or their parents gave
written informed consent for participation in the study.

The study group comprised of 21 patients (aged 2-29 years at
the first time-point) with genetically confirmed ALMS or BBS
syndromes, as described previously (Zmyslowska et al, 2016;
Jeziorny et al, 2020), including 13 ALMS patients with two
mutations in the ALMS gene and eight BBS patients having at
least two mutations in one of the six genes (BBS2, BBS6, BBS7, BBSS,
BBS9, BBSI10) under
Diabetogenetics Outpatient Clinic of the Department of Clinical

the care of the Rare diseases and

Genetics in Lodz, Medical University of Lodz, Poland. The control
groups included age-, sex- (p = 0.69) and BMI-matched (p = 0.4)
overweight/obese (OB) subjects (n = 35) and age-matched healthy
participants with normal body weight (Ctrl) (n = 35) and no
metabolic disorders (p = 0.998). Table 1 shows characteristics of
the study groups.

Methods

Untargeted metabolomic analysis was performed on 105 serum
samples obtained from AMLS and BBS (study group) and obese
(OB)/healthy (Ctrl) groups after overnight fasting using LC-QTOF-
MS method. Additionally, serum samples of 14 ALMS and BBS
patients were also analyzed after 4-year follow-up (average of
4.64 years: 1.95-5.49; second time-point; T2) and were compared
with those at study entry (first time-point; T1). The metabolomic
profiling results were then compared with selected laboratory
parameters, such as glucose metabolism parameters (HOMA-IR -
Homeostatic Model Assessment for Insulin Resistance, glycated
hemoglobin HbAlc and C-peptide levels) and renal function
markers (serum creatinine and cystatin C).

Serum metabolic fingerprinting

Metabolomic analysis was performed by liquid chromatography
coupled to mass spectrometry (LC-MS) and tandem mass
spectrometry (MS/MS), as described previously (Daniluk et al,
2019). Details are available in the Supplementary File.
Statistical analysis

Multivariate statistics were used to evaluate data quality by

checking the location of the QC samples on principal
component analysis (PCA) plots and to observe sample
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FIGURE 2

Partial least squares discriminant analysis (PLS-DA) score plots of

the serum fingerprints of ALMS/BBS patients (red dots), obese
participant (black squares) and a control group (green dots). Panel (A)
positive ion mode, R2 = 0.735, Q2 = 0.412). Panel (B) negative ion
mode, R2 = 0.734, Q2 = 0.048).

discrimination on partial least squares discriminant analysis
(PLS-DA) plots. Multivariate calculations and plots were
performed by using SIMCA-P + 13.0.3.0 (Umetrics, Umea,
Sweden).

One-way ANOVA with Tukey HSD post hoc test or paired non-
parametric Mann-Whitney U test (for paired comparisons) were
used to select statistically significant metabolic features. The
obtained p values were corrected by Benjamini-Hochberg false

Frontiers in Molecular Biosciences 97

A Valine
kkk kkk
109 — ]
8_
o L
o
< 64
@
§ 4 . = |
o
2_.
0 T
&% S &
)
v"é

C  ACAR(18:1)

* E 3
2.5-
2.0 H ‘
©
[=]
% 1.54
2
5 1.0
[}
(¥]
0.5
0.0-
o
2
&
E SMs
% %k *
75+
60 | ||
©0
o
= 45
s
S 304
[]
o
15

o—TT
0@% 0\5\ ®

2
vyé‘

FIGURE 3

10.3389/fmolb.2023.1251905

B ACAR (11:1)
%k k
059 |
0.4

©

[=]

% 0.3 T

s

S 0.2

]

: H
0.1 %
0.01— }

Q,Q;o c,“‘\ OQ’
2
N
»
D ACAR (26:0)
*
0.35+
0.28]
©
o
% 0.21
a2
5 0.141 *
[}
(3]
0.07-]
0.00——F—1
&
&
v}/
SMs
Kk ok
24
20 || |
‘©

% 164

b

S 12

[]

o
8_

A—TT
Q
Q&% & OQ’

o
S

Comparison of selected metabolites in Alstrém/Bardet-Biedl
patients (ALMS/BBS) vs Control groups (Ctrl) vs Obese participants
(OB). Asterisks show p-value. *- p < 0.05, **- p < 0.01, ***- p <
0.001 (A) Valine (B) acylcarnitine 11:1 (C) acylcarnitine 18:1 (D)
hexacosanoyl carnitine (E) SM (34:2), SM (36:2) (F) SM (36:1), SM (d18
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FIGURE 4

Comparison of selected metabolites in Alstrém/Bardet-Biedl
patients (ALMS/BBS) vs Control groups (Ctrl) vs Obese participants
(OB). Asterisks show p-value. *- p < 0.05, **- p < 0.01, ***- p <
0.001 (A) PE (36:4), PE (16:0/20:4), PE (20:5/P-16:0)/PE (20:5/0O-
16:1) (B) PE (16:0/18:2) (C) PE (16:0/22:6) (D) PE (18:2/18:1), PE (18:2/P-
16:0)/PE (18:2/0-16:1), PE (O-34:3)/PE (P-34:2) (E) LPE (16:0) sn-1,
LPE (16:0) sn-2, LPE (18:0) sn-1, LPE (18:0) sn-2, LPE (18:1), LPE (16:0)
(Continued)
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FIGURE 4 (Continued)

sn-1, LPE (16:0) sn-2, LPE (18:0) sn-1, LPE (O-18:1)/LPE (P-18:0)

(F) LPE (18:2) sn-1, LPE (18:2) sn-2, LPE (18:2) sn-1, LPE (18:2) sn-2, LPE
(22:5), LPE (18:0) sn-2 (G) LPC (18:1) sn-1, LPC (18:1) sn-2, LPC (18:2)
sn-1, LPC (18:2) sn-2, LPC (19:0), LPC (20:0), LPC (20:1) sn-1, LPC
(20:1) sn-2, LPC (20:2), LPC (O-18:1)/LPC (P-18:0), LPC (17:1) sn-1,
LPC (17:1) sn-2 (H) tetrahydroaldosterone-3-glucuronide.

discovery rate (FDR). The level of statistical significance was set at
95% (p < 0.05). Univariate statistics were performed using Mass
Profiler Professional 15.1 software (Agilent, Santa Clara, CA,
United States). Spearman rank correlation analyses were
performed in MATLAB (R2015a) (MathWorks Inc., Natick, MA,
United States).

One-way ANOVA, nonparametric Mann Whitney U test or
Wilcoxon rank-sum test were used to calculate differences in age
and BMI of study participants. These calculations were performed
in GraphPad Prism 9.5.1 software (GraphPad Software, Boston,
MA, United States). GraphPad Prism was also used to prepare box
plots.

Results

Analyses were performed using the LC-QTOF-MS method in
both, positive and negative ion modes. Quality control of
metabolomics  data  resulted in the selection of
393 reproducibly measured metabolic traits from the positive
and 454 from the negative ion mode. In addition, the clustering of
QC samples in the PCA plot is shown, which also confirms the
reproducibility of the analyses performed (Figure 1). Figure 2
shows the clustering of samples according to the study groups:
ALMS/BBS, obese patients (OB) and healthy controls (Ctrl). A
series of statistical analyses were then performed for the
following comparisons.

I) ALMS vs. BBS,

II) ALMS/BBS vs. Ctrl vs. OB,

III) AMS/BBS T1 vs. T2,

IV) ALMS/BBS vs. Ctrl vs. OB at first time-point,
V) ALMS/BBS vs. Ctrl vs. OB at second time-point.

For the first comparison, no statistically significant differences
were observed between the ALMS and BBS patients subgroups (p >
0.05). Therefore, despite the different genetic conditions underlying
the two genetic syndromes, taking into account the common
mechanism associated with damage to primary ciliary structures
in ALMS and BBS syndromes, resulting in similar clinical
manifestations in patients, as well as the convergence in the
degree of obesity as measured by the BMI index and the lack of
statistical differences in the age of the subjects and the results of
metabolomic analyses obtained in the two study subgroups, for the
purposes of this study, the two subgroups were combined (ALMS/
BBS study group) to increase statistical power for these very rare
genetic syndromes.

Based on the results obtained for ALMS/BBS vs. Ctrl vs. OB
comparison (Supplementary Table SI in Supplementary file), we
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FIGURE 5

Comparison of selected metabolites in Alstrém/Bardet-Biedl
patients (ALMS/BBS) vs Control groups (Ctrl) vs Obese participants
(OB) at first time-point (T1). Asterisks show p-value. *- p < 0.05 (A)
oleic acid (B) tetrahydroaldosterone-3-glucuronide.

observed decreased level of valine (Figure 3A), as well as increased
levels of acylcarnitines (Figures 3B-D), sphingomyelins (Figures 3E, F),
and majority of phosphatidylethanolamines (PE) (Figures 4A-D), as
well as decreased levels of lysophosphatidylethanolamines (LPE)
(Figures 4E, F) and lysophosphatidylcholines (LPC) (Figure 4G) and

10.3389/fmolb.2023.1251905

elevated tetrahydroaldosterone-3-glucuronide level (Figure 4H) in
ALMS/BBS patients compared to controls. LPC and LPE had the
highest levels in control subjects and were at similar levels in OB
and ALMS/BBS patients. Comparing ALMS/BBS vs. Ctrl vs. OB at
study entry (T1) (Supplementary Table S1), mainly phospholipids (PL)
were found statistically significant, which changes were similar to those
observed in ALMS/BBS vs. Ctrl vs. OB comparison. Also, changes in the
levels of oleic acid and tetrahydroaldosterone-3-glucuronide were
noted, which had the lowest levels in the control group and were at
similar levels in the other groups (ALMS/BBS and OB) (Figures 5A, B).

Interesting results were obtained in an analogous comparison
for the second time point (T2) (Supplementary Table S3 in
Supplementary file). Again, similar changes were observed in
the levels of the same PL and lysophospholipids (LPL) groups
as in the previous comparison (T1), and in addition, elevated levels
of oxidized PC (oxPC), i.e., PC 16:0/20:4(OH) and PC 18:0/18:
2(OH), were observed in ALMS/BBS patients (Figure 6). These
compounds were also found in some samples from obese
individuals and were below measurable levels in the other study
participants. Curiously, these compounds were detected in only
two patients in the ALMS/BBS group at T1, while they were not
detected in only one patient at T2. Moreover, comparing the
compounds in the study group between the two time points,
mainly changes in the levels of LPL and lysophospholipids,
including oxPC were observed. Levels of LPC (Figure 7D) and
oxPC (Figure 7C) were elevated at T2 compared to T1, while levels
of PC (Figures 7A, B), PE (Figure 7E) and FA (Figure 7F) were
decreased.

Then, analyzing the results of the identified compounds from
metabolomics to routine laboratory parameters of the clinical course

\ 1N
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FIGURE 6

PC 18:0/18:2(OH)

Extracted ion chromatograms of oxidized phosphatidylcholines detected in studied serum samples. ALMS/BBS-red, Control group—black, Obese

participants—green.
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Comparison of selected metabolites in Alstrém/Bardet-Biedl

group at first time-point (T1) vs Second time-point. Asterisks show
p-value. **- p < 0.01, ***- p < 0.001 (A) PC (30:1), PC (34:3) (B) PC (36:
4), PC (38:4) (C) PC (16:0/20:4(OH)), PC (16:0/20:4(0OH)), PC (18:
0/18:2(0OH)) (D) LPC (20:1) sn-2, LPC (20:3) (E) PE (20:5/P-16:0)/PE
(20:5/0-16:1) (F) hexacosanedioic acid (FA 26:1; O2).

in patients with ALMS and BBS, strong correlations between
selected phospholipids and parameters of glucose metabolism
such as: HbAlc (indicator of chronic hyperglycaemia), HOMA-
IR (marker of insulin resistance) and C-peptide levels (marker of
insulin secretion) were observed (Table 2). Significant correlations
were also observed between levels of some LPE, PC and
acylcarnitines and serum creatinine values of patients with ALMS
and BBS. Detailed statistically significant correlations between
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metabolomics and clinical parameters are shown in Table 2
(p < 0.05).

Figure 8 shows strong positive correlations between HOMA-IR
and both phospholipids (Figure 8A) and acylcarnitines (Figure 8C),
including all patients (respectively: r = 0.70; p = 0.005 and r = 0.56;
p =0.004), and excluding one participant in the study group with an
outlier HOMA-IR value (21.52) (r = 0.83; p = 0.0007 and r = 0.53; p =
0.07, respectively). Also HbAlc value correlated positively with PE
(r=0.75, p = 0.002; Figure 8B) and negatively with SM (d18:2/14:0)
(r = -0.74, p = 0.003; Figure 8D).

Analyzing the results obtained for the ALMS/BBS study group
in terms of identifying markers of disease progression, correlations
of several metabolites with the age of the patients were noted (p <
0.05) (Figure 9). These are mainly different types of lipids,
primarily LPE. Other identified metabolites in this correlation
analysis are: hexacosanoylcarnitine, LPC (20:5), LPC (22:6), LPE
(22:6), LPE (20:4), LPE (22:6), LPE (22:6), PC (38:5), PC (40:6), PC
(16:0/22:6), PC (36:5), PE (36:4), PE (16:0/22:6), SM (d18:0/16:
1(OH)). metabolite
(hexacosanedioic acid) correlated negatively with age of the
ALMS and BBS patients, while positively in the other groups
(Figure 10).

Interestingly, levels of only one

Discussion

Our study is the first to evaluate the utility of metabolomics in
patients with Alstrém syndrome and one of the few to examine its
use in patients with Bardet-Biedl syndrome. Metabolomics is quite
new examination method and seems to be encouraging ones to
determine potential markers of disease progression. Up to date
there are no direct studies which revealed specific metabolites for
both ALMS and BBS syndromes. Since the main common
symptom of Alstrom and Bardet-Biedl syndromes is early
childhood obesity, one can look for possible differences between
the observed metabolite concentrations in patients with the
syndromes and non-syndromic obesity, resulting mainly from
hyperphagia.

In our patients with ALMS/BBS syndromes higher levels of
acylcarnitines were observed. Similarly, increased levels of
acylcarnitines, but in urine samples were noted in patients with
metabolic syndrome by Yu Zhi-rui et al. (Yu et al,, 2014). Several
studies revealed also higher acylcarnitines levels in association with
insulin resistance in patients with obesity or T2DM (Mihalik et al.,
2010; Schooneman et al., 2013; Arjmand et al., 2022; Shi et al,
2023). In addition, Arjmand et al. found in non-diabetic patients
negative correlation between HOMA-IR and CAR 18:1 and strong
positive between leucine and HOMA-IR, as we observed in our
study (Arjmand et al., 2022). In the study of Mihalik et al. higher
levels of long-chain acylcarnitines in obese and T2DM patients
were also observed (Mihalik et al., 2010). On the other hand,
Shooneman et al. noted no correlation between acylcarnitine levels
and clinical indicators of glucose metabolism, doubting their
involvement in such disturbances as insulin resistance and type
2 diabetes mellitus (Schooneman et al., 2016). According to
Marchese et al. high molecular weight lipids from the
acylcarnitine and phosphatidylcholine classes were associated
with a decrease in e-GFR leading to renal failure (Marchese
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TABLE 2 Correlation between compounds identified by metabolomic analysis
and clinical parameters in the study group.
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TABLE 2 (Continued) Correlation between compounds identified by
metabolomic analysis and clinical parameters in the study group.

Compound Clinical parameter r p Compound Clinical parameter r p
LPC(20:0) HOMA -0.6967 0.0056 PE (36:4) Hbalc 0.6174 0.0186
LPC(22:6) HOMA 06176 | 0.0186 PC (0-34:2)/PC (P-34:1) Hbalc ~0.6659 | 0.0093

LPC(0O-16:1)/LPC(P-16:0) HOMA —-0.7846 0.0009 PC (18:0/18:2(0OH)) Hbalc —-0.5402 0.0461
LPC(0-18:0) HOMA —-0.8198 0.0003 LPC(19:0) C-peptide —-0.5560 0.0389
LPC(0O-18:1)/LPC(P-18:0) HOMA -0.6703 0.0087 LPC(20:0) C-peptide -0.5912 0.0260
LPC(0O-18:2)/LPC(P-18:1) HOMA —0.5824 0.0289 LPC(0O-16:1)/LPC(P-16:0) C-peptide —-0.8198 0.0003
LPE(22:5) HOMA —-0.7846 0.0009 LPC(0-18:0) C-peptide —0.8462 0.0001
LPE(22:6) HOMA 0.6044 0.0221 LPC(0O-18:1)/LPC(P-18:0) C-peptide —-0.5780 0.0304
LPE(22:6) HOMA 0.5692 0.0336 LPC(0O-18:2)/LPC(P-18:1) C-peptide —0.5341 0.0492
PC(16:0/22:6) HOMA 0.7011 0.0052 LPE(22:5) C-peptide —-0.7143 0.0041
PC(18:2/18:2) HOMA —-0.5604 0.0371 PC(18:2/20:4) C-peptide —-0.5473 0.0428
PE(16:0/22:6) HOMA 0.6835 0.0070 PE(16:0/22:6) C-peptide 0.5868 0.0274
PE(16:0/20:4) HOMA 0.5736 0.0320 ST19:1; O3; S C-peptide 0.7011 0.0052
ST19:1; O3; S HOMA 0.6615 0.0100 LPC (O-16:1)/LPC (P-16:0) C-peptide -0.7670 0.0014
Leucine/Isoleucine HOMA 0.5692 0.0336 LPC (0O-16:0) C-peptide -0.6615 | 0.0100
CAR (18:1) HOMA 0.6308 0.0156 LPC (O-18:1)/LPC (P-18:0) C-peptide -0.7099 0.0045

LPC (O-16:1)/LPC (P-16:0) HOMA —-0.7582 0.0017 LPC (O-18:0) C-peptide —-0.8593 0.0001
LPC (O-16:0) HOMA -0.7802 0.0010 LPC (19:0) C-peptide -0.5692 0.0336

LPC (O-18:1)/LPC (P-18:0) HOMA ~0.6659 | 0.0093 LPC (24:0) C-peptide ~0.5473 | 0.0428
LPC (0O-18:0) HOMA —-0.8462 0.0001 PC (18:0/18:2(0OH)) C-peptide -0.7582 0.0017

LPE (22:6) HOMA 0.6088 0.0209 PC (40:6) C-peptide 0.6747 0.0081

LPC (19:0) HOMA —-0.5385 0.0470 LPC(22:6) creatinine 0.5516 0.0408

PE (36:4) HOMA 0.5473 0.0428 LPE(18:0) creatinine 0.7363 0.0027

PC (0-34:2)/PC (P-34:1) HOMA —-0.5648 0.0353 LPE(20:4) creatinine 0.6044 0.0221
PC (18:0/18:2(OH)) HOMA ~0.8330 | 0.0002 LPE(22:6) creatinine 07538 | 0.0018
PC (38:5) HOMA 0.6264 0.0165 LPE(22:6) creatinine 0.7582 0.0017

PC (40:6) HOMA 0.7187 0.0038 PC(16:0/20:5) creatinine 0.5560 0.0389
LPC(0O-18:0) Hbalc —-0.5491 0.0420 PC(16:0/22:6) creatinine 0.6835 0.0070
LPC(0O-18:2)/LPC(P-18:1) Hbalc —-0.6461 0.0126 PE(16:0/18:2) creatinine 0.5692 0.0336
LPE(18:0) Hbalc 0.5976 0.0240 PE(16:0/22:6) creatinine 0.6088 0.0209
LPE(22:5) Hbalc —-0.6924 0.0061 Leucine/Isoleucine creatinine 0.5604 0.0371
PE(16:0/20:4) Hbalc 0.5667 0.0346 CAR (18:1) creatinine 0.8813 0.0000
SM(d32:2) Hbalc -0.6770 0.0078 LPE (22:6) creatinine 0.7846 0.0009
trans-2-Dodecenoylcarnitine Hbalc 0.5954 0.0247 Ceramide (34:1) creatinine 0.5385 0.0470
CAR (18:1) Hbalc 0.5380 0.0472 Hexacosanoyl carnitine creatinine 0.5516 0.0408

LPC (O-16:0) Hbalc ~0.5821 | 0.0289 PC (18:0/18:2(OH)) creatinine ~0.5648 | 0.0353
Ceramide (34:1) Hbalc 0.5601 0.0372 PC (20:5/16:0) creatinine —-0.5385 0.0470

SM (d18:2/14:0) Hbalc —-0.7409 0.0024 PC (40:6) creatinine 0.5341 0.0492
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TABLE 2 (Continued) Correlation between compounds identified by
metabolomic analysis and clinical parameters in the study group.

Compound Clinical parameter r p

LPC(18:0) creatinine 0.5516 0.0408
LPC(20:1) creatinine 0.6879 0.0065
LPC(0-18:0) creatinine 0.6044 0.0221
PC(16:0/20:4) creatinine —0.6264 0.0165
Valine creatinine -0.6484 | 0.0121
Linoleamide creatinine -0.6396 | 0.0138

LPE (18:2) sn-2 creatinine 0.6044 0.0221

Hexacosanoyl carnitine creatinine 0.6088 0.0209
LPC (20:1) sn-2 creatinine 0.6000 0.0233
LPC (20:1) sn-1 creatinine 0.7011 0.0052

et al., 2022). We also observed that certain types of LPE and PC
positively correlated with serum creatinine levels in ALMS/BBS
patients. In our study, both the ALMS/BBS and OB groups had
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significantly higher levels of tetrahydroaldosterone-3-glucuronide,
a metabolite of aldosterone, than non-obese subjects. Similar
observations and its positive correlation with obesity and
hypertension were reported by Zhi-rui et al. and Marks et al.
(Marks et al., 1985; Yu et al., 2014).

Several studies have shown an association of metabolites with
patients’ BMI and obesity (Fernandez et al., 2013; Ho et al., 2016;
Carayol et al., 2017; Libert et al., 2018; Auguet et al., 2023). In our
study, we obtained consistent results with the observations of Ho
et al. These authors found a negative correlation between BMI and
LPC and LPE, and a positive correlation between BMI and SM (Ho
et al,, 2016). Significant reductions in the concentrations of some
LPCs were also observed by Wang et al. in groups of obese subjects
and diabetic obese patients compared to non-obese individuals
(Wang et al., 2019).

We further observed that patients with ALMS/BBS and obese
patients had relatively reduced LPC levels and elevated SM levels
compared to the non-obese group. Several studies have shown an
association of LPC and SM with chronic diseases. Those with
significant coronary calcification showed reduced levels of various
LPCs, in contrast to those without calcification (Sakamoto et al.,
2017). Lower LPC levels have also been found in patients with
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Correlations of selected metabolites with parameters of glucose metabolism - HOMA-IR and Hbalc. Red curve: all patients; black curve: after
exclusion of a patient with an outlier HOMA-IR result. Detailed description in the text of the manuscript, p-values in brackets. (A) PC (16:0/20:4), PC (16:0/
20:5), PC (16:0/22:6), PC (18:2/18:2), PC (18:2/20:4), PC (O-34:2) or PC (P-34:1), PC (38:5), PC (20:5/16:0), PC (40:6), PC (18:0/18:2(OH)), PE (16:0/18:2),
PE (16:0/22:6), PE (16:0/20:4) (B) PE (16:0/18:2), PE(16:0/22:6), PE(16:0/20:4) (C) dodecenoylcarnitine, octadecenoylcarnitine,

hexacosanoylcarnitine (D) SM (d18:2/14:0).
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Heatmap of correlations of selected metabolites with age in
Alstrom/Bardet-Biedl study group (ALMS/BBS), control group (Ctrl)
and obese group (OB). Asterisks show p-value. *- p < 0.05, **- p <
0.01, ***- p < 0.001, ****- p < 0.00001 PC: PC (36:5), PC (38:5),

PC (40:6), PC (40:6), PC (16:0/22:6), PC (20:5/P-16:0) or PC (20:5/0-
16:1), PC (36:5). PE: PE (16:0/22:6), PE (36:4) LPC: LPC (20:3), LPC (22:
6), LPC (O-18:0), LPC (20:5) sn-2, LPC (20:5) sn-1, LPC (20:0) LPE: LPE
(18:0), LPE (20:4), LPE (20:5), LPE (22:6) LPIM2 (19:0) -
nonadecanoylglycero-phospho-myo-inositol SM: SM (34:2), SM (d18:
0/16:1(OH)) Acylcarnitines: Dodecenoylcarnitine,
Hexacosanoylcarnitine

neurodegenerative diseases like Alzheimer’s disease (Lin et al., 2017;
Otoki et al, 2023). Moreover, it is thought that the onset of
cardiovascular disease may be preceded by decreased levels of
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certain LPCs (LPC 16:0 and LPC 20:4) and increased levels of
specific SM (SM 38:2) (Fernandez et al, 2013). Some recent
studies have also shown that changes in sphingolipid metabolism
may also be related to the development of micro- and macrovascular
complications of diabetes (Klein et al., 2014; Lopes-Virella et al.,
2019; Sojo et al.,, 2023).

In our study, ALMS/BBS patients were also characterized by
higher levels of oxidized PCs, which are identified as markers of
oxidative stress. Interestingly, novel studies by Dong et al. and Xue
et al. have pointed to the potential involvement of oxidized PCs in
the development of neurodegenerative diseases, including multiple
sclerosis (Dong et al., 2021; Xue et al., 2023).

Many studies have consistently indicated that long-chain fatty
acids have the ability to affect carbohydrate, lipid and protein
metabolism, and contribute to the onset and progression of
metabolic syndrome caused by insulin resistance. In our study,
long-chain fatty acid (FA 26:1; O2) was the only metabolite in
the study group that correlated negatively with age in the study
group, while positively in both control groups. To date, this
metabolite has not been observed to be associated with obesity,
insulin resistance or metabolic syndrome. However, a recent study
of a long-chain fatty acid similar to FA26:1, but with four methyl
groups attached to the chain (3,3,14,14-tetramethylhexadecanedioic
acid) confirmed its hypolipemic and antidiabetic properties, as well
as its modulating effect on insulin secretion (Mayorek et al., 1997;
Las et al., 2006; Kalderon et al., 2012). Further studies are needed to
confirm the similar properties of FA26:1; O2 and to decide whether
it can be considered a marker of ALMS/BBS progression.

Several limitations of our study should be mentioned. Due to
the rarity of Alstrom and Bardet-Biedl syndrome in the European
population, only a limited number of ALMS/BBS patients was
included and combined into one study group. However, it should
be emphasized that metabolic studies were conducted at two,
distant time points. Another limitation may be the lack of
results of routine laboratory tests in control subjects and lipids
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profile evaluation in study participants. In addition, the
metabolites assessed in this study represent only a small portion
of the human metabolome. It may be necessary to further expand
the range of features studied in order to discover a specific marker
of disease progression.

Conclusion

Concluding, our metabolomics study have shown that patients
with ALMS/BBS have altered lipid metabolism compared to
controls or obese individuals, although their metabolic profile is
partially similar to obese individuals. As the disease progresses,
elevated levels of lipid oxidation products have been noted, which
may indicate increased oxidative stress. This may suggest
abnormalities in lipid metabolism, energy metabolism
(acylcarnitine) and oxidative stress in the course of ciliopathies.
Moreover, hexacosanedioic acid seems to be a promising marker of
disease progression in Alstrom and Bardet-Biedl syndromes.
However, further studies and validation of its long-term utility

are needed.
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Brain microvascular endothelial
cells possess a second cilium that
arises from the daughter centriole
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Ramani Ramchandran®*
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Primary cilia from the brain microvascular endothelial cells (ECs) are specialized
cell-surface organelles involved in mediating sensory perception, cell signaling,
and vascular stability. Immunofluorescence (IF) analysis of human primary brain
microvascular ECs reveals two cilia per cell. To confirm the in vitro observation of
the two-cilia phenotype in human primary brain ECs, ECs isolated from mouse
brain were cultured and stained for cilium. Indeed, brain ECs from a ciliopathic
mouse (polycystic kidney disease or Pkd2™") also possess more than one cilium.
Primary cilium emerges from the mother centriole. Centriole analysis by IF
suggests that in brain ECs, markers for the mother and daughter centrioles
stain both cilia, suggesting that the second cilium in brain ECs arises from the
daughter centriole. Further quantification of cilia size in brain ECs revealed that
cilia arising from the mother centriole are bigger in size compared with cilia from
the daughter centriole. Cell cycle analyses using immunoblotting and flow
cytometry suggest that the ciliary proteins ARL13B and IFT88 involved in brain
EC ciliogenesis are highly expressed only in the GO/G1 and S phases of the cell
cycle. The IF analyses of cells arrested at different cell cycle stages indicate that the
two-cilia phenotype is highly specific to the GO/G1 phase. Our findings suggest
that in addition to the mother centriole, the daughter centriole also plays a role in
ciliogenesis in primary cultured ECs.

KEYWORDS

PKD2, brain endothelial cell, cilia, cell cycle, GO

Introduction

Primary cilia are microtubule-based organelles mainly composed of a basal body, axoneme,
ciliary matrix, and ciliary membrane (Ma and Zhou, 2020). Primary cilium is found on most cells
in the body, and typically, one primary cilium exists per cell. In vascular endothelial cells (ECs),
primary cilia extend into the lumen of blood vessels and act as sensors and transmit extracellular
signals into the cell (Satir et al,, 2010). Primary cilia have many important functions in cells, and
their dysfunction has been linked to multiple human pathologies, collectively called ciliopathies
(Fry et al., 2014). Mechanistically, during ciliogenesis, at the end of mitosis, when the cell enters
the GO/G1 phase of the cell cycle, the basal body of primary cilium arises from the mother
centriole. Centrioles are microtubule-based structures in eukaryotic cells that exist as a pair
(mother and daughter centriole) and play an important role in all stages of the cell cycle. For
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example, during interphase, the mother centriole functions to assemble
primary cilia. The contribution of the mother centriole during primary
ciliogenesis includes the assembly of distal and subdistal appendages,
docking of pre-ciliary vesicles to distal appendages, formation of the
ciliary vesicle, and axoneme and ciliary membrane elongation (Kumar
and Reiter, 2021). Thus, the role of the mother centriole is important in
primary ciliogenesis. On the other hand, apart from centrosome
duplication occurring in the S phase of the cell cycle (Conduit et al,
2015), the role of the daughter centriole is poorly studied, especially in
the context of primary ciliogenesis. However, a recent study suggests the
proximity of the daughter centriole is important in determining
primary ciliogenesis from the mother centriole (Loukil et al., 2017).

Reports in the literature have noted more than one cilium in
cells, and when and how they originate in a cell is not understood.
For example, islet beta cells show multiple cilia (Polino et al., 2023)
and in the vasculature, brain collateral vessels show multiple
primary cilia (Zhang et al., 2019), which are presumably on ECs
or pericytes. Previously, we have observed two cilia in primary brain
ECs in vitro (Thirugnanam et al., 2022). In the present study, we
characterized the origin of the second cilium in human primary
brain microvascular ECs (HBMECs). Our data reveals the second
cilium is developing from the daughter centriole preferentially
occurring in the GO/Gl phase of the cell cycle and is not
independent of the mother centriole.

Methods

Mice brain endothelial cell isolation and
staining for primary cilia

All animal procedures were performed according to the
Chapman University Animal Care and Use Committee
One-week-old  Tie2Cre-Pkd2"""T  (with  Cre
activation; control wild-type group) and Tie2Cre-Pkd2™f** (with

Guidelines.

Cre activation; experimental Pkd2 group) mice were injected
intraperitoneally with 5pg/pL tamoxifen every day for five
consecutive days. Frontal cortices were collected. Cells were
dissociated with 1x  trypsin/Ethylenediaminetetraacetic ~acid
(EDTA) solution through a 1-cm’ 25 G% needle and plated in
endothelia-selecting media Dulbecco’s modified eagle medium
(DMEM) containing 2% Fetal bovine serum (FBS), 0.75 ug/L
interferon-y, 1.0 g/L insulin, 0.67 mg/L sodium selenite, 0.55 g/L
transferrin, 0.2 g/L  ethanolamine, 36 ng/mL hydrocortisone,
0.10 pmol/L  2,3,5-triido-1-thyronine, 100 U penicillin-G (base)
combined with 0.30 mg/mL additional glutamine, 100 ug
streptomycin  sulfate, and 0.1 mmol/L citrate to maintain
penicillin potency. All cell-culture supplements were obtained
from Sigma-Aldrich(St Louis, Mo). After 2-3 weeks of growth,
endothelial cells were further sorted by incubating the cells with
10 mg/mL of the endothelial marker intracellular adhesion
molecule-2 (ICAM-2; Santa Cruz Biotechnology, Santa Cruz,
Calif). Fluorescein isothiocyanate (FITC)-conjugated ICAM-2
antibody was applied for 1h at room temperature at a dilution
of 1:100 in Phosphate buffered saline (PBS) containing 1% fetal
bovine serum to prevent any non-specific binding of the antibody.
After the cells were washed three times to avoid non-specific
binding, they were analyzed with FACScan (Becton Dickinson,
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Franklin Lakes, NJ) at a wavelength of 525 nm (FITC, FL-1)
(Supplementary Figure S1). Following cell sorting and as needed
to avoid bacteria contamination, 100 U penicillin-G (base) was
added to the DMEM with 0.30 mg/mL additional glutamine, 100 ug
streptomycin sulfate, and 0.1 mmol/L citrate to maintain penicillin
potency. Cells were grown for an additional 4-7 days. For staining
cilia structures, acetylated-a-tubulin (1:10,000, Sigma) and the
secondary antibodies were also diluted in 10% FBS to decrease
the background fluorescence; FITC fluorescence secondary antibody
(1:1000; Pierce, Inc.) was used. Cells were then washed three times
for 5min each with cacodylate buffer and mounted with 4’,6-
diamidino-2-phenylindole (DAPI) (Vector laboratories). Confocal
microscopic images were obtained using an inverted Nikon Eclipse
Ti confocal microscope.

Primary brain ECs cell culture conditions

Human brain microvascular ECs (HBMECs) were purchased
from Cell Systems Corporation (Cat # ACBRI 376) and maintained
at 37°C in 5% CO, in endothelial cell complete media (Promocell,
Cat #C22010). All experiments were performed with cells grown
between passage 4-6. These cells were extensively characterized for
EC markers in our previous publication (Thirugnanam et al., 2022).
Cells were grown and maintained at 50% confluence state. IF
60%-70%
distinguish and avoid the overlapping of cells and cilia.

experiments were performed at confluence to

Western blot

HBMECs
Radioimmunoprecipitation Assay buffer (RIPA) buffer (Sigma
Cat#R2078) with a complete mini EDTA-free protease inhibitor
cocktail (Roche Cat#11836170001) and PhosSTOP phosphatase
inhibitor (Roche Cat#4906845001). After isolation, the total
protein was quantified. Cell lysates were used for probing the
following proteins: ARL13B (Proteintech, Cat#17711-1-AP),
IFT88 (Thermofisher, Cat#PA5-18467), Cyclin D1 (Thermofisher,
Cat#MA5-16356), Cyclin A (Biolegend, Cat#644004), Cyclin Bl
(Biolegend, Cat#647906), Cyclin E1 (Cell signaling, Cat#20808),
CDK1 (Biolegend, Cat#626901), CEP164 (Proteintech, Cat#22227-
1-AP), CENTRIN2 (Biolegend, Cat#698602), and p-actin (Cell
signaling Cat#4970). Anti-rabbit Horseradish peroxidase (HRP)
(Cell signaling, Cat#7074), anti-goat HRP (Jackson Immunoresearch,
Cat#205-052-176), and anti-mouse HRP (Cell signaling,
Cat#7076) were secondary antibodies used for chemiluminescence

Proteins ~ were  isolated  from using

detection. Quantification was done using Image] software and
plotted against the housekeeping control protein (B-actin) using
GraphPad software as described previously (Thirugnanam et al.,
2022).

Primary cilia immunostaining
HBMECs were grown to confluence in six-well plates on

coverslips. All the IF experiments were performed by seeding
cells on the same day with similar seeding density and
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synchronized. Cells were washed with 1X PBS (Gibco,
Cat#10010023) and fixed with 4% PFA(Electron
Microscopy Sciences, Cat#15710) for 15 mins. Fixed cells were
washed again with 1X PBS before permeabilization with 0.1%
Triton X-100 (BioRad, Cat#1610407). This was followed by
blocking in 4% BSA in PBS and overnight incubation with
primary antibodies of ARLI3B (1:500), IFT88 (1:100), CEP164
(1:100), CENTRIN2 (1:200), NINEIN (Novus biologicals,
Cat#NBP2-13657)  (1:100), and HsSAS (Santa  Cruz
Biotechnology, Cat#SC-81431) (1:100). Cells were again washed
with 1X PBS and incubated with Alexa fluor-488 anti-rabbit
(Invitrogen, Cat#A21206) (1:500), Alexa fluor-488 anti-mouse
Cat#A32766), Alexa  fluor-568 anti-rabbit
(Invitrogen, Cat#A10042), and Alexa fluor-568 anti-rat
(Invitrogen, Cat#A11077) for 90 min at RT and washed before
mounting with DAPI (LifeSpan Biosciences, Cat#LS-J1033-10)
and imaged using a Zeiss confocal microscope at a magnification

thrice

(Invitrogen,

of x63. We present images of ECs containing cilia in similar
confluence areas on the plate. Primary cilia quantification for
cilia size or length was measured using ACDC v0.93 cilia-specific
software as described in our previous publication (Thirugnanam
etal., 2022). For increasing cilia length in HBMECs, we incubated
the cells with PDGF-BB ligand (10 ng/mL) for 60 min before
staining. Briefly, cells were seeded in a six-well plate with a
coverslip on it. After 24 h, the cells were changed to serum-
free medium for contact inhibition and then changed to complete
medium and treated with MNK2 inhibitor IV (Sigma,
Cat#531206001) (2 uM for 24 h) to arrest the cells at the GO/
G1 phase of the cell cycle. PDGE-BB ligand stimulation was
performed, and then cells were subjected to staining with
ARL13B cilia and CENTRIN 2 centrioles antibodies and
imaged at x100 oil immersion objective using a Keyence BZ-
x700 fluorescent microscope (Japan). Texas Red filter cube (OP-
87765, Keyence), a GFP filter cube (OP-87763, Keyence), and a
4',6-diamidino-2-phenylindole (DAPI) filter cube (OP-87762,
Keyence) were used to image the DAPI-stained samples.

Primary brain ECs transfection

HBMECs were seeded in six-well culture dishes with (for IF) and
without coverslip (for Western blot) approximately 24 h prior to
transfection. Control and CEP164 siRNA (Horizon inspired cell
solutions, Cat#D-001320-10-05, and Cat#J-020351-17-0005) were
transfected  using  Lipofectamine 2000 reagent (Gibco,
Cat#11668019) and incubated for 48 h. Cells were washed twice
with PBS, replaced with a complete growth medium, and incubated
at 37°C until further experimentation such as primary cilia
immunostaining or Western blot.

Fluorescence-activated cell sorting (FACS)

Cells were harvested from the six-well plates using TrypLE
Express (Gibco, Cat#12604021). Single-cell suspensions were
washed twice with FACS buffer (1x PBS with 5% FBS and 0.1%
NaN;) at 300g for 5min. Then, cells were fixed and
permeabilized using TF fix/perm buffer of a transcription
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factor buffer set (BD biosciences, Cat#562574) per the
manufacturer’s protocol. Cells were stained for the following
proteins: ARL13B, cyclin Bl, cyclin A, cdc2 (CDKI1), and ki67
(eBioscience, cat#25-5698-80). Suitable secondary reagents were
used. Primary antibodies were diluted at 1:50 and secondary
antibodies at 1:500. Following each staining, cells were washed
thrice in 500 L buffer using BD biosciences transcription factor
(BD TF) perm wash buffer (component from Cat#562574).
Primary antibodies were incubated for 45min and
secondaries for 30 min at 4°C with appropriate secondary
controls. After staining, cells were resuspended in FACS
buffer. For cell

protocol, FxCycle Violet stain (Invitrogen, Cat#F10347) was

cycle analysis, per the manufacturer’s
added to cell suspensions just before running the samples in
the flow cytometer (BD LSRFortessa). Sample acquisition was
done using FACSDiva software (BD) with subsequent analysis

on FlowJo software.

Statistical analysis

Data were presented as the mean and standard error of the mean
(SEM). A t-test, Welch’s t-test, or analysis of variance (ANOVA) was
performed to compare the outcome measures between different
groups or phases of the cell cycle. Cilia length from the mother and
daughter centrioles of HBMECs was compared using the paired
t-test. Count data were compared using a generalized linear model
with a negative binomial distribution. For some analyses, data were
log-transformed to improve fit. p < 0.05 was considered significant.
Dunnett’s test was used to adjust for multiple comparisons.
Statistical analysis was performed using SAS V9.4 (SAS Institute
Inc., Cary, NC) and GraphPad Prism software.

Results

Brain microvascular endothelial cells
possess more than one cilium, and the
second cilium arises from the daughter
centriole

Previously, we reported that HBMECs and human embryonic
stem cell-derived brain microvascular ECs showed a two-cilia
phenotype (Thirugnanam et al., 2022) in vitro. To investigate
whether the
conditions, we chose to investigate cilia in mouse primary brain
ECs from polycystic kidney disease (Pkd2) knockout mouse, a

two-cilia phenotype is observed in other

ciliopathic condition associated with an abnormal primary ciliary
function that causes phenotype of polyploidy and a defective cell
cycle (AbouAlaiwi et al., 2011). We isolated brain ECs from the
frontal cortices of Tie2Cre-Pkd2"™"" (wild type; WT) and
Tie2Cre-Pkd2"*"°* (Pkd2) mice. Isolated brain ECs were stained
for ciliary marker acetylated-a-tubulin and nuclear marker DAPI
by IF (Figure 1A). IF staining for ciliary markers suggested brain
ECs isolated from Pkd2 knockout mice possess more than one
cilium. Approximately 1% of Pkd2 null ECs possess two cilia
(Figure 1B). To determine the origin of second cilium in brain
ECs, we used HBMECs, and immunostained for co-localization of
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Brain ECs possess a second cilium from the daughter centriole. (A). Brain endothelial cells from frontal cortex of one-week-old Tie2Cre-Pkd2"/™"
(with Cre activation; control wild-type group) and Tie2Cre-Pkd2"*/°* (with Cre activation; experimental Pkd2 group) mice were collected and
immunostained for primary cilia with acetylated-a-tubulin and nuclei with DAPI using the immunofluorescence method. Scale bar = 20 pm. (B). The table
represents the number of brain endothelial cells with a two-cilia phenotype. A minimum of 50 cells were assessed in triplicates for two-cilia
phenotype detection. Scale bar = 10 um. (C). Human primary brain microvascular endothelial cells (HBMECs) were immunostained for mother centriole
distal and subdistal appendage markers, CEP164 and NINEIN, respectively (red), nuclei stained with DAPI, and primary cilia stained with ARL13B (green)
White arrows indicate cilia from the mother centriole and arrowheads represent second cilia from the daughter centriole. (D). HBMECs stained for
Centrin2 and HsSAS, markers for distal lumen and procentriolar markers of the mother and daughter centriole (Red), nuclei stained with DAPI, and primary
cilia stained with ARL13B (green). White arrows indicate cilia from the mother and daughter centriole and their respective cilia. Scale bar = 10 ym. (E)
Primary cilia size varies based on ciliogenesis from the mother and daughter centrioles of HBMECs. N = 25 double cilia cells were quantified for their
respective size. (F). Pictorial representation of the centriole markers used in the study. All the experiments were performed in triplicates. Results are
presented as mean + SEM. SEM, standard error to the mean. p < 0.05 was considered significant. Statistics were performed using paired t-tests. (G)
HBMECs were contact inhibited, arrested at the GO/G1 phase of the cell cycle for 24 h, treated with PDGF-BB ligand for 60 min, immunostained for
ARL13B cilia (green) and CENTRIN 2 (red) centriole antibodies, and imaged at 100X using a Keyence BZ-X700 fluorescent microscope (Japan). Scale bar

=5pum

the primary cilia and centrioles. HBMECs were characterized
extensively in our previous work ( ).
The centriole markers were chosen with the rationale to

distinguish mother and daughter centrioles ( ).
CEP164 and NINEIN are specific markers for distal and
subdistal appendage regions of the mother centriole,

respectively ( ). Immunostaining mother
centriole markers with ciliary axonemal markers ARL13B
( ) or IFT88 (
one cilium is co-localized with mother centriole markers
CEP164 and NINEIN. We quantified the size of the cilia using
an automated cilia-specific software ACDC v0.93 as described in
). The cilium

arising from the mother centriole is bigger in size than the cilium

) suggests only

our previous publication (

from the daughter centriole ( ). Because the cilia appeared
as dots without clear definition of the axoneme and basal body
structure, we rationalized that increasing cilia length will offer
better resolution of the two-cilia structure. Based on a past

Frontiers in

publication ( ), we treated HBMECs
with Platelet-Derived Growth Factor-BB (PDGF-BB) ligand for
60 min to increase the length of the cilia and stained for
CENTRIN2, DAPI, and ARL13B markers. A single brain EC
, red
, green stain) was visible.
Additionally, cells with single cilium were also observed in the

with two cilia that has the classical basal body (
stain) and axoneme (

field. These results collectively suggest that the second cilium arises
from the daughter centriole. Collectively, these results suggest
brain microvascular ECs possess two cilia, and the second
cilium arises from the daughter centriole. We also used a
CENTRIN2 and HsSAS
markers, which label distal lumen and procentriole respectively

second set of centriole markers:

of both mother and daughter centrioles ( ).
Indeed, ARL13B co-stained with ciliary markers CENTRIN2 and
HsSAS ( ). CENTRIN2 was also confirmed with a second
ciliary Intraflagellar Transport 88 (IFT88) (

).
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FIGURE 2

Cell cycle and ciliary protein expression profile. (A). HBMECs were arrested at their respective cell cycle stages and assessed for cell cycle and ciliary
proteins using the Western blotting method using MNK2 inhibitor at 2 uM for the GO/G1 phase, CI-994 at 10 uM for the S phase, MDM2 inhibitor at
100 nM for the G2 phase, and vinblastine sulfate at 2 nM for the M phase and (B). quantified using Image J software and plotted in GraphPad prism
software. (C). Color-coded peaks represent the high and low ciliary and cell cycle protein expression in their respective cell cycle stage. p < 0.05 was
considered significant; n = 3 in each experimental group. Results are presented as mean + SEM. SEM, standard error to the mean. (D). Quantification of
ARL13B"' cells in various stages of the cell cycle. p < 0.05 was considered significant; n = 4 in each experimental group. Results are presented as mean +
SEM. SEM, standard error to the mean. ANOVA was used to examine the effects of various conditions on the outcomes.

Ciliary protein signaling occurs
predominantly in the GO/G1 and S phases of
the cell cycle

During the cell cycle, ciliogenesis occurs at the GO/G1 phase. To
assess cilia protein expression and regulation, we investigated the
expression pattern of ciliary proteins ARL13B and IFT88 in different
cell cycle phases. Briefly, HBMECs were arrested at different phases of
the cell cycle using specific cell cycle inhibitory molecules: mitogen-
activated protein kinase-interacting kinase 2 (MNK2) inhibitor (Yen
et al, 2022) at 2puM for GO/G1, CI-994 (an inhibitor of histone
deacetylase 1) at 10 uM for the S phase, Murine Double Minute-2
(MDM2) inhibitor (which blocks p53 transcriptional activation) at
100 nM for the G2 phase, and vinblastine sulfate (a microtubule
inhibitor) at 2 nM for the M phase. To confirm that the cells were
arrested at different phases of the cell cycle, the expression profile of
cyclin and CDK proteins were assessed using Western blot protein
expression (Figures 2A, B). Cells arrested at different phases of the cell
cycle revealed that ciliary proteins ARL13B and IFT88 expression were
high only in the GO/GI and S phases of the cell cycle (Figure 2C),
suggesting that brain EC ciliogenesis occurs at the GO/G1 phase and
extends into the S phase. The Western blot data were supported by flow
cytometry analysis of the cell cycle (Supplementary Figure S3) and
ciliary proteins. The net fluorescence intensity of ARL13B was highest
in the GO/G1 phase (Supplementary Figure S3). Interestingly, in flow
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cytometry, we observed a fraction of cells distinctly high in ARL13B
(ARL13B™) expression in the GO and Sub-GO cell cycle phases
(Figure 2D). The number of ARLI3B™ cells was even higher
following GO/G1 arrest. At GO, ~30% control cells displayed the
ARL13B™ phenotype, while it was >40% following GO/G1 arrest
(Figure 2D). These data collectively suggest that the ciliary proteins
responsible for cilia growth and ciliary membrane trafficking (ARL13B)
are synthesized during the GO/G1 phase of cell cycle.

Brain endothelial cell two-cilia phenotype is
specific to the GO/G1 phase of the cell cycle

To assess when in the cell cycle brain microvascular ECs exhibit
the two-cilia phenotype, HBMECs were arrested at specific stages of
the cell cycle using the cell cycle inhibitors mentioned above and
analyzed using immunofluorescence (IF) with cilia-specific ARL13B
antibody (Figure 3). In total, 30.6% of cells arrested at the GO/
G1 phase exhibited the two-cilia phenotype and about 56.5% of the
cells exhibited one cilium. Further, approximately 21.6% of the cells
in the S phase exhibited one cilium, and about 1.3% of cells showed
the two-cilia phenotype. We did not observe any one- or two-cilia
phenotype in the G2/M phase. Taken together, these data suggest
that brain ECs exhibiting the two-cilia phenotype are restricted to
the GO/G1 phase of the cell cycle.
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Human primary brain microvascular endothelial cells ciliogenesis at different cell cycle stages. (A). HBMECs were arrested at the respective cell cycle
stages using specific inhibitors, MNK2 inhibitor at 2 uM for the GO/G1 phase, CI-994 at 10 uM for the S phase, MDM2 inhibitor at 100 nM for the G2 phase
and vinblastine sulfate at 2 nM for the M phase, and imaged using confocal microscopy forimmunofluorescence. DAPI, ARL13B and merged images, scale
bar = 10 pm and zoomed image, scale bar = 10 ym for zoomed. (B). Quantification was done as mentioned in the methods section for cilia length
and number. GO/G1 group, n = 154 nuclei; S group, n = 144 nuclei; G2 group, n = 143 nuclei; and M group, n = 153 nuclei. Statistical p-value comparisons
across groups are shown (n = 6) for each quantification method. Results are presented as mean + SEM. SEM, standard error to the mean. p < 0.05 was

considered significant. Statistics were performed using paired t-tests.

CEP164-mediated mother centriole is
required for cilia from the daughter centriole

To assess whether ciliogenesis occurs from the daughter
centriole, we knocked down (KD) CEPI64. The regulation of
CEP164 is essential for the proper recruitment of mother
centriole-mediated membrane-associated ciliary proteins and
primary ciliogenesis ( ). IF analysis of
efficacy confirmed CEP164 KD brain ECs showed minimal
ciliogenesis from both the mother and daughter centriole

( ). Further, the protein expression of CENTRIN2, and
ciliary proteins ARL13B were also depleted in the CEP164 KD cells
( ). Taken together, these results suggest the role of the

mother centriole is important in determining primary as well as
secondary cilium from the daughter centriole in brain ECs.

In our recent study, we have shown that brain endothelial
ciliogenesis is important in establishing vascular stability in the
brain ( ). In addition, we observed that brain
ECs display more than one cilium. Cells possessing multiple primary
cilia have been shown previously. For example, mouse brain
collateral ECs and human islet beta cells of the pancreas possess
a rare two-cilia phenotype and occasional a third cilia (

; ). In our results, we also showed that brain
ECs isolated from Pkd2”~ mice exhibit two cilia ( ).

Frontiers in

However, it is not clear when and how brain ECs exhibit two
cilia and the importance of the second cilium. In this brief
report, we investigated the first question of how and when brain
ECs’ second cilia are formed. Our main finding is that the second
cilium arises from the daughter centriole in brain ECs, and in the
GO/G1 phase, which was not known previously.

The assembly of primary cilia is a tightly regulated, multistep
process where the centriole plays a significant role in the onset of
ciliogenesis. Both distal and subdistal appendages of the mother
centriole have been primarily linked to functions in primary cilia
formation ( ). Knockdown or loss of distal
appendage protein CEP164 has been shown to have defective
primary ciliogenesis ( ) or cell cycle
dysfunction ( ). Our results revealed that there is
more than one cilium co-stained for mother centriole CEP164 or
NINEIN ( ). The role of the mother centriole is well known
in ciliogenesis. However, the role of the daughter centriole in
ciliogenesis is poorly understood. A recent study implicates the
role of the daughter centriole in primary cilia formation and suggest
the proximity of the daughter centriole in determining ciliogenesis
from the mother centriole ( ). Our IF data in ECs
suggest that the second cilium arises from the daughter centriole. In
addition, the second cilium is also different in terms of its size and is
shorter compared with the cilium arising from the mother centriole
( ). However, they appeared as dots rather than ciliary
structures with an axoneme and basal body. To ensure that the
ciliary dot-like structures were indeed cilium, we decided to increase
cilia length by ligand treatment such as PDGF-BB, which we
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centriole antibody. (B). CEP164 knockdown was performed in HBMECs and protein expression of CEP164 for knockdown efficiency and CENTRINZ2 and
ARL13B was performed. (C). Quantification of the Western blot was performed using ImageJ software. n = 3 in each experimental group. Results are
presented as mean + SEM. SEM, standard error to the mean. Statistics were performed using paired t-tests.

previously reported to trigger ciliogenesis in brain ECs
( ). Indeed, in PDGF-BB treated ECs, we
observed ( ) ECs with two cilia and each cilium showed

ciliary axoneme and basal body morphologies, which were distinct.
To investigate the origin of the second cilium, we knocked down
CEP164, a mother centriole marker, and found that the daughter
centriole-second cilium is dependent on the mother centriole
presence ( ). The daughter centriole is implicated in
motile cilia formation in multiciliated cells ( ).
Therefore, whether the brain EC second cilium is a hybrid cilium
that was recently discovered in multiciliated mammalian cells (

) is not known. Studies in the spatial arrangement of
microtubules in brain EC cilia is necessary. Electron microscopy or
super-resolution microscopy and focused ion beam scanning
electron microscopy imaging is needed and is part of the
ongoing studies in our lab.

Primary ciliogenesis assembly and disassembly are tightly
associated with cell cycle regulation. HBMECs arrested at specific
stages of the cell cycle revealed that ciliary proteins ARL13B and
IFT88 were predominantly expressed in the GO/G1 and S phases
). ARL13B, a small GTPase, is both a
). In
our previous study, we have shown that ARL13B overexpression

of the cell cycle (
signaling protein and a marker for cilia (

in primary brain ECs induces ciliogenesis by increasing ciliary
size and number ( ). In the current study,
using the FACS method, high ARL13B expressing ECs
(ARL13B™) were found mostly in the GO phase of the cell
cycle ( ). Taken together, higher ARL13B expression
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level during the GO phase is associated with brain ECs’ propensity
to display multiple cilia. This interpretation partly explains why
we observed a high number of ECs (30%) showing a two-cilia
phenotype in the GO/G1 phase compared with the other cell cycle
stages ( ). In terms of other phases of the cell cycle, the
two-cilia phenotype was noticed in a small fraction (~1.3%) of
ECs in the S phase, and no two-cilia phenotype was observed in
the G2/M phase. In the S phase, residual levels fo ARL13B protein
and in turn, its signaling activity may explain the small fraction of
cells with 2-cilia, a hypothesis that needs further testing. In the
G2/M phase, we have not observed a two-cilia or one-cilium
phenotype. Cilia resorption usually occurs from the S phase and
is completely resorbed in the M phase ( ).
However, we cannot fully exclude the possibility of cilia presence
in the G2/M phase in brain ECs because the size of brain EC
cilium is relatively small (1-2 um) compared to other primary
cilia (HUVECGCs: >3 um or primary kidney cells: ~7 um). The
obvious next question is what is the purpose of the two-cilia
phenotype in the GO/G1 phase? Because we did not observe two
cilia in the normal state of cells and only during polyploidy-
inducing conditions (Pkd2 null ECs) or during the GO/G1 phase
of arrested human primary brain ECs, and in a small fraction of
cells (<5%), we hypothesize that the two-cilia cells may mark a
defective state of the cell and are thus marked for triage. The
significance of the brain EC two-cilia phenotype remains an open
question and is subject of ongoing investigation in the laboratory.

In summary, in primary brain microvascular ECs, the two-cilia
phenotype is found predominantly in the GO/G1 phase of the cell
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cycle. The second cilium originates from the daughter centriole and
is dependent on the presence of the mother centriole.
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Paralog-specific TTC30 regulation
of Sonic hedgehog signaling

Felix Hoffmann*, Sylvia Bolz, Katrin Junger, Franziska Klose,
Isabel F. Stehle, Marius Ueffing, Karsten Boldt' and Tina Beyer*'

Institute for Ophthalmic Research, Eberhard Karls University Tubingen, Tubingen, Germany

The intraflagellar transport (IFT) machinery is essential for cilia assembly,
maintenance, and trans-localization of signaling proteins. The IFT machinery
consists of two large multiprotein complexes, one of which is the IFT-B.
TTC30A and TTC30B are integral components of this complex and were
previously shown to have redundant functions in the context of IFT, preventing
the disruption of IFT-B and, thus, having a severe ciliogenesis defect upon loss of
one paralog. In this study, we re-analyzed the paralog-specific protein complexes
and discovered a potential involvement of TTC30A or TTC30B in ciliary signaling.
Specifically, we investigated a TTC30A-specific interaction with protein kinase A
catalytic subunit a, a negative regulator of Sonic hedgehog (Shh) signaling. Defects
in this ciliary signaling pathway are often correlated to synpolydactyly, which,
intriguingly, is also linked to a rare TTC30 variant. For an in-depth analysis of this
unique interaction and the influence on Shh, TTC30A or B single- and double-
knockout hTERT-RPE1 were employed, as well as rescue cells harboring wildtype
TTC30 or the corresponding mutation. We could show that mutant TTC30A
inhibits the ciliary localization of Smoothened. This observed effect is independent
of Patchedl but associated with a distinct phosphorylated PKA substrate
accumulation upon treatment with forskolin. This rather prominent phenotype
was attenuated in mutant TTC30B. Mass spectrometry analysis of wildtype versus
mutated TTC30A or TTC30B uncovered differences in protein complex patterns
and identified an impaired TTC30A-IFT57 interaction as the possible link leading
to synpolydactyly. We could observe no impact on cilia assembly, leading to the
hypothesis that a slight decrease in IFT-B binding can be compensated, but mild
phenotypes, like synpolydactyly, can be induced by subtle signaling changes. Our
systematic approach revealed the paralog-specific influence of TTC30A KO and
mutated TTC30A on the activity of PRKACA and the uptake of Smoothened into
the cilium, resulting in a downregulation of Shh. This downregulation, combined
with interactome alterations, suggests a potential mechanism of how mutant
TTC30A is linked to synpolydactyly.

KEYWORDS

cilia, IFT, IFT70, TTC30 paralogs, affinity proteomics, Sonic hedgehog signaling, PKA

1 Introduction

Cilia are highly conserved organelles extending from the cellular surface of nearly all
eukaryotic organisms. They can be divided into motile and non-motile subtypes (Wheatley,
1995; Pazour and Witman, 2003; Satir and Christensen, 2007; Berbari et al., 2009; Ishikawa
and Marshall, 2011; Wheway et al., 2018). Non-motile (primary or sensory) cilia are
comprised of several compartments that are crucial for maintaining ciliary function. The
axoneme, a microtubule scaffold, provides the basis for intraflagellar transport (IFT). For
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cilium assembly, proteins are trafficked from the proximal end of the
cilium, the basal body, to the distal ciliary tip. At the tip, the
transported cargo is released and integrated into the growing
cilium (Lee and Chung, 2015). IFT is a bidirectional transport
process that is facilitated by large protein complexes and the
support of motor proteins. The movement in an anterograde
manner is driven by kinesin-2, and the retrograde transport is
driven by dynein-2 (Vashishtha et al., 1996; Pazour et al., 1999;
Lechtreck, 2015; Hoffmann et al,, 2022). The IFT particles are large
multiprotein complexes that can be classified into two
subcomplexes, IFT-A and IFT-B (Lechtreck, 2015). They contain
6 (A) and 16 (B) unique proteins (Cole et al., 1998). IFT-B can be

further separated into a stable core complex, IFT-Bl
(IFT88, —-81, —74, —70, —52, —46, —27, —25, and —22), which
interacts with a  peripheral subcomplex, IFT-B2

(IFT172, -80, —57, —54, -38, and -20) (Boldt et al, 2016;
Taschner and Lorentzen, 2016). The IFT-Bl protein IFT70/
TTC30 is essential for IFT-B stability. The depletion of DYF-1,
the IFT70 ortholog in Chlamydomonas reinhardtii, results in a
reduction of ciliary length (Fan et al., 2010). The IFT70 ortholog
in Danio rerio, fleer (flr), led to mutation to an identical phenotype.
Here, shortened cilia were connected to a reduction of
polyglutamylated tubulin, which was already shown to influence
axoneme stability (Pathak et al, 2007). There are two paralogs
present in humans, TTC30A and B, which are essential for IFT-B
core complex stability. TTC30A and B have an almost identical
nucleotide sequence and, as a result, also have a highly similar
protein structure, which is conserved across species (Du et al., 2019;
Hoffmann et al., 2022). Each human paralog individually interacts
with the IFT-B complex and is able to maintain cilia assembly.
However, cilia length is decreased, and tubulin polyglutamylation is
reduced upon the expression of one paralog only. Concomitant loss
of TTC30A and B results in the absence of ciliogenesis, which
emphasizes the relevance of TTC30 in IFT-B-mediated ciliary
assembly (Fan et al., 2010; Takei et al., 2018; Hoffmann et al., 2022).

The ciliary membrane consists of a particular subset of proteins,
such as transmembrane receptors and ion channels. This specific
composition, together with the ciliary tip, allows involvement in
several signaling pathways (Satir and Christensen, 2007; Rohatgi and
Snell, 2010; Hildebrandt et al.,, 2011; Lee and Chung, 2015; Wheway
et al, 2018). So far, Wnt, Notch, Hippo, GPCR, TGF-B, and Sonic
hedgehog (Shh) pathways have been linked to the cilium, with Shh
being one of the most intensively studied primary cilia-dependent
signaling pathways. External stimuli initiate intraciliary interaction
cascades. The signal is transduced and regulated, and it subsequently
alters the activity of transcription factors, which then translocate to the
nucleus and ultimately regulate proliferation, cellular growth,
differentiation, and ciliogenesis (Berbari et al, 2009; Mitchison and
Valente, 2017; Wheway et al., 2018; Anvarian et al., 2019). Disrupted
signaling pathways are often connected to severe diseases (e.g., cancer)
or are even lethal in embryonic development, whereas dysregulation
leads to rather mild phenotypes. For instance, impaired Shh is
connected to synpolydactyly (Towers et al., 2008; Zhu and Mackem,
2017; Zhu et al,, 2022). Intriguingly, a previous study discovered a rare
missense mutation in TTC30B in a Chinese pedigree. The authors could
link the A375V missense mutation to Shh signaling (Du et al., 2019).

In the absence of Hedgehog (Hh) ligand, the 12-pass
transmembrane receptor Patchedl (Ptchl) is located at the ciliary
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membrane and prevents the 7-pass transmembrane protein
Smoothened (Smo) from localizing to the cilium (Rohatgi et al,
2007; Rohatgi and Snell, 2010; Arensdorf et al., 2016; Wheway et al.,
2018). Additionally, an active G protein-coupled receptor, GPR161,
increases intraciliary cAMP levels (Humke et al., 2010). The binding
of cAMP to the two regulatory subunits of protein kinase A (PKA)
leads to a dissociation of this tetrameric holoenzyme and relieves the
inhibition of the two catalytic subunits (PKAcat) (Taylor et al,
2013). Activated PKAcat, glycogen synthase kinase 3 (GSK3p), and
casein kinase (CK) phosphorylate full-length glioma-associated
Gli2 and Gli3 (GIiFL).
Phosphorylation and the following proteolytic cleavage convert

oncogene transcription factors
Gli transcription factors into their repressed inactive form (GliR)
(Wang and Li, 2006; Mukhopadhyay and Rohatgi, 2014; Cohen
et al., 2015; Niewiadomski et al., 2019).

In the Shh on state, Hh ligand binds to Ptchl. Ptchl then exits
the ciliary membrane, and its inhibiting effect on Smo is lifted. Smo
and Glil translocate to the cilium and are transported to the ciliary
tip in an IFT-dependent manner. Accumulation of Smo at the tip
results in a dissociation of the suppressor of fused (SuFu) from
GIUFL. This is followed by phosphorylation and the subsequent
formation of Gli transcriptional activator (GliA) (Wang et al., 20105
Chen et al, 2011; Niewiadomski et al., 2014). In addition,
GPR161 exits the cilium, the cAMP level decreases, and PKA
activity is reduced, ultimately leading to GliR downregulation
(Singh et al, 2015). Thus, the ratio of active GliA to inactive
GLiR is shifted toward GliA and, hence, to induction of nuclear
Hh target genes (Rohatgi et al., 2007; Humke et al., 2010; Chen et al.,
2011; Robbins et al., 2012; Santos and Reiter, 2014), which are
involved not only in ciliogenesis but also in embryonic development
and tissue homeostasis (Lettice et al., 2003; Jacob et al,, 2011;
Robbins et al., 2012).

In this study, our aim was to understand disease-related
mechanisms induced by the missense mutation (MM) A375V. In
a first attempt, changes in protein—protein interaction were
investigated by affinity purification to identify candidates that
might be involved in A375V dysfunction. Differences in the
abundance of protein interactors hinted at a disturbed interaction
pattern. Second, the paralog-specific role of wildtype and mutant
TTC30A and B was investigated. Therefore, single-knockout,
double-knockout, and TTC30A/B wildtype rescue cells generated
in a previous study (Hoffmann et al.,, 2022), as well as newly created
TTC30A/B A375V mutant rescue cells, were analyzed. Loss or
mutation of TTC30A led to a specific transport defect of Shh
cAMP-related PKA
localization, which was not seen upon TTC30B disturbance. The
data presented here integrate the paralog TTC30A as an essential

signaling components and substrate

component of the Shh pathway, whereas TTC30B dysfunction
might reflect a rather subtle Shh-dependent phenotype.

2 Methods

2.1 Generation of mutant and fluorescence
cell lines

TTC30A and/or TTC30B knockout cell lines (KO, hTERT-
RPE1 (CRL-4000, and ATCC)) generated before were used for
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stable rescue line generation. The detailed creation of p.G12V{sX50
(referred to as TTC30A KO), p.G6AfsX28 (referred to as TTC30B
KO), and the combined p.G12V{sX50/p.G6AfsX28 (referred to as
TTC30A/B double KO) is described elsewhere (Hoffmann et al,
2022). For rescue experiments, hTERT-RPE1 TTC30A/B double-
KO cells were stably transfected with TTC30A or TTC30B wildtype
constructs (TTC30A/B pDEST (Invitrogen, United States) modified
with N-terminal Strep/FLAG-tag (by CJ Gloeckner) as well as
constructs harboring a TTC30A/B A375V mutation (Gloeckner
et al., 2009; Hoffmann et al., 2022). These missense constructs
were generated via site-directed mutagenesis based on the Strep/
FLAG-tagged TTC30A/B wildtype constructs. For investigation of
Shh signaling, hTERT-RPEI wildtype cells were stably transfected
with  Ptchl plasmids  (pPtcl-YFP; Addgene,
Watertown, MA, United States). Neomycin resistance (NeoR)

fluorescence

encoded by the rescue/fluorescence construct was used for
antibiotic selection of stably transfected cells. Cells were treated
for 4 weeks with 0.4 mg/mL geneticin disulfate-supplemented
(G418, Carl Roth, Germany) DMEM. All generated TTC30A/B
wildtype, A375V mutant, KO, and Ptchl fluorescent cell lines
were treated with Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma-Aldrich, St. Louis, MO, United States), supplemented with
10% fetal bovine serum (Sigma-Aldrich, United States) and 0.5%
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA,
United States), and incubated at 37°C and 5% CO,.

2.2 Immunofluorescence staining

Control and KO hTERT-RPE1 cells were phenotypically
analyzed as described by Hoffmann et al. (2022) and in this
study together with TTC30A/B wt and A375V rescue cells used
for further localization studies. To induce cilia formation, confluent
cells were serum deprived for 3 days. To activate the Shh signaling
pathway, 52.65 uL Smoothened agonist (SAG; 1:1000, AbMole
Bioscience, Houston, TX, United States) was added to 1mL
DMEM (final concentration of 100 nM) 24 h prior to fixation
(4% PFA, Morphisto, Offenbach, Germany). This was followed
by permeabilization with 0.3% PBST and blocking with 10%
normal goat serum in 0.1% PBST. The cells were incubated with
a primary antibody solution and subsequently with a fluorescent
secondary antibody solution (Alexa Fluor 488/568, 1:350;
Invitrogen, Waltham, MA, United States). Finally, all samples
were mounted with Fluoromount-G (Invitrogen, United States)
and examined via fluorescence microscopy.

Images were captured using a Zeiss Axio Imager Z1 ApoTome
microscope (Carl Zeiss Microscopy GmbH, Munich, Germany). The
setup includes an AxioCam MRm camera as well as 40x (NA 1.3)
and 63x (NA 1.4) oil immersion objective lenses. Images were
acquired as Z-stacks and processed using Zeiss ZEN 3.0 Blue
Edition (Carl Zeiss Microscopy GmbH, Germany).

2.3 SDS-PAGE and western blot

SDS-PAGE and western blot were performed in this study to
investigate the total protein level of PKAcat (1:1000; Santa Cruz,
Germany) and phospho-PKA substrate (RRXS*/T*, 1:500/1:1000;
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Cell Signaling Technology, Danvers, MA, United States). Therefore,
to inhibit the Shh signaling pathway, 0.5-2 uL/mL forskolin (4 pg/
uL; Sigma-Aldrich, United States) was added 1 h prior to cell lysis
(final concentration of 5 uM). For SDS-PAGE, an 8% Tris-glycine-
based separation gel and running buffer was used. Full wet tank
blotting (Bio-Rad, Hercules, CA, United States) was followed by 5%
BSA block as well as primary and secondary antibody (goat o rabbit/
mouse antibodies, 1:10000; Jackson ImmunoResearch, Philadelphia,
PA, United States) incubation. Membranes were treated with
ECLplus (Thermo Fisher Scientific, United States), and images
were taken using the Fusion FX7 imaging system (Vilber,
Collégien, France).

2.4 Real-time quantitative PCR

RT-qPCR was performed in this study to investigate the mRNA
expression level of Glil. To activate the Shh signaling pathway,
52.65 uL Smoothened agonist (SAG; 1:1000, AbMole Bioscience,
Houston, TX, United States) was added to 1 mL DMEM (final
concentration of 100 nM) 24h prior to cell lysis. RNA was
isolated by using TriFast (VWR, Radnor, PA, United States) and
The final
concentration was measured with a NanoDrop~ ND-1000

chloroform and precipitated with isopropanol.
spectrophotometer (Peglab, Erlangen, Germany) and adjusted to
0.1ug/uL. Then, cDNA was synthesized with M-MLV reverse
transcriptase  (Bio-Rad, Hercules, CA, United States) and
analyzed with SYBR Green Supermix (Bio-Rad, Hercules, CA,
United States) in an RT-qPCR cycler (Bio-Rad, Hercules, CA,

United States).

2.5 Affinity purification

Comparative interactome analysis by Strep-tag-based affinity
purification was carried out as described in earlier studies (Boldt
et al, 2009; Boldt et al., 2011). In brief, HEK293T cells were
transfected with Strep/FLAG-tagged constructs containing either
the TTC30A/B wildtype sequence or the mutated A375V variant.
Strep/FLAG-tagged RAF1 was used as cilia-independent control. At
full confluency, cells were harvested and lysed (lysis buffer includes
1x TBS, 0.5% Nonidet-P40, PI2/3, and PIC) in an end-over-end
shaker at 4°C for 30 min. After lysis, the protein concentration was
measured using the Bradford assay. Identical amounts of protein for
each sample were incubated with Strep-Tactin Superflow (IBA,
Gottingen, Germany) for 1.5h, followed by three washing steps
and elution of bound protein with Strep elution buffer (IBA,
Germany). A methanol-chloroform-based protein precipitation
was performed with subsequent trypsin digestion at 37°C
overnight. The digested proteins were desalted via stop-and-go
extraction tips (Thermo Fisher Scientific, United States) and
prepared for mass spectrometry (MS) analysis.

2.6 Mass spectrometry

For LC-MS/MS analysis, an UltiMate 3000 nano-RSLC was
coupled to a Fusion by a nanospray ion source. Prepared peptide
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mixtures were loaded onto a nanotrap column (p-Precolumn
300 um id. x 5mm, packed with Acclaim PepMapl00 Cl8,
5um, 100 A; Dionex, Sunnyvale, CA, United States). Injection
was conducted with a flow rate of 30 uL/min in 98% of buffer C
(0.1% TFA in HPLC-grade water) and 2% of buffer B (80% ACN and
0.08% formic acid in HPLC-grade water). After 3 mins, peptides
were eluted and separated on an analytical column (75 pm x 25 cm,
packed with Acclaim PepMap RSLC, 2um, 100 A; Dionex,
United States) at a flow rate of 300 nL/min with a linear gradient
from 2% up to 30% of buffer B in buffer A (2% ACN, 0.1% formic
acid) for 82 min after an initial step of 3 min at 2% buffer B. The
remaining peptides were eluted with a steep gradient (30%-95% in
5 min) followed by 5min at constant 95% of buffer B before the
gradient was decreased rapidly in 5 min to 2% of solvent B for the
final 20 min. In the data-dependent analysis, full-scan MS spectra
were measured on the Fusion in a mass-charge range from m/z
335-1500 with a resolution of 70,000. The ten most abundant
precursor ions were selected with a quadrupole mass filter if they
exceeded an intensity threshold of 5.0 e4 and were at least doubly
charged for further fragmentation using higher-energy collisional
dissociation (HCD) followed by mass analysis of the fragments in
the iontrap. The selected ions were excluded for further fragmentation
in the following 20 s. Max Quant software 1.6.1.0 was used (Cox and
Mann, 2008) for label-free quantification (Supplementary Table S1)
with the current SwissProt database and Perseus software 1.6.2.3/
1.6.5.0 for data and statistical analysis (Student’s t-test; significance A)
(Tyanova et al,, 2016). Data are available from ProteomeXchange with
identifier PXD044183.

3 Results

3.1 TTC30A mutation A375V leads to
decreased IFT57 interaction

Missense mutations (MMs) might lead to a decrease in protein
stability and prevent the formation of functional relevant protein
complexes. Changes in the protein-protein interaction (PPI) pattern
are used to determine candidates that are involved in wildtype and
disease-relevant mechanisms (Boldt et al., 2016; Leonhard et al,
2023). To investigate the influence of TTC30 A375V mutation on
PPI, a comparative mass spectrometry analysis was performed.
Therefore, HEK293T control cells were transiently transfected
with an overexpression vector containing a Strep/FLAG-tag and
either TTC30A or B wildtype sequence as control or the mutated
A375V variant (Gloeckner et al., 2009; Du et al., 2019).

Cells were lysed, followed by a Strep-tag-based affinity
purification, as carried out in earlier studies (Gloeckner et al,
2009; Hoffmann et al, 2022). After protein digestion and
purification, quantitative mass spectrometry was performed.
MaxQuant software and its implemented label-free quantification
(LEQ) algorithm were used for the identification and quantification
of proteins (Cox and Mann, 2008). This algorithm uses a pairwise
matrix of peptides identified and quantified across all samples to
generate a normalization factor based on a minimum of two
peptides between two samples; then, the whole profile is rescaled
to the cumulative intensity across samples to preserve the total
summed intensity for a protein over all samples (Cox et al., 2014).
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These LFQ intensities were then statistically analyzed using Perseus
(Tyanova et al., 2016). All identified proteins were filtered, removing
proteins only identified by site, reversed peptide sequences, and
potential contaminants. The groups of six biological replicates for
each condition (control, TTC30A or B wt, and TTC30 A375V A or
B) were filtered for a minimum of four valid values. Non-valid
values, which were left, were replaced by 0. The median value of the
LFQ intensities in one group was calculated, and the ratio was
determined. First, TTC30A or B wt were compared to control
transfected cells to detect the wt PPI in this experiment. Proteins
were considered as specific interactors when they were Student’s
t-test (permutation-based FDR <0.05) and significance A positive
(Benjamini-Hochberg FDR <0.05). Second, TTC30A- or B-specific
PPIs were investigated in the related A375V mutant (Figure 1).
Proteins with significantly increased abundancy in cells transiently
transfected with wildtype TTC30A/B and significantly decreased
abundancy in cells transiently transfected with mutated TTC30A/B
were considered proteins with decreased interaction.

The bait signal for either TTC30A or TTC30B and the related
mutant protein were detected with comparable abundance,
confirming reliable assay performance and bait protein stability.
Compared to the control, 106 proteins were enriched with TTC30A,
and 74 proteins were enriched when TTC30B was used as bait
(Supplementary Table S2), with 10 IFT-B proteins being stably
present in A and B wt samples
(IFT88, -74, —172, —-57, —46, —22, -56, —-80, —52, and -81).
Regarding wt and mutated TTC30A/B, almost every IFT-B
complex protein was equally present in all groups, indicating that
A375V has no influence on the overall complex composition.
However, the signal of IFT57, part of the IFT-B2 subcomplex,
was significantly decreased in TTC30A A375V cells, hinting
toward impairment of this specific PPI. In total, 34 proteins
showed reduced interaction due to A375V missense mutation
when comparing wt and mutant TTC30A (Supplementary Table
S2), and 21 proteins in cells transfected with mutant TTC30B
(Supplementary Table S2). These were further confined by
matching them with the SYSCILIA Gold Standard highlighting
ciliary relevant proteins (Boldt et al, 2016). The 21 and
15 SYSCILIA Gold Standard proteins showed significantly
reduced protein abundance in mutant TTC30A and TTC30B,
respectively (Table 1). Interestingly, only two of the decreased
PPIs were found in both datasets for TTC30A and TTC30B,
RNPSI and SMAP.

3.2 Localization of IFT57 is unaffected by
TTC30 mutation A375V

The next step was to investigate whether the reduced
TTC30A-IFT57 interaction shown by PPI analysis affects the ciliary
localization of IFT57. In addition to the mass spectrometry data shown
here, the overlapping phenotype of shortened cilia in TTC30A or B
knockout (KO) and upon knockdown of IFT57 hints toward a common
function of these two IFT-B proteins (Kramer-Zucker et al., 2005;
Hoffmann et al., 2022). Here, the effect of depletion of either TTC30A
or B on IFT57 was investigated. In addition, the rescue potential of
TTC30A or B wt and the respective A375 variant was analyzed in the
TTC30A/B double-KO background. Control, TTC30A/B single-KO,
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FIGURE 1

Detection of decreased protein interaction in mutated TTC30A/B by mass spectrometry analysis. The scatter plots show the distribution of all
proteins identified for TTC30A (A) as well as TTC30B (B). The x-axis depicts the log2 ratios, and the y-axis shows the log2 intensities. The bait proteins
TTC30A and B are shown in magenta, and IFT complex B proteins are shown in green. Proteins showing an increased binding to TTC30A/B wt are on the
right compared to TTC30A/B A375V on the left. Possible protein interactors that were significantly enriched for TTC30A/B wt (significance A < 0.05;

permutation-based FDR <0.05) are shown in blue.

and double-KO hTERT-RPEL cells, which were already generated and
described in a previous study, were used (Hoffmann et al, 2022)
(Figure 2A). For mutant analysis, TTC30A/B double-KO cells were
stably transfected with either TTC30A or B wt or the respective A375V
variant (Figure 2B), and all cells were stained for ARL13B and IFT57.
ARLI13B localizes to the ciliary membrane and is, therefore, frequently
used for ciliary length measurements (Dummer et al., 2016).

In all cell lines analyzed except the double-KO, which lack cilia,
IFT57 was detected in the cilium (Figure 2). To determine if
IFT57 localization to the cilium differed between wt and A375V
rescue cells, intensity was measured in the generated stable rescue
cell lines (nrrcsoawtrescue = 3% NTTC30BwiRescue = 375 NTTC30A-
A375Rescue = 303 NTTC30B-A375Rescue = 37). The average intensity
was 208.8 IU + 1040 IU (in TTC30A wt rescue cells) and
226.5 TU + 10.86 IU (in TTC30B wt rescue cells). In TTC30A/B
double-KO cells rescued with mutant TTC30A or TTC30B, average
intensity was 218.5 IU £ 13.05 IU (in TTC30A A375V rescue cells)
and 197.1 IU + 14.04 IU (in TTC30B A375V rescue cells). The
IFT57 signal intensity in A375V rescue cells was not significantly
decreased compared to wt rescue cells (Figure 3A). Regarding ciliary
length, the average in TTC30 wt rescue cells was 3.449 pm
0.1132 um, in TTC30A A375V 3.671 um
0.1212 um, in TTC30B wt rescue cells 3.680 um * 0.1309 pm,
and in TTC30B A375V rescue cells 3.595um =+ 0,1512 pm

(nTTC30Athescue = 415 NTTC30AmutRescue = 945 NTTC30BwiRescue = 325
N Nrrc3oBmutRescue = 32). Hence, the average ciliary length measured

+
+

rescue cells
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in TTC30A/B wt was comparable to that in TTC30A/B A375V
rescue cells (Figure 3B). These results suggest that even though there
were significant changes in binding of IFT57, TTC30A/B KO or
A375V mutation did not influence the localization of IFT57 and,
subsequently, ciliary length.

3.3 PKA-mediated downregulation of the
Shh signaling pathway is dependent on
TTC30A

Based on the data presented before, reduced PPI was
described, which support a better understanding of the
molecular function of TTC30 paralogs and related mutations.
However, no direct link to Shh signaling could be found, which
would help understand defects leading to synpolydactyly in
carrying A375VMM. (Du et al, 2019). As
overexpression might mask specific PPIs of interest, data

individuals

gathered in a previously published study providing a paralog-
specific interactome on the endogenous level were re-assessed
regarding Shh signaling relevant proteins (Hoffmann et al,
2022).

In addition to overlapping proteins belonging to the IFT-B1 or
IFT-B2 subcomplex, a total of 44 proteins were found to be
significantly enriched with TTC30A, and 47 proteins were
identified with TTC30B (Hoffmann et al, 2022). Intriguingly,
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TABLE 1 Decreased TTC30A protein interactions due to A375V mutation. An affinity purification was performed with HEK293T cells transiently transfected with
either Strep/FLAG-tagged TTC30A wt or Strep/FLAG-tagged TTC30A A375V. The protein names of identified interactors with ciliary relevance (Syscilia) and their
ratio (TTC30Awt/TTC30A A375V) after comparative analysis are listed according to their -log2 median p-values of six biological replicates. All proteins shown were
defined as interactors when compared to control and significantly decreased in TTC30A A375V when compared to TTC30A wt (significance A < 0.05, permutation-
based FDR <0.05).

A Proteins Ratio TTC30A wt/A375V p-value B Proteins Ratio TTC30B wt/A375V p-value
RAP1GDSI 21.268 15.9578 SMUI1 21.1202 16.7305
PAWR 21.1571 16.3921 AKRIAL 21.9423 3.25847
SLC35F6 19.6741 326108 SMAP 21.3886 326505
ABCDI1 20.4975 3.26545 FAMI162A 21.924 3.16695
RAB21 215211 326127 NT5DC1 216923 3.12479
ATXN2 20.9478 324142 INTS3 17.9108 1.98927
SPNSI 21.8258 326729 SLC9A3RI 204019 1.99255
SMAP 21.8596 3.26887 NFS1 21.1456 1.96761
RNPS1 22577 3.26902 TTC37 20.4085 1.99333
NDUFB11 21915 2.15614 SNRNP40 21.7892 1.99359
CCDC22 19.8702 1.99343 OSBP 22516 1.92822
USMGS5 23.8228 1.99371 RNPSI 22,6874 1.92897
MRPS14 21.6745 1.99456 EIF2AK2 21.6629 1.75515
HNRNPLL 20.2489 1.99458 GEMIN4 225613 1.73741
PPPIRS 20.1523 1.99461 GEM1 21.7937 1.72515
VPSI1 20.8415 1.99473
PDXDCI1 21.1021 1.87951
GRWDI1 21.6523 1.86699
CDC27 213169 1.70501
HEATR3 20.9969 1.68596
IFT57 21.4061 1.61882

PRKACA was one of the significant interactors of TTC30A. This
protein is the catalytic subunit o of the protein kinase A, which is a
known key regulator of Shh and described as a part of the ciliary
proteome (Mick et al., 2015).

These interactome data suggested a paralog-specific role in Shh
signaling for TTC30A and further hint toward a TTC30A-
dependent regulation of PKA activity. PKA is a cAMP-dependent
protein kinase A and has several functions in glycogen, sugar, and
lipid metabolism (London and Stratakis, 2022). Moreover, this
kinase is a negative regulator of the Shh pathway and essential
for the phosphorylation of the Gli transcription factors (Wang and
Li, 2006; Mukhopadhyay et al., 2013; Niewiadomski et al., 2019).
Forskolin inhibits the Shh pathway by increasing ciliary cAMP level
and, subsequently, the level of phosphorylated PKA (pPKA),
resulting in the increased phosphorylation of PKA substrates
(Ding and Staudinger, 2005). To investigate the TTC30-related
regulation of PKA activity, hTERT-RPEI control, TTC30A, and
TTC30B KO cells were serum-starved, followed by treatment with
DMSO or forskolin (5 uM) for 1 h.

After cell lysis, SDS-PAGE and western blot were performed to
visualize protein level differences of PKA catalytic subunits and the
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phosphorylated PKA substrate. The antibody applied against
PKAcat targeted all three different subunits o, B, and y. The
phospho-site-specific ~ antibody  targeted PKA  substrates
containing a phospho-Ser/Thr residue with arginine at
the -3 and -2 positions (Montminy, 1997). Acetylated tubulin
was used as the loading control. Protein levels of PKAcat were
comparable in all samples. Treatment with forskolin resulted in
increased pPKA substrate levels in all three cell lines, proving the
activating effect on protein kinase A in the h\TERT-RPEI cell model
used in this study (Figure 4A). For further analysis, we performed a
one-way ANOVA comparing relative intensities gathered in three
independent experiments (n = 3) (Supplementary Figure SI).
Therefore, in all three different cell lines that were either treated
with forskolin or DMSO, pPKA substrate intensities were normalized
to acetylated tubulin. A statistically significant difference in mean
relative intensity was found (F (5, 12) = [14.84], p = < 0.0001) in five
groups. Tukey’s test for multiple comparisons revealed that the mean
relative intensity was significantly different between the control (=) vs.
TTC30A KO (+) (p < 0.001, 95% C.I. = [-2.545, —0.8531], control (+)
vs. TTC30A KO (+) (p < 0.05,95% C.I. = [-1.733,-0.04076], TTC30A
KO (-) vs. TTC30A KO (+) (p < 0.001, 95% C.I. = [-2.542, —0.8494],
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Similar localization of IFT57 in TTC30A/B wt, KO, and rescue cells. Fluorescent light microscopy images of hTERT-RPE1 control, TTC30A, TTC30B,
and TTC30A/B double-KO cells (from left to right) (A). Additionally, \TERT-RPE1 TTC30A wt, TTC30A A375V, TTC30B wt, and TTC30B A375V rescue cells
are depicted (B). Cells were stained for ARL13B (magenta) and IFT57 (green), and co-localization is shown in white. The scale bar measures 2 um.

TTC30A KO (+) vs. TTC30B KO (=) (p < 0.001, 95% C.I. = [0.8738,
2.566], and TTC30A KO (+) vs. TTC30B KO (+) (p < 0.05,95% C.I. =
[0.1079, 1.800] ( ). Significantly, in forskolin-treated
TTC30A KO cells, the signal intensity of phosphorylated PKA
substrates was severely increased compared to that in control and
TTC30B KO cells. The signals of the control and TTC30B KO cells
were comparable.

This result hints toward a paralog-specific role of TTC30A for
physiological PKAcat activation, which might depend on
TTC30A-PRKACA interaction. To further understand the role of
TTC30A, Shh signaling was investigated in more detail.

Frontiers in

3.4 TTC30A KO presents distinct
phosphorylated PKA substrate accumulation
upon treatment with forskolin

Protein complex analysis proposed an interaction of TTC30A
with  PRKACA. An increased level of phosphorylated PKA
substrates upon treatment with forskolin and subsequent
inhibition of the Shh pathway in TTC30A KO cells suggested the
functional relevance of this interaction. To investigate if TTC30A/B
also influence the ciliary localization of phospho-PKA substrates,
TTC30A or TTC30B single-KO and control hTERT-RPEL cell lines
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FIGURE 3

Ciliary intensity of IFT57 and ciliary length were comparable in TTC30A/B wt and A375V rescue cells. The IFT57 fluorescence intensity (A) and the
ciliary length (B) were measured using ARL13B as the cilia marker. In the scatter dot plots, results gained in two independent experiments are shown, with
each dot representing one cilium. For statistical analysis, the corrected total cell fluorescence (A) and the mean (B) were calculated. p-values above

0.05 were determined not significant (ns). Error bars represent the s.e.m.
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FIGURE 4

s — pPKA substrate

Forskolin - + - -+ - +
TTC30AKO TTC30B KO

Control

Protein level of pPKA substrates are elevated in forskolin-treated TTC30A KO cells. (A) Total protein levels of the PKA catalytic subunit,
phosphorylated PKA substrates, and acetylated tubulin as loading control were detected by western blot after treatment with DMSO or forskolin (5 uM)
1 h prior to cell lysis (B). Protein levels were quantified by measuring their intensity. These values were normalized to the loading control (acetylated
tubulin). Resulting ratios of pPKA substrate intensity were statistically analyzed for all six conditions (n = 3) using a one-way ANOVA followed by
Tukey's test. p-values below 0.05 were deemed significant and are represented by *. Error bars represent the s.e.m.

were co-stained for ARL13B and phospho-PKA substrates. In
addition, cells were treated with or without forskolin to influence
the PKA activity.

In untreated control, TTC30A KO and TTC30B KO cell phospho-
PKA substrates were comparably localizing to the nucleus and basal
body and with lower intensity to the cilium (Figure 5A). The measured
mean intensities of the phospho-PKA signal localizing to the cilium and
the basal body were normalized to their respective ciliary ARL13B mean
intensities. Statistical analysis showed an average relative intensity of
3.878 IU + 0.2734 IU in untreated control cells (Ncontoi(—) = 39)s
3926 IU + 02056 IU in untreated TTC30A KO cells (nrrcson
ko) = 39), and 4512 IU * 0.2270 IU in untreated TTC30B KO
cells (npresop xo(—) = 43; Figure 5E). Intriguingly, control and TTC30B
KO cells treated with forskolin showed a decreased intensity of
phospho-PKA substrates in the nucleus and at the basal body,
whereas the localization to the cilium could not be distinguished
from the background anymore (Figure 5B). Calculated relative
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intensities dropped to 0.2242 IU + 0.02552 IU for forskolin-treated
control cells (Ncontroi+) = 49) and to 0.3546 U + 0.04732 IU for treated
TTC30B KO cells (nrrcson kow) = 39; Figure 5E). TTC30A KO cells
treated with forskolin also showed lower to no localization of phospho-
PKA substrates to the cilium and a reduced signal in the nucleus.
However, in contrast to TTC30B KO, we could observe a distinct
pattern of increased localization of phosphorylated PKA substrates at
the basal body and the pericentriolar material (PCM) (Figure 5B)
(Porpora et al,, 2018). The average intensity of pPKA substrates strongly
increased t0 22.79 TU + 0.9268 IU in forskolin-treated TTC30A KO cells
(017304 KO@M) = 30; Figure 5E). This finding is most likely related to an
elevated PKA activity and further confirms the paralog-specific function
as well as influence of TTC30A on PRKACA.

To further validate these results, the ciliary localization of
phospho-PKA substrates was also investigated in TTC30A/B wt
and A375V rescue cells, again without or with forskolin treatment.
We observed a localization of phosphorylated PKA substrates to the
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Phospho-PKA substrate accumulation detected in TTC30A KO and TTC30A A375V cells upon forskolin treatment. Fluorescent light microscopy
images of hnTERT-RPE1 control, TTC30A KO, and TTC30B KO (from left to right) are shown. Cells were either untreated (A) or treated with 5 uM forskolin
for 1 hour (B). Fluorescent light microscopy images of nTERT-RPE1 TTC30A wt, TTC30A A375V, TTC30B wt, and TTC30B A375V rescue cells (from left to
right) are shown. Cells were either not treated (C) or treated with forskolin (D). All cells were stained for ARL13B (magenta) and phospho-PKA
substrates (green); DNA is marked in dark blue, and co-localization is shown in white. The scale bar measures 5 pm. Phospho-PKA intensity
measurements were performed with TTC30A/B wildtype and knockout cells (E) as well as rescue cells (F). Scatter dot plots are depicted, with each dot
representing one cilium. For statistical analysis, relative intensity was calculated by measuring mean intensity followed by normalization to ARL13B.
p-values below 0.001 are represented by ***, and those above 0.05 were determined not significant (ns). Error bars represent the s.e.m

nucleus and basal body in all untreated cell lines, which confirms the
previous findings in the control and TTC30A/B single-KO cells
(Figure 5C). Their average relative intensities were 1.272 IU *
01348 TU (nrrcsoawmc) = 28), 1630 IU + 01689 IU
(nrresoamutr—) = 31), 1.318 TU + 0.1269 TU (nrrcsoswir(-) = 30),
and 1.375 TU #* 0.1499 TU (nrrcsopmutr(—) = 32). Nevertheless,
overall average intensities in untreated stable rescue cell lines
were reduced by the factor ~2.5 compared to untreated control
and TTC30A/B single-KO cell lines (Figure 5F). In wildtype
TTC30A rescue cells, the previously described phenotype of
forskolin-treated control and TTC30B KO cells showing reduced
localization of phospho-PKA substrates to the nucleus, basal body,
and cilium was also detected (Figure 5D). Similarly, the average
relative intensity dropped to 0.1042 IU + 0.0129 IU (nrrcsoawtr(+) =
31) and was again reduced by the factor ~2.5 compared to treated
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control and TTC30B KO cells (Figure 5F). Furthermore, the distinct
pattern with an increased localization of phosphorylated PKA
substrates at the PCM and basal body that could be observed in
forskolin-treated TTC30A KO cells could also be described, but to a
lesser extent, in TTC30A/B double-KO cells rescued with wildtype
TTC30B as well as mutant TTC30A/B A375V (Figure 5D). Their
average relative intensities were increased to 2.508 U + 0.2076 IU
(nrrC30Bwr(s) = 29) and 2.518 TU + 0.1775 TU (nprcsopmutr(s) = 35
Figure 5F). Interestingly, the rare missense mutation A375V,
introduced in TTC30A rescue cells, depicted a comparable
phenotype as TTC30A KO cells upon forskolin treatment. The
average relative intensity strongly increased to 8.755 IU =+
0.8210 TU (nyrcsoamut+) = 25) and was reduced by the factor
~2.5 compared to treated TTC30A KO cells (Figure 5F). The
observed systematic decrease of relative phospho-PKA intensity
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Smo localization was reduced in TTC30A KO cells and was rescued by TTC30A wildtype but not A375V mutant expression in TTC30A/B double-KO
cells. Fluorescent light microscopy images of hnTERT-RPEL control, TTC30A, TTC30B, and TTC30A/B double-KO cells (A) (from left to right), TTC30A wt
and TTC30B wt (B) (from left to right), and TTC30A A375V and TTC30B A375V rescue cells (C) (from left to right) are shown. All cells were treated with
100 nM SAG for 24 h. The cells were stained for ARL13B (magenta) and Smoothened (Smo; green), and co-localization is shown in white. The scale

bar measures 2 ym

in the generated TTC30A/B wildtype and A375V mutant rescue cells
most likely originates from stably transfecting TTC30A/B double-
KO cells. These data support the finding of increased PKA activity,
which was specifically related to TTC30A and, to a minor degree,
TTC30B.

3.5 Loss of TTC30A inhibits the ciliary
localization of Smoothened

In D. melanogaster, direct binding of PKA and Smo was shown
( ; ). Crosstalk between cAMP-dependent

Frontiers in

kinase signaling and Smo-related Shh signaling was described in
other organisms as well ( ;

). The next step was to assess if solely PKA activity or if Smo-
Ptchl localization is affected in TTC30 KO cells as well. Initially,
Smoothened (Smo), an early-stage key element of the Shh signaling
pathway was investigated. Upon activation of the Shh pathway, Smo
enters the cilium to trigger downstream effectors, which ultimately
exit the cilium and activate target genes in the nucleus regulating
cellular and cilia-related processes ( ;

). Hence, Smo localization was
investigated in TTC30A or B KO, TTC30A/B double-KO, and

control hTERT-RPEL cell lines. Therefore, the Shh pathway was
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FIGURE 7

Smoothened intensity is reduced in TTC30A and B knockout as

well as TTC30A A375V and TTC30B wildtype and A375V mutant
rescue cells. In TTC30A/B control and single-KO as well as TTC30A/B
wildtype and A375V mutant rescue cells, Smoothened intensity

was measured and normalized to ARL13B intensity. In the scatter dot
plots, results are shown with each dot representing one cilium. For
statistical analysis, the relative intensity was calculated. p-values below
0.001 are represented by ***, and those above 0.05 were determined
not significant (ns). Error bars represent the s.e.m.

activated by treatment with the Smo agonist (SAG). The SAG
initiates the activation of the Shh pathway and, subsequently,
more Smo should accumulate at the cilium (Bragina et al., 2010).
In control and TTC30B KO cells, Smo was normally localized, as
seen by co-staining with ARL13B. However, this localization was not
detected in TTC30A single-KO cells (Figure 6A). As TTC30A/B
double-KO cells lack cilia, as shown before, no specific localization
could be observed (Takei et al., 2018; Hoffmann et al, 2022).
Ciliogenesis and Smo localization in TTC30A/B double-KO cells
was restored by stably transfecting TTC30A wt DNA. Intriguingly,
the stable transfection of TTC30B wt and A375V mutant DNA
could only partially recover cilia assembly and Smo localization in
TTC30A/B double-KO cells (Figure 6B). The ectopic expression of
mutated TTC30A (A375V) was not sufficient to restore Smo,
whereas TTC30A wt fully recovered Smo localization (Figure 6C).

This finding supports the hypothesis that TTC30A is involved in
Shh pathway regulation. The loss of Smo localizing to the cilium could
only be totally rescued by TTC30A wt. Transfection with TTC30A
A375V did not recover this severe phenotype. Furthermore, the
discovered mutation by Du et al. introduced in TTC30A could be
directly linked to a loss of ciliary accumulation of Smo. However, the
same A375V point mutation introduced in the TTC30B rescue
construct did show this phenotype, but only to some degree. These
initial results regarding Smo localization were further validated by
measuring the mean intensity of Smo in TTC30A/B wildtype,
single-KO, double-KO, and rescue cells (Figure 7). Again, mean
intensity was normalized to ciliary ARLI3B mean intensity. The
average relative intensity was 0.1749 TU + 0.008053 IU in control
cells (Ncontrol = 71). In TTC30A KO cells, the calculated relative intensity
was clearly reduced to 0.02728 + 0.002352 IU (nrrcsoa ko = 72).
Interestingly, in TTC30B KO cells, a reduction of the average relative
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intensity to 0.1214 IU + 0.004333 (nrrcsop ko = 103) could be seen.
Here, the effect was rather mild but also significant. Regarding rescue
cells, the average relative intensity was 0.1839 IU + 0.008152 IU
(nrrc30awr = 53) and, therefore, comparable to the control cells
(Figure 7). Likewise, the average relative intensity of TTC30A
A375V rescue cells was 0.02873 TU + 0.003129 TU (nrrczoamur =
54), which was comparable to Smo intensity in TTC30A KO cells. The
average relative intensities in TTC30B rescue cells were 0.1235 IU +
0.006528 TU (nrresopwr = 31) and 01204 TU + 0.005563 IU
(nrresoBmur = 31), which were similar to each other and also to
the average relative intensity in TTC30B KO cells (Figure 7). The overall
quantification of Smo intensity resembled and verified the results of
localization studies, but significantly, an additional mild reduction of
Smo intensity in TTC30B KO cells was revealed.

The initial step of Shh signaling is Hh ligand binding to Ptch1, which
then exits the cilium. Subsequently, Ptch1 relieves its inhibition of Smo,
which in return enters the cilium and can affect downstream targets
leading, among others, to the formation of Glil (Rohatgi et al., 2007). As
Smo localization is dependent on ciliary exit of Ptch1, this re-localization
of Ptch1 in TTC30A/B wildtype and knockout cells without or with Shh
activation was investigated but appeared unaltered upon TTC30A loss
(Supplementary Figure S3A). The SAG treatment itself does not affect
the re-localization of Ptchl, but it activates the Shh pathway. This
activated Shh pathway then leads to a degradation of Ptchl mediated by
ubiquitin (Yue et al, 2014; Desai et al., 2020; Yang et al., 2021).

The final outcome of Shh activation is the formation of Glil. Hence,
upon SAG-mediated Shh activation, the Glil level increases and should
be affected due to the observed mis-localization of Smo in TTC30A/B
single KO cells. Hence, mRNA expression levels determined by gPCR in
SAG-treated and untreated TTC30A/B wildtype, KO, and rescue cells.
Statistical analysis by one-way ANOVA [F(7,32) = (10.95), p = < 0.0001],
followed by Tukey's test revealed that in TTC30A KO cells, upon SAG
stimulation, Glil mRNA level was significantly reduced compared to
that in control cells (p < 0.001, 95% C.I. = [0.0002802, 0.001176], which
reflects the strong phenotype of Smo mis-localization. Furthermore, in
TTC30B KO cells, a tendency to decreased Glil mRNA level is visible but
not significantly different compared to the control, which resembles the
mild Smo localization phenotype. The strong Glil mRNA expression
observed in TTC30A/B wildtype and mutated A375V rescue cells that
originate from the TTC30A/B double-KO cells is most likely driven by
cilia-independent Shh signaling (Supplementary Figure S3B).

In conclusion, the data presented here suggest a paralog-specific
function of TTC30A in Shh signaling. Smo localization and PKA
activity were shown to be independent of Ptch1 function, but they do
affect Glil formation and rely on TTC30A wildtype with mis-
localization upon the loss or mutation of TTC30A. A possible
involvement of impaired TTC30A-IFT57 interaction leading to
synpolydactyly in A375V patients remains debatable.

4 Discussion

4.1 Patient A375V mutation leads to a
decreased interaction of TTC30A with
IFT57 and TTC30B with TTC37

Paralog proteins TTC30A and TTC30B share a remarkable
resemblance regarding their sequence. Only a minor deviation
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(4.66% of the sequence) distinguishes TTC30A from TTC30B. In the
double-KO background (Takei et al., 2018; Hoffmann et al,, 2022), a
paralog-specific rescue, which comprises either wildtype TTC30A or
TTC30B, could equally recover TTC30-dependent cilia assembly
and polyglutamylation to the level of single-KO cells (Hoffmann
et al, 2022). Regarding these functions, TTC30A/B redundancy is
extremely important for ciliogenesis and maintaining cilia function.

Despite these striking similarities in appearance and function,
there was also evidence hinting at non-overlapping functions of
TTC30A and TTC30B. In a Chinese pedigree, a rare TTC30B
missense variant (A375V) was discovered and linked to Sonic
hedgehog signaling (Shh) (Du et al., 2019). In Xenopus tropicalis,
TTC30A was connected to ciliary chondrodysplasia with polycystic
kidney disease. Intriguingly, they also assumed an involvement of
Shh (Getwan et al,, 2021). Using paralog-specific PPI investigation,
we were able to show new and distinct interactions (Hoffmann et al.,
2022).

In the study presented here, the influence of the A375V variant
on wildtype TTC30A/B interactome was investigated (Du et al.,
2019). TTC30B analysis revealed a reduced abundancy of TTC37 in
the mutant (Table 1). TTC37 is a component of the SKI complex. It
acts as a co-factor and regulator of the exosome-mediated decay of
RNA. The malfunction of SKI is linked to the trichohepatoenteric
syndrome (Kogel et al., 2022).

Interestingly, the IFT-B complex protein IFT57 binding to
TTC30A was diminished for A375V in relation to wildtype
TTC30A (Table 1). However, IFT57 localization and cilia length
were not influenced in TTC30 A375V rescue cells, hinting toward
normal IFT-B function in ciliogenesis in mutant cells.

Nevertheless, a disturbed TTC30A-IFT57 secondary interaction
caused by A375V mutation would explain how this mutation is
connected to Shh. IFT57 knockdown was shown to lead to disturbed
Shh and polydactyly in mice (Houde et al., 2006). In addition, in
humans, Shh dysregulation linked to reduced Glil induction and
polydactyly was observed. However, a total loss of IFT57 ultimately
leads to disrupted ciliary assembly and was shown to be lethal
(Thevenon et al., 2016). However, no other direct link of TTC30A/B
mutation and Shh signaling could be found in the study presented
here using overexpression, indicating limitations of the assay based
on transient overexpression (Gibson et al., 2013).

The IFT-B structural model recently described by Petriman et al.
(2022) shows that TTC30 and IFT57 do not directly interact with each
other. In the IFT-B1 complex, TTC30 is connected to IFT88 and IFT52.
IFT88/52 then directly interact with IFT57 and IFT38, which belong to
the IFT-B2 subcomplex (Katoh et al., 2016; Taschner and Lorentzen,
2016). Whether a minor conformational change in TTC30 due to
A375V mutation (Du et al,, 2019) would influence the binding pattern
of IFT88/52 to IFT57 is up to speculation.

4.2 Loss of TTC30A function leads to
PRKACA-dependent inhibition of the Sonic
hedgehog pathway

Taken together, there are several indicators proposing an
involvement of TTC30A/B in Shh. The discovered A375V
mutation found in a Chinese pedigree was localized in the
TTC30B gene. Shh signaling was disturbed due to the reduced
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Smo and Gli mRNA expression level, ultimately leading to
synpolydactyly (Du et al., 2019).

Interactome data proposed an interaction of TTC30A with
PRKACA Protein kinase A catalytic subunit a (PRKACA).
PRKACA is a key regulator for Shh inhibition, which might help
understand signaling misregulation observed by Du et al. (Taylor
etal,2013; Duetal., 2019). In the Shh off state, PKA phosphorylates
full-length Gli2 and Gli3 (GIiFL) transcription factors, which are
then processed into their repressed forms (GliR). Upon Shh
activation, GliFL is not processed to GliR but to its active form
GliA. The ratio of GliA/GliR regulates the expression of target genes
(e.g., Ptchl and Glil) (Cohen et al,, 2015).

To investigate a possible impact of TTC30A KO on Shh, other
pathway components were examined in the context of TTC30A/B
single-KO cells and double-KO cells rescued with either wt or
mutant TTC30A/B. In the Hh off state, PKA is active and
phosphorylates its target substrates, which ultimately leads to an
inhibition of Shh (Mukhopadhyay and Rohatgi, 2014).

The data presented here show that Smo does not enter the ciliary
membrane in TTC30A KO or TTC30A A375V mutant cells, while
simultaneously, the PKA activity increases. Similarly, but to a lesser
extent, ciliary localization of Smo in TTC30B KO or TTC30B A375V
mutant cells is reduced while PKA activity is only affected in
TTC30B rescue cells. In 2021, Arveseth et al. (2021) showed that
Smo is capable of recruiting and directly inhibiting PKA-dependent
phosphorylation. Happ et al. were able to define a decoy substrate
sequence of Smo, which blocks PKA-C activity (Happ et al., 2022).
Our data indicate that TTC30A is involved in PKA inhibition in the
Shh on state.

We want to implement the data gathered here into the so far
known regulation of the Shh pathway. In the Hh on state, Hh ligand
binds to Ptchl, which leaves the ciliary membrane and its inhibition
on Smo is lifted. Upon entering the ciliary membrane, Smo is
involved in the dissociation of SUFU from GIiFL transcription
factors (Wang et al., 2010; Chen et al, 2011) and the inhibition
of PKA activity (Arveseth et al., 2021; Happ et al, 2022). GliFL
proteins can then be processed into their activated form, GliA, and
the ratio of GliA/GIiR is shifted toward GliA, which increases the
activation of target genes in the nucleus (Figure 8A) (Niewiadomski
et al,, 2019). Localization studies of untreated control, TTC30A/B
KO, and TTC30A/B double-KO cells rescued with either TTC30A/B
wt or TTC30A/B A375V revealed the
phosphorylated PKA substrates at the BB and, more faintly, to
the cilium (Figures 5, 8B). This resembles a basal level of PKA
activity in the Hh off state (Moore et al., 2016). Smo cannot enter the

accumulation  of

cilium. The adenylyl cyclase (AC) is active and increases intraciliary
cAMP level. Cyclic AMP phosphorylates the regulatory subunits of
PKA, which then dissociate from the PKA complex and relieve the
suppression of PKA catalytic subunits (Taylor et al, 2013).
Subsequently, these can now phosphorylate GIFL and other
PKA-specific substrates. GliFL is then cleaved into GliR, and the
ratio of GliA/GliR now shifts toward GliR, which increases the
repression of the target genes in the nucleus (Figure 8B)
(Niewiadomski et al, 2019). Upon treatment with forskolin, we
expected an increase in adenylyl cyclases 5 and 6 (AC5/6) activity
and, therefore, elevated levels of cAMP, PKA activity, and
phosphorylated PKA substrates, which was already shown based
on the total protein level. This effect extends basal level Hh off state
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Overview of Sonic hedgehog signaling. The schematic view depicts the main regulators of Shh in the cilium. In the Hh on state, (A) Hh ligand binds to
Ptchl, which exits the ciliary membrane and stops inhibiting Smo. Smo then enters the cilium, inhibits PKA activity, and is involved in the formation of GliA.
In the absence of Hh ligand (Hh off state), (B) Ptchl inhibits Smo. The AC is active and increases intraciliary cAMP level. CAMP increases the activity of PKA,
which phosphorylates its substrates and is involved in the formation of GliR. Forskolin treatment (C) further increases the activity of AC and, hence,
the cAMP level and PKA activity. PKA phosphorylates more substrates, and more GliR is formed. This strong Hh repression is counter-regulated by a PKA-
mediated feedback loop (D) decreasing AC activity, CAMP level, PKA activity, the phosphorylation of PKA substrates, and GliR formation. In TTC30A KO
and rescue TTC30A A375V cells, this PKA-mediated cAMP downregulation is disturbed (E), leading to an overly active AC and PKA as well as an

accumulation cAMP and phosphorylated PKA substrates.

and leads to a shift of GliA/GliR ratio even more toward the
repression of target genes (Figure 8C) (Ding and Staudinger,
2005; Vuolo et al, 2015; Moore et al, 2016). Interestingly,
forskolin treatment revealed rather decreased ciliary phosphorylated
PKA substrates in control, TTC30B KO, and wt TTC30A rescue
cells (Figures 5, 8D). Here, a PKA-mediated feedback loop
inhibits AC5/6 (Iwami et al, 1995; Murthy et al., 2002;
Wangorsch et al, 2011). This negative regulation reduces
intraciliary cAMP level and, thus, PKA activity (Murthy et al,
2002; Wangorsch et al.,, 2011; Cantero Mdel et al., 2015). This
effect is further enhanced by the PKA-mediated activation of
phosphodiesterase 3 (PDE3) (Murthy et al., 2002). Additionally,
it was shown that PKA, as well as GSK3 and CK2, phosphorylates
polycystin 2 (PKD2) (Cai et al., 2004; Streets et al., 2006; Cantero
Mdel et al, 2015). Phosphorylated PKD2 increases the
intraciliary Ca®" level, which in turn also leads to a reduction
of cAMP, probably due to the inhibition of Ca**-sensitive AC5/6
(Nauli et al., 2003; Choi et al., 2011; Cantero Mdel et al., 2015).
We hypothesize that this effect leads to a decline of pPKA
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substrates below the basal level of Hh off state (Figure 5). The
consequence of this cAMP downregulation is a shift of GliA/GliR
ratio by reducing GliR, followed by a lower repression of nuclear
target genes (Figure 8D). This negative feedback loop and the
subsequent PKA-mediated downregulation of AC, cAMP, and,
finally, PKA itself is disturbed in TTC30A KO cells and TTC30A/
B double-KO cells rescued with TTC30A A375V (Figure 8E).
Hence, in these cell lines, PKA activity remains constantly
increased, and its substrates are continuously phosphorylated
and accumulate at the ciliary base and the PCM (Figure 5).
Additionally, GIiFL phosphorylation and cleavage to GliR are
upregulated, altering GliA/GliR ratio strongly toward repression
of the nuclear target genes (Figure 8E). Interestingly, it was shown
that the deletion of Pkd2 in mice led to an increased expression of
phosphorylated PKA substrates (Choi et al, 2011), which
strongly resembles the phenotype we describe in TTC30A KO
and A375V TTC30A rescue cells.

In the study presented here, a functional relevance of
TTC30A-PRKACA interaction was shown, confirming the
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involvement of TTC30A in Shh signaling. We demonstrated that the
loss or A375V mutant TTC30A has an impact on Smo localization
and the phosphorylation of PKA substrates. Such a strong Shh
phenotype would lead to embryonic lethality, indicating that
synpolydactyly seen in patients carrying the A375V mutation
reflects a subtle symptom based on TTC30B mutation.
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Several of our internal organs, including heart, lungs, stomach, and spleen,
develop asymmetrically along the left-right (LR) body axis. Errors in establishing
LR asymmetry, or laterality, of internal organs during early embryonic
development can result in birth defects. In several vertebrates—including
humans, mice, frogs, and fish—cilia play a central role in establishing organ
laterality. Motile cilia in a transient embryonic structure called the “left-right
organizer” (LRO) generate a directional fluid flow that has been proposed to be
detected by mechanosensory cilia to trigger asymmetric signaling pathways that
orient the LR axis. However, the mechanisms that control the form and function of
the ciliated LRO remain poorly understood. In the zebrafish embryo, precursor
cells called dorsal forerunner cells (DFCs) develop into a transient ciliated structure
called Kupffer’s vesicle (KV) that functions as the LRO. DFCs can be visualized and
tracked in the embryo, thereby providing an opportunity to investigate
mechanisms that control LRO development. Previous work revealed that
proliferation of DFCs via mitosis is a critical step for developing a functional
KV. Here, we conducted a targeted pharmacological screen to identify
mechanisms that control DFC proliferation. Small molecule inhibitors of the
sarcoplasmic/endoplasmic reticulum Ca?*-ATPase (SERCA) were found to
reduce DFC mitosis. The SERCA pump is involved in regulating intracellular
calcium ion (Ca®") concentration. To visualize Ca®* in living embryos, we
generated transgenic zebrafish using the fluorescent Ca®* biosensor GCaMP6f.
Live imaging identified dynamic cytoplasmic Ca®* transients (“flux”) that occur
unambiguously in DFCs. In addition, we report Ca?* flux events that occur in the
nucleus of DFCs. Nuclear Ca?* flux occurred in DFCs that were about to undergo
mitosis. We find that SERCA inhibitor treatments during DFC proliferation stages
alters Ca®* dynamics, reduces the number of ciliated cells in KV, and alters embryo
laterality. Mechanistically, SERCA inhibitor treatments eliminated both
cytoplasmic and nuclear Ca?* flux events, and reduced progression of DFCs
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through the S/G2 phases of the cell cycle. These results identify SERCA-mediated
Ca®* signaling as a mitotic regulator of the precursor cells that give rise to the

ciliated LRO.
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embryonic development, organ laterality, birth defects, left-right organizer, cilia, Ca*
signaling, cell cycle, zebrafish

Introduction

Defects in establishing typical organ left-right (LR) asymmetry,
known as situs solitus, during embryonic development can result in a
mirror-image reversal of laterality, called situs inversus totalis, or a
randomization of laterality called situs ambiguous (Aylsworth,
2001). Situs inversus totalis is associated with a low incidence of
clinical consequences because the relative positioning of organs is
maintained despite being in a reversed orientation. In contrast, situs
ambiguous results in heterotaxy syndrome (HTX), which is
associated with a broad spectrum of birth defects that affect the
cardiovascular and gastrointestinal systems (Soofi et al., 2021).
HTX-associated heart defects are variable and can be quite
severe, leading to a high frequency of morbidity and mortality
(Buca et al, 2018). In the 1970s, human laterality defects were
linked to defects in motile cilia (Afzelius, 1976). Motile cilia are
microtubule-based hair-like projections from cells that beat in a
coordinated fashion to generate directional fluid flows in diverse
structures that include airways, brain ventricles, and fallopian tubes
(Amack, 2022). Work over the last 2 decades has identified and
characterized transient structures in vertebrate embryos containing
motile cilia that create asymmetric fluid flows that establish the LR
body axis (Nonaka et al., 1998; Essner et al., 2002; Blum et al., 2009;
Dasgupta and Amack, 2016; Hamada, 2020; Little and Norris, 2021).
These ciliated structures—which include the ventral node/posterior
notochordal plate in mouse and rabbit (Nonaka et al., 1998; Okada
et al., 2005; Blum et al, 2007), the gastrocoel roof plate in frog
(Schweickert et al., 2007), and the Kupffer’s vesicle in fish (Amack
and Yost, 2004; Essner et al., 2005; Kramer-Zucker et al., 2005;
Okada et al., 2005)—are now referred to as the left-right organizer
(LRO) of the embryo. In these animal models, disrupting the
formation or function of the ciliated LRO recapitulates laterality
defects found in patients. Recent work has focused on understanding
the cellular and molecular mechanisms by which the LRO breaks LR
symmetry during early stages of embryogenesis.

In the mouse embryo, motile cilia generate a right-to-left fluid
flow in the pit-shaped LRO that is required to establish asymmetric
(left-sided) Nodal expression in the lateral plate mesoderm (Nonaka
et al, 1998). Nodal, a secreted TGFp signaling molecule, binds its
receptor to activate target genes, including the transcription factor
Pitx2, to mediate LR asymmetric morphogenesis of cardiovascular
and gastrointestinal organs (Shiratori and Hamada, 2014).
Mechanistically, motile cilia-driven fluid flows induce asymmetric
Ca®™ signals on the left side of the LRO by activating immotile
mechanosensory cilia (Mizuno et al.,, 2020; Katoh et al., 2023) and/or
transporting signaling vesicles (Tanaka et al., 2005; Tanaka et al.,
2023). These asymmetric Ca®" signals trigger degradation of mRNA
of the Nodal antagonist Dand5. Reduced Dand5 expression on the
left side of the LRO then allows asymmetric Nodal signaling in left
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lateral plate mesoderm and subsequent lateralization of internal
organs. A similar motile cilia-generated fluid flow- > asymmetric
Ca®* flux- > left-sided Nodal signaling- > LR asymmetric organ
morphogenesis pathway has been characterized in zebrafish (Yuan
et al, 2015; Djenoune et al,, 2023). While it is established that the
function of the LRO is to determine the LR axis, the pathways,
mechanisms, and cell behaviors that control the formation of the
LRO remain poorly understood.

In contrast to other vertebrates, the precursor cells that give rise
to the LRO have been identified in the zebrafish embryo (Cooper
and D’Amico, 1996; Melby et al., 1996; Warga and Kane, 2018).
These precursor cells—known as dorsal forerunner cells (DFCs)—
undergo specific developmental steps to form the ciliated epithelial
structure called Kupffer’s vesicle (KV) that functions as the LRO in
the embryo (Amack et al., 2007; Oteiza et al., 2008; Forrest et al.,
2022) (Figures 1A, B). First, approximately 25 DFCs are specified in
the dorsal region of the embryo at the 50% epiboly stage that occurs
~5h post-fertilization (hpf). Next, DFCs move posteriorly and
proliferate to generate approximately 50 cells that will give rise to
KV. At the tailbud stage (~10 hpf), DFCs undergo a mesenchymal-
to-epithelial transition and form a rosette-like structure. Finally,
each epithelial KV cell elaborates a cilium that projects into a fluid-
filled lumen that expands from the center of the rosette. Motile KV
cilia create a directional fluid flow inside the KV lumen that triggers
left-sided expression of a Nodal-related gene called southpaw (spaw)
in lateral plate mesoderm (Long et al., 2003) (Figures 1A, C).
Asymmetric organogenesis in zebrafish includes the leftward
migration or “jogging” of the heart tube as it elongates (Chen
et al,, 1997) at 1 day post-fertilization (dpf) (Figures 1A, D), and
the process of rightward “looping” at 2 dpf that is highly conserved
across vertebrates (Desgrange et al., 2018). Thus, DFC/KV cells in
the zebrafish embryo provides a unique system to investigate
mechanisms that control LRO development and organ laterality.

Previous work indicates that proliferation of DFCs via mitotic
cell division is a critical step for KV formation and function (Kim
et al,, 2011; Zhang et al., 2012; Arrington et al., 2013; Gokey et al.,
2015; Liu et al., 2019; Rathbun et al., 2020). The proliferation of
DFCs peaks during epiboly stages and then decreases as
mesenchymal DFCs transition into ciliated epithelial KV cells
(Gokey et al., 2015; Liu et al, 2019). Manipulations that reduce
or disrupt mitosis of DFCs can alter KV formation and result in
organ laterality defects. However, molecular regulators of DFC
proliferation remain largely unknown. To identify new pathways
that regulate the mitotic rate of DFCs we conducted a targeted in
vivo pharmacological screen. Here, we report results from this screen
that identify the sarcoplasmic/endoplasmic reticulum Ca**-ATPase
(SERCA) as a regulator of DFC mitosis. SERCA proteins modulate
Ca’* signaling in cells by pumping Ca®* out of the cytoplasm and
into compartments that function as Ca** stores. Ca** signaling has
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Dorsal forerunner cells give rise to the ciliated Kupffer's vesicle that functions as the left-right organizer in the zebrafish embryo. (A) Diagram of early
zebrafish embryo development. Dorsal forerunner cells (DFCs) are specified at the 50% epiboly stage and then form Kupffer's vesicle (KV) by the 6 somite
stage at 12 h post-fertilization (hpf). Cilia-generated fluid flow inside KV directs asymmetric expression of spaw and downstream asymmetric heart
development. For all pharmacological treatments herein, drugs were added to embryos at the 60% epiboly stage (6.5 hpf) and removed at 70%
epiboly (7.5 hpf). Created using BioRender.com. (B) Confocal microscopy images of DFCs and the ciliated KV. DFC/KV cells are labeled with membrane-
localized EGFP expression in Tg(sox17:EGFP-caax) embryos. KV cilia are labeled with anti-acetylated tubulin antibodies. (C) RNA in situ hybridization of
spaw expression in left lateral plate mesoderm (arrow) in a wild-type embryo. Dashed line marks the embryo midline. (D) Left-sided jogging (dashed
arrow) of the heart visualized by EGFP expression driven by a myl7 promoter in cardiomyocytes in a wild-type embryo.

been implicated in LRO formation. In zebrafish, SERCA-mediated
Ca®" signaling has been linked to DFC clustering, gene expression,
and cilia formation (Kreiling et al., 2008; Schneider et al., 2008). To
investigate dynamic changes in Ca*" concentration (Ca** flux) in
real-time, we developed a new transgenic Ca®" biosensor zebrafish
strain that allows unambiguous visualization of Ca** fluxes that
occur in DFCs. Live imaging revealed cytoplasmic DFC Ca®" flux
events and, for the first time, identified a nuclear Ca** flux in DFCs
that precedes mitosis. We uncover that SERCA inhibitor treatments
disrupt both cytoplasmic and nuclear Ca®* flux in DFCs, and reduce
progression of DFCs through the S/G2 phases of the cell cycle. These
findings reveal a new function Ca** signaling in regulating
proliferation during LRO development and identify novel nuclear
Ca*" signaling events in LRO precursors that provide a real-time
marker for mitosis.

Results

A targeted pharmacological screen
identifies Ca®* signaling as a regulator of
DFC proliferation

To identify pathways that mediate DFC proliferation, we conducted
a small-scale pharmacological screen to target signaling pathways
previously implicated in DFC/KV development. These included
Wnt, Bmp, FGF, Ca*, Nodal, Notch, SHH, and mTOR
(Supplementary Table S1). To disrupt these pathways, we used small
molecules at doses that have been successfully used in zebrafish
embryos (Supplementary Table S1). Previous work indicates the
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proliferation rate of DFCs peaks between the 60%-70% epiboly
stages that occur between 6-8 hpf (Gokey et al, 2015). We therefore
focused our analyses on these stages of DFC development. For the
screen, we used Tg(sox17:EGFP-CAAX; myl7:EGFP) transgenic
embryos that express membrane-localized EGFP in the DFC/KV cell
lineage driven by a sox17 promoter, and EGFP in the heart driven by a
myl7 promoter (Dasgupta et al., 2018). These embryos, referred to here
as Tg(sox17:EGFP-caax), allow analysis of EGFP labeled DFCs during
epiboly stages, KV cells during somite stages, and heart laterality
between 1-2 dpf (Figures 1B, D).

Starting at the 60% epiboly stage, after DFCs have been specified
(Oteiza et al, 2008; Warga and Kane, 2018), Tg(sox17:EGFP-caax)
embryos were soaked in embryo medium containing either a specific
small molecule drug or 1% dimethyl sulfoxide (DMSO) as a vehicle
negative control. After incubation for 60 min at 28.5°, the treatment was
removed (Figure 1A) and embryos were washed with fresh embryo
medium. To analyze DFC proliferation, embryos were fixed at 70%
epiboly stage and antibodies that recognize EGFP were used to label
DFCs and antibodies that detect phosphorylated Histone H3 (pHH3)
were used to identify cells undergoing chromatin condensation during
mitosis (Hans and Dimitrov, 2001) (Figure 2A). Quantification of the
number of pHH3-positive DFCs was used to calculate a mitotic index
(e.g., the percentage of DFCs in mitosis) as we’ve previously described
(Gokey et al, 2015). For each treatment, we analyzed on average
400 DFCs in 12 embryos from at least two independent
experiments (see Supplementary Table S2). The mitotic index of
DFCs in DMSO control embryos at the 70% epiboly stage was
consistent with wild-type embryos in previous reports (Gokey et al,
2015; Rathbun et al., 2020); although we observed some experiment-to-
experiment variability (the average mitotic index ranged between 3.1%
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FIGURE 2

Atargeted pharmacological screen to identify pathways that mediate DFC proliferation. (A) To quantify DFC proliferation rate, Tg(sox17:EGFP-caax)

embryos were fixed at the 70% epiboly stage. Antibodies that recognize EGFP were used to label DFCs (green), and phosphorylated Histone H3 (pHH3)
antibodies were used to identify cells in mitosis (magenta). DAPI staining (cyan) was used to mark all nuclei. In the merged image, arrows point out mitotic
DFCs and asterisks point out mitotic neighboring (non-DFC) cells. (B) Results from the pharmacological screen. See Supplementary Table S1 for drug

targets. The number of pHH3-positive DFCs was used to calculate a mitotic index (the percentage of DFCs in mitosis). Bar graphs indicate average values
and error bars represent one standard deviation. Each circle on the graphs represents results from an individual embryo. The average mitotic index of
DFCs in drug treated embryos was compared to control (DMSO treated) embryos from the same experimental group. An unpaired two-tailed t-test with
Welch's correction was used for statistical analysis. See Supplementary Table S2 for n values and p values. * = significant difference; ns = not significant.

and 6.9%) (Figure 2B; Supplementary Table S2). The average mitotic
index of DFCs in drug treated embryos was compared to control
DMSO treated embryos from the same experimental group (Figure 2B;
Supplementary Table S2). This analysis revealed that embryos treated
with small molecules targeting the FGF (SU5402), Wnt (XAV939),
mTOR (Rapamycin), BMP (LDN193189), and SHH (SAG) pathways
reduced the DFC mitotic index relative to controls, but these reductions
were not statistically significance (Figure 2B; Supplementary Table S2).
In contrast, embryos treated with thapsigargin (Thaps), a small
molecule targeting the sarcoplasmic/endoplasmic reticulum Ca*-
ATPase (SERCA) that regulates intracellular Ca®* levels (Lytton
et al, 1991), eliminated pHH3 staining in DFCs (Figure 2B
Supplementary Table S2). These results implicated SERCA-mediated
Ca**signaling in DFC proliferation.

SERCA inhibitor treatments during epiboly
alter proliferation of DFCs, the number of
ciliated KV cells, and left-right patterning of
the embryo

Based on the results of our pharmacological screen, we focused

on characterizing the role of SERCA activity during DFC
proliferation and formation of the ciliated KV. The SERCA
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pump uses ATP to transport Ca** from the cytoplasm to the
endoplasmic reticulum or sarcoplasmic reticulum (Primeau et al.,
2018), or the nuclear envelope (Lanini et al., 1992; Collado-Hilly
etal., 2010) (Figure 3A). Blocking SERCA activity has been found to
initially increase cytoplasmic Ca** levels and ultimately deplete Ca**
stores thereby altering Ca®" signaling dynamics. RNA sequencing of
isolated DFCs (our unpublished data) indicates that two out of the
three genes (atp6a2b and atpaZa, but not atp2al) that encode
SERCA pumps are expressed in these cells. To avoid potential
genetic compensation, pleiotropic effects, and/or off-target effects
that can complicate gene knockdown approaches, we chose to
with  SERCA-mediated
pharmacological inhibitors that offer tunable doses and temporal

interfere Ca*'signaling  using
control of treatments. To validate results from the screen, we 1)
repeated the thapsigargin treatments and 2) treated embryos with a
second SERCA inhibitor called cyclopiazonic acid (CPA) that has
been effectively used in zebrafish embryos (Kreiling et al., 2008;
Schneider et al., 2008). Consistent with results from the screen, new
1 uM thapsigargin treatments at 60% epiboly for 60 min
significantly reduced the DFC mitotic index at the 70% epiboly
stage (Figures 3B, C; Supplementary Table S3). Similarly, treating
embryos with 100 uM CPA at 60% epiboly significantly reduced the
number of mitotic DFCs (Figures 3B, C; Supplementary Table S3).
Importantly, we did not observe any developmental delay in treated
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FIGURE 3

Validation of screen results that identify Ca2+ signaling as a regulator of DFC proliferation. (A) Diagram of SERCA function to pump Ca?* from the
cytoplasm into endoplasmic reticulum stores, and the action of the small molecules thapsigargin (Thaps) and cyclopiazonic acid (CPA) to inhibit SERCA
Created using BioRender.com. (B) Treating embryos with 1 uM Thaps or 100 uM CPA significantly reduced the mitotic index of DFCs as compared to
negative control DMSO treated embryos. Bar graphs indicate average values and error bars represent one standard deviation. Each circle on the
graphs represents results from an individual embryo. An unpaired two-tailed t-test with Welch's correction was used for statistical analysis. * = significant
difference. n = number of embryos analyzed. (C) Representative merged images of pHH3 staining in Tg(sox17:EGFP-caax) embryos treated with 1%
DMSO (negative control), 1 yM Thaps, or 100 yM CPA. Arrows point out mitotic DFCs and asterisks point out mitotic neighboring (non-DFC) cells.

embryos relative to DMSO controls. To test the specificity of SERCA
inhibition on DFC proliferation, we quantified the mitotic index of
neighboring dorsal margin cells adjacent to DFCs. In contrast to the
reduction of proliferating DFCs in thapsigargin treated embryos,
there was no significant difference in the mitotic index in
neighboring non-DFC cells as compared to DMSO treated
controls (Supplementary Figure S1). These results indicate that
SERCA-mediated Ca*'signaling during epiboly is a regulator of
DEFC proliferation.

Since SERCA inhibitor treatments reduced the DFC mitotic index
during epiboly stages, we predicted this would result in a reduced
number of ciliated KV cells during subsequent somite stages. Motile
cilia protrude from the apical surface of epithelial KV cells into the fluid
filled KV lumen. KV cilia generate (Essner et al., 2005; Kramer-Zucker
et al,, 2005) and likely sense (Yuan et al., 2015; Djenoune et al,, 2023) a
directional fluid flow that is critical for LR asymmetric signaling and
organ patterning. Ciliated KV cells were visualized using Tg(soxI7:
EGFP-caax) embryos that mark KV cells and anti-acetylated tubulin
antibodies that label KV cilia. Embryos treated with 1% DMSO or 1 uM
thapsigargin at the 60% epiboly stage for 60 min were washed and
allowed to develop to the six to eight somite stages to analyze KV. KVs
in thapsigargin treated embryos were significantly smaller than KVs in
DMSO treated controls (Figures 4A, B). In addition, the number of KV
cilia was significantly reduced in embryos treated with thapsigargin
relative to controls (Figures 4A, C). We next quantified the number of
KV cells at the 6-somite stage as we've previously described (Tay et al.,
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2013). This analysis indicated the number of KV cells was significantly
reduced in thapsigargin treated embryos as compared to control DMSO
treated embryos (Figures 4A, D). Since both the number of KV cilia and
the number of KV cells were reduced in thapsigargin treated embryos,
we interpret these results to indicate that interfering with SERCA-
mediated Ca*'signaling during epiboly stages does not impact KV
ciliogenesis, but rather reduces the number of ciliated cells in KV.
Since thapsigargin treatments during epiboly stages inhibit DFC
mitosis and reduce the number of ciliated KV cells, we next asked
whether these treatments alter LR patterning of the embryo. In
previous work, treating embryos with thapsigargin during epiboly
using either higher doses (2.5 uM) (Schneider et al., 2008) or longer
exposures (2 h) (Kreiling et al.,, 2008) resulted in laterality defects. To
assess laterality in embryos treated with 1 uM thapsigargin at 60%
epiboly for 60 min, we first analyzed expression of the nodal-related
gene spaw in lateral plate mesoderm (Figure 4E). Normal left-sided
expression of spaw was detected in most DMSO control embryos,
whereas spaw was bilateral, right-sided, or absent in thapsigargin
treated embryos (Figure 4F). Consistent with spaw defects in
thapsigargin treated embryos, direction of heart jogging was
disrupted in these embryos at 1dpf (Figure 4G). Asymmetric
left-sided heart jogging was observed in control embryos,
whereas the heart often remained along the midline or jogged to
the right in thapsigargin treated embryos (Figure 4H). At 2 dpf,
DMSO and thapsigargin treated embryos had similar gross
morphologies (Supplementary Figures S2A, B). However, the
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SERCA inhibitor treatments during epiboly reduce the number of ciliated KV cells and disrupt left-right patterning of the embryo. (A) Representative
images of the ciliated KV in Tg(sox17:EGFP-caax) embryos treated with 1% DMSO (control) or 1 yM Thapsigargin (Thaps). KV cells are labeled with
membrane-localized EGFP expression (green), and KV cilia are labeled with anti-acetylated tubulin antibodies (magenta). (B—D) Treating embryos with
1 uM Thapsigargin during epiboly stages reduced the area of KV (B), the number of cilia in KV (C), and the number of cells in KV (D) relative to DMSO
treated controls. Bar graphs indicate average values and error bars represent one standard deviation. Each circle on the graphs represents results from an
individual embryo. An unpaired two-tailed t-test with Welch's correction was used for statistical analysis. * = significant difference. (E) Representative
images of normal left-sided spaw expression (arrows) in a DMSO control embryo and bilateral expression in a thapsigargin treated embryo. (F) Most
DMSO control embryos had left-sided spaw expression, whereas spaw was largely bilateral, and in some cases absent or right-sided in thapsigargin
treated embryos. (G) Representative images of normal leftward heart jogging (dashed arrow) in a DMSO treated control embryo and midline jogging in a
thapsigargin treated embryo. The heart tube was labeled by EGFP expression in cardiomyocytes. (H) Leftward heart jogging was observed in most control
embryos. In contrast, the heart often jogged along the midline or to the right in thapsigargin treated embryos. n = number of embryos analyzed
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SERCA activity meditates progression of DFCs through the S/G2 phases of the cell cycle. (A) Diagram of transgene expression during the cell cycle in

Dual-FUCCI transgenic zebrafish. Created using BioRender.com. (B) Representative image of a double Tg(Dual-FUCCI); Tg(sox17:EGFP-caax) embryo at
the 75% epiboly stage. DFC cell membranes are labeled by Tg(sox17:EGFP-caax) expression (green), and fluorescent antibody staining was used to detect
mCherry-Cdtl (magenta) and cerulean-Geminin (green). DAPI staining (cyan) was used to mark all nuclei. (C) Analysis of cell cycle status of DFCs in

wild-type Tg(Dual-FUCCI); Tg(sox17:EGFP-caax) embryos at different developmental stages. Bar graphs indicate average values and error bars represent
one standard deviation. Each circle on the graphs represents results from an individual embryo. (D) Quantification of the percentage of DFCs in G1
(magenta > green) in Tg(Dual-FUCCI); Tg(sox17:EGFP-caax) embryos treated with 1% DMSO (control) or 1 yM thapsigargin at 60% epiboly for 60 min and
then fixed at 75% epiboly or 90% epiboly. An unpaired two-tailed t-test with Welch's correction was used for statistical analysis. * = significant difference;
ns = not significant. (E, F) Representative images of control or thapsigargin treated Tg(Dual-FUCCI); Tg(sox17:EGFP-caax) embryos at the 75% epiboly (E)

or 90% epiboly (F) stage.

direction of heart looping was often along the midline or reversed in
thapsigargin treated embryos (Supplementary Figures S2C-F).
Although these outcomes are reminiscent of laterality defects
induced by other treatments that reduce DFC proliferation
(Arrington et al., 2013; Gokey et al., 2015; Liu et al.,, 2019), the
disruption of LR asymmetry in thapsigargin treated embryos may be
due to pleiotropic effects. Thus, it is not possible to conclude that
laterality defects in thapsigargin treated embryos are directly due to
small KVs in these embryos. However, the correlation of laterality
defects with KV defects is consistent with a model in which SERCA-
mediated Ca*'signaling during epiboly mediates DFC proliferation
that regulates the number of ciliated KV cells, which in turn, impacts
LR patterning of the embryo.

Inhibiting SERCA alters cell cycle
progression of DFCs

To investigate the cellular mechanism by which SERCA
inhibitor treatments reduce DFC proliferation, we developed
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methods using Tg(Dual-FUCCI) transgenic embryos to analyze
the cell cycle of DFCs. The cell cycle consists of four phases: gap/
growth 1 (G1), DNA synthesis (S), gap/growth 2 (G2), and mitosis
(M). The previously described Dual-FUCCI (Fluorescent
Ubiquitination ~ Cell-Cycle transgenic
ubiquitously expresses an mCherry-Cdtl fusion protein that

Indicator) strain
accumulates in the nucleus during G1 phase, and a cerulean-
Geminin fusion protein that accumulates in the nucleus during S,
G2, and early M phases (Bouldin et al, 2014) (Figure 5A).
Generating  double  Tg(Dual-FUCCI);  Tg(sox17:EGFP-caax)
embryos allowed us to visualize of the cell cycle status of each
individual DFC marked by the Tg(sox17:EGFP-caax) transgene
(Figure 5B). We first characterized cell cycle status of DFCs in
wild-type embryos at different developmental stages. Because
transgene expression was low during epiboly stages, we used
antibodies to detect mCherry-Cdtl (pseudo-colored magenta)
and cerulean-Geminin (pseudo-colored green). At the 60%
epiboly stage, an average of 90% =+ 12% of DFCs (n =
10 embryos) showed strong nuclear fluorescence of the cerulean-
Geminin protein indicating the cells were in the S/G2/M phases,

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1292076

Abdel-Razek et al.

whereas 10% + 12% of the DFCs had strong mCherry-Cdtl
expression indicating G1 phase (Figure 5C). During subsequent
stages (75% epiboly, 90% epiboly, and tailbud) the percentage of
DECs with cerulean-Geminin protein expression decreased, and the
percentage of DFCs with mCherry-Cdtl expression increased
(Figure 5C). These results indicate the number of DFCs in S/G2/
M phases decrease during later epiboly stages. This is consistent with
previous work using other cell cycle markers that indicates the
proliferation of mesenchymal DFCs peaks ~60%-70% epiboly and
then decreases as DFCs differentiate into ciliated epithelial KV cells
(Gokey et al., 2015; Liu et al., 2019).

Next, we used Tg(Dual-FUCCI); Tg(sox17:EGFP-caax) embryos
to determine how SERCA inhibitor treatments impact the cell cycle
of DFCs. Since our pHH3 analysis indicates thapsigargin blocks
DEFCs from entering mitosis (Figure 3), we reasoned there were two
plausible mechanisms. First, thapsigargin may cause DFCs to
accumulate in G1. Work in human cell cultures has found that
inhibiting SERCA attenuates the G1- > S transition (Simon and
Moran, 2001). If this was the case in DFCs, we would expect to find
more mCherry-Cdtl positive (G1) DFCs in thapsigargin treated
embryos relative to controls. A second possibility is that thapsigargin
treated DFCs stall and fail to progress through S/G2. In this case, we
would see fewer mCherry-Cdtl positive (G1) DFCs in thapsigargin
treated embryos. To address this, Tg(Dual-FUCCI); Tg(sox17:EGFP-
caax) embryos were treated with 1 uM thapsigargin for 60 min
starting at the 60% epiboly stage and compared to 1% DMSO
controls. Following treatments, embryos were fixed at either the
75% epiboly or 90% epiboly stage for antibody staining of mCherry-
Cdtl (G1) and cerulean-Geminin (S/G2/M). Similar to wild-type
embryos, the percentage of DFCs in G1 increased between 75% and
90% epiboly in DMSO control embryos 5D-F;
Supplementary Table S4). In contrast, the percentage of DFCs in

(Figures

G1 remained similar between 75% and 90% epiboly in thapsigargin
treated embryos (Figures 5D-F; Supplementary Table S4). There
was no significant difference in G1 DFCs between DMSO and
thapsigargin treated embryos at 75% epiboly. However, at 90%
epiboly, the percentage of DFCs in Gl was significantly reduced
by thapsigargin treatments (Figure 5D; Supplementary Table S4).
Taken together with results that entry into M phase (mitotic index)
is significantly reduced in thapsigargin treated embryos (Figure 3),
these results indicate that inhibiting SERCA stalls DFCs in the
S/G2 phases of the cell cycle.

Visualization of SERCA-dependent Ca?* flux
in DFCs

We next wanted to investigate the effect of our thapsigargin
treatments on Ca" flux in live embryos. To visualize Ca®" dynamics
with high temporal resolution, we generated a stable transgenic
Tg(act2b:GCaMP6f) zebrafish strain that ubiquitously expresses the
genetically encoded Ca* sensor GCaMP6f, which increases
fluorescence upon Ca’" binding with fast (f) dynamics (Chen
et al,, 2013). To determine whether Tg(act2b:GCaMP6f) zebrafish
function as a robust Ca®* reporter strain, we asked whether we could
visualize fluctuations of GCaMP6f fluorescence intensity in
structures that are known to require dynamic Ca** signals. Using
real-time confocal microscopy, we observed waves of fluorescence
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signal during heart contractions (Supplementary Movie S1), flashes
in the olfactory pit (Supplementary Movie S2), and movement
activated flux in hair cells in neuromasts of the lateral line
(Supplementary Movie S3). These results indicate the Tg(act2b:
GCaMP6f) strain provides a useful new Ca®" reporter with fast
dynamics in zebrafish.

In previous work, the Ca*" sensors Oregon Green BAPTA-1
Dextran (Kreiling et al., 2008) or Fura-2 (Schneider et al., 2008) were
used to visualize and measure Ca** levels in zebrafish embryos.
Transient Ca*" fluxes were identified in the region of DFCs and were
most abundant at the 60%-70% epiboly stages (Schneider et al,
2008). More recently, transgenic zebrafish embryos ubiquitously
expressing the genetically encoded Ca®" indicator GCaMP6s, which
increases fluorescence upon Ca®" binding with slow (s) dynamics
(Chen et al,, 2013), were used to visualize Ca** flux activity in the
dorsal region of the embryo during epiboly with higher spatial
resolution (Chen et al., 2017). This study characterized Ca** fluxes in
epithelial enveloping layer (EVL) cells and in smaller mesenchymal
DFCs. Consistent with this report, we observed dynamic Ca** signals
in our Tg(act2b:GCaMP6f) embryos during epiboly stages at the
dorsal margin that included DFCs, neighboring margin cells, and
overlying EVL cells. Like previous studies that lacked a specific
marker for DFCs, we could only classify cells as DFCs based on
morphology and location near and/or below the dorsal margin in
these embryos. To explicitly identify DFCs and more precisely
quantify Ca®" signals that occur in DFCs, we generated double
Tg(act2b:GCaMP6f); Tg(sox17:EGFP-caax) transgenic embryos.
These embryos allow simultaneous detection of DFCs and
visualization of Ca** dynamics at high temporal and spatial
resolution wusing spinning disk confocal microscopy. This
approach allowed us to detect and analyze transient Ca**
increases that unambiguously occur in the cytoplasm of DFCs
(Supplementary Movie S4; Figure 6A).

To determine the duration of transient Ca®" increases, or Ca®*
flux events, in DFCs, we imaged Tg(act2b:GCaMPé6f); Tg(sox17:
EGFP-caax) embryos at single focal plane at 60% epiboly for 1 min
using a 1 s interval. Intensity profiles of GCaMP6f fluorescence were
plotted for individual cells to identify the start (defined as the
timepoint when GCaMP6f fluorescence increases above baseline
levels) and end (defined as the return to baseline) of a Ca** flux event
(Figure 6A). This analysis indicated that the duration of these DFC
cytoplasmic Ca** flux events ranged from 5 to 17 s and the average
was 11.7 £ 3.4 s (Supplementary Table S5). We next estimated the
frequency of DFC cytoplasmic Ca’' transients per embryo by
imaging the entire DFC cluster in Tg(act2b:GCaMPé6f); Tg(sox17:
EGFP-caax) embryos starting at 60% or 70% epiboly stage for longer
time periods. We used a 15 s interval, which was the minimum time
needed to image through all DFCs. To minimize photodamage, we
imaged each embryo for 10-30 min. Since our imaging interval
(15 s) was longer than the average duration of Ca** events (11.7 s),
this analysis could miss some events and can therefore only provide
an estimate of the frequency. We found that the number of
cytoplasmic Ca** flux events in the DFC cluster was variable
from embryo to embryo, but on average our analysis detected
DFC cytoplasmic flux events at a normalized rate of 20.2 *
13.6 events/hour/embryo at 60% epiboly and a similar 21.0 +
16.0 events/hour/embryo at 70% epiboly (Supplementary Table S6).
In some cases, the same DFC showed multiple cytoplasmic Ca*" flux
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Visualization of cytoplasmic Ca2+ flux events in DFCs. (A) Confocal time-lapse images of a single Z-plane through DFCs in a Tglact2b:GCaMPé6f);
Tg(sox17:EGFP-caax) embryo at the 60% epiboly stage. Changes in Ca** concentration (GCaMP6f fluorescence intensity) are visualized by changes in
intensity of the cyan hot lookup table (FIJI software). The asterisk marks a DFC that undergoes a transient cytoplasmic Ca®* flux. Dashed white line
indicates the boundary of the DFC cluster. The graph plots GCaMP6f fluorescence intensity in the cytoplasm in the DFC over time. t = time in sec.

AU = arbitrary units. (B) Image of a representative DFC cluster in a Tglact2b:GCaMP6f); Tg(sox17:EGFP-caax) embryo. Dashed white line indicates the
boundary of the DFC cluster, which is used to define left-anterior (LA), right-anterior (RA), left-posterior (LP), and right-posterior (RP) quadrants. The
asterisk indicates a DFC cytoplasmic Ca?* flux event. (C) Overlay of the DFC cluster boundaries and cytoplasmic Ca?* flux events in all embryos analyzed
(n = 56 events from 10 embryos) reveals spatial location of cytoplasmic Ca?* fluxes in DFCs. (D—F) Quantification of pooled DFC cytoplasmic Ca®* flux
events in DFC quadrants (D), along the LR axis (E), and along the AP axis (F).

events during imaging (see Supplementary Movie S8). These results
establish new methods to visualize transient Ca®* signals specifically in
DFCs with fast dynamics, and provide new insights into the duration,
frequency, and variability of Ca** flux in DFCs.

We then asked whether there was a pattern to the cytoplasmic
Ca®* flux events in DFCs. We generated spatial maps to determine
the relative positions that Ca®" flux events occurred within DFCs in a
pooled population of 10 embryos (Figures 6B, C; Supplementary
Table S7). Intriguingly, in each embryo we analyzed, we observed
regional clusters of DFCs that experienced Ca®* flux during the
imaging time window (Supplementary Figure S3). This suggests
local coordination of Ca** signaling. We observed cytoplasmic flux
events in all quadrants of the DFCs, with a slight bias towards the
left-anterior (LA) quadrant (Figures 6C, D). In addition, we found a
slight bias of Ca*" flux in left-sided DFCs (Figure 6E) and very little
difference along the anterior-posterior DFC axis (Figure 6F). Finally,
we determined the impact of SERCA inhibitor treatments on DFC
cytoplasmic Ca** flux events. Similar to wild-type embryos, DMSO
treated control embryos showed DFC cytoplasmic Ca** flux events
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(Supplementary Movie S5) at a rate of 18.5 + 13.2 events/hour at
70% epiboly (Supplementary Table S8). In contrast, treatments with
1uM thapsigargin or 100uM CPA initially increased the
cytoplasmic Ca** concentration and abolished Ca** flux events in
DFCs and Movie S6;
Supplementary Movie S7; Supplementary Table S8). Taken
together, these findings identify SERCA-dependent cytoplasmic
Ca** flux events with variable frequency and location in DFCs.

surrounding cells (Supplementary

Identification of nuclear Ca?* flux in DFCs

In addition to cytoplasmic Ca* flux events, live imaging of
Tg(act2b:GCaMPef);  Tg(sox17:EGFP-caax)
infrequent transient Ca®* spikes in the nuclei of DFCs (Figure 7A).

embryos  revealed
The identification of nuclear Ca®* flux in DFCs is intriguing because
nuclear Ca®* signaling has been implicated in regulating gene
expression and cell cycle in other systems (Resende et al, 2013).
The frequency of nuclear Ca** flux in DFCs was again variable from
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FIGURE 7

‘Embryo A OEmbryo B .Embryo C .Embryo D .Embryo E
@cmbryoF @PEmbryo G @PEmbryo H (D Embryo | @ Embryo J

Identification of nuclear Ca2+ flux in DFCs. (A) Confocal images of a single Z-plane through DFCs in a Tglact2b:GCaMP6f); Tg(sox17:EGFP-caax)
embryo at the 60% epiboly stage. Changes in Ca®* concentration (GCaMP6f fluorescence intensity) are visualized by changes in intensity of the cyan hot
lookup table (FIJI software). The asterisks mark a transient increase in Ca?* concentration in the nucleus of a DFC. Dashed white line indicates the
boundary of the DFC cluster. t = time in sec. (B) Image of a representative DFC cluster in a Tglact2b:GCaMP6f); Tg(sox17:EGFP-caax) embryo.
Dashed white line indicates the boundary of the DFC cluster, which is used to define quadrants. The asterisk indicates a DFC nuclear Ca®* flux event. (C)
Overlay of the DFC cluster boundaries and locations of nuclear Ca?* flux events in all embryos analyzed (n = 22 events from nine embryos). (D) Confocal
time-lapse images of DFCs in a Tglact2b:GCaMP6f); Tg(sox17:EGFP-caax) embryo. Following a nuclear Ca?* flux event (asterisk), the DFC (arrow) rounds

up and divides into two daughter cells. t = min:sec.

embryo to embryo, but we detected an average rate of 5.9 + 5.5 events/
hour/embryo at 60% epiboly and a reduced rate of 3.0 + 4.5 events/
hour/embryo at 70% epiboly (Supplementary Table S6). Similar to
cytoplasmic Ca*" fluxes in DFCs, spatial mapping of nuclear Ca**
signals (22 events in nine embryos) indicated a slight bias towards the
left-anterior quadrant and left side and of the DFC cluster (Figures 7B,
C; Supplementary Figure S4; Supplementary Table S7). Also similar to
cytoplasmic signals, nuclear DFC Ca*" signals were observed in DMSO
treated controls but were not detected in Thapsigargin or CPA treated
embryos (Supplementary Table S8). These results identify for the first
time SERCA-dependent nuclear Ca** flux events in DFCs.

Nuclear Ca?* flux events provide a real-time
marker for DFC mitosis

We next used time-lapse imaging to track and characterize cell
behaviors of DFCs following Ca?" flux events. First, we tracked DFCs
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that showed a cytoplasmic Ca®" flux event (n = 10 cells from seven
embryos imaged during five independent experiments). Tracking
these cells for up to 20 min did not reveal any gross changes in cell
morphology, behavior, or position (Supplementary Movie S8;
Supplementary Table S9). We next tracked DFCs following a
nuclear Ca®" flux event (n = 10 cells from seven embryos imaged
during five independent experiments). In contrast to cytoplasmic
Ca?* events, nuclear Ca?* flux was associated with cell division of
DFCs (Supplementary Movie S9; Figure 7D). Nine out of ten DFCs
analyzed were found to change to a rounded morphology and then
divide into two daughter DFCs within the imaging time window
(Supplementary Table S9). The average time between nuclear Ca**
flux and cell division was 12.2 + 3.86 min. For the one DFC that did
not divide, the imaging period ended after 10 min. We predict we
would have observed this DFC divide if we had imaged long enough.
To address whether nuclear Ca®" flux always precedes division, we
tracked DFCs that did not show nuclear Ca** flux (or cytoplasmic
Ca*" flux) and asked if any of these cells divided. We tracked 20 cells
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from five embryos from three independent experiments (for
20-40 min) and none of these cells divided (Supplementary Table
510). These experiments suggest nuclear Ca** flux precedes all DFC
cell division, and thereby provides a real-time marker for DFCs that
will undergo mitosis.

Discussion

The DFC/KV cell lineage in the zebrafish embryo provides a
unique window into LRO development. Previous work has identified
mitotic cell division of DFCs during epiboly stages as a critical step
towards building a functional KV (Gokey et al., 2015; Liu et al., 2019;
Rathbun et al., 2020). Here, we report results from a small-scale
targeted pharmacological screen that has identified Ca** signaling as
a regulator of DFC mitosis. Due to limitations of our
pharmacological screen, we cannot conclusively rule out any of
the tested pathways as regulators of DFC/KV proliferation. Small
molecule inhibitors of FGF, Wnt, mTOR, BMP, and SHH pathways
resulted in modest reductions in DFC mitotic index (Figure 2B;
Supplementary Table S52). While these reductions were not
significantly different from negative controls in our screen, it is
possible that different drug doses or exposure times could result in a
significant impact on DFC proliferation. It also remains possible that
several pathways interact to coordinate DFC proliferation, and that
simultaneously inhibiting multiple pathways may result in additive
or synergistic effects. While results from the screen provide a
starting point for future work to address these questions, the
overarching goal of the screen was to identify big effects on
mitotic index of DFCs at a very specific point in development.
Our finding that thapsigargin treatments suppressed the DFC
mitotic index represented a significant ‘hit’ in the screen. We
therefore focused on Ca** signaling during DFC proliferation and
KV development.

Multiple functions for Ca®* signaling during
development of LR asymmetry

SERCA controls cytosolic Ca®" concentration by translocating
Ca’" out of the cytoplasm into subcellular Ca®" stores (Figure 3A).
SERCA activity can thereby regulate the dynamics of transient
increases in cytosolic Ca’" levels from internal stores or the
external environment that serve as signals to impact cell
behavior. Transient Ca®" signals, or flux events, regulate a
number of cellular processes, including contraction, secretion,
metabolism, gene expression, and proliferation (Bootman and
Bultynck, 2020). Ca®>* mediates these downstream effects in a
context-dependent manner by interacting with an extensive array
of Ca®*-binding proteins (Clapham, 2007). Previous work in several
systems has revealed multiple roles for Ca**-mediated signaling
during embryonic development (Slusarski and Pelegri, 2007). As
a prime example, Ca®* flux has emerged as a key component of
vertebrate LR patterning (Langenbacher and Chen, 2008; Norris,
2012; Yoshiba and Hamada, 2014; Blum and Vick, 2015).
Asymmetric Ca** signaling has been observed on the left side of
the LRO in mouse and zebrafish (McGrath et al., 2003; Sarmah et al.,
2005; Tanaka et al., 2005; Jurynec et al., 2008; Francescatto et al.,

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1292076

20105 Takao et al., 2013), and inhibiting these signals alters LR
patterning. Ca** signaling has also been implicated in LR
development in frogs and birds (Raya et al, 2004; Garic-
Stankovic et al, 2008; Hatayama et al., 2011). Recent work in
mouse and zebrafish indicates asymmetric Ca** flux events at the
LRO are generated via a mechanosensory mechanism in response to
leftward fluid flows created by motile LRO cilia (Yuan et al., 2015;
Mizuno et al., 2020; Djenoune et al., 2023; Katoh et al., 2023). Ca®* is
thought to enter LRO cells through the mechanosensitive cation
channel Pkd2 that localizes to immotile cilia and induce the
degradation of mRNA of the Nodal antagonist Dand5. Other
very recent work in the mouse LRO proposes leftward fluid flows
transport extracellular vesicles (Tanaka et al., 2005) containing a
Pkd2 binding partner, Pkdl1ll, to the left side of the LRO to build
Pkdl1l1-containing fibrous structures that interact with Nodal to
mediate asymmetric Ca®" elevation on the left side of the LRO
(Tanaka et al., 2023). Thus, while it is clear that Ca** signaling is a
downstream effector of cilia-driven fluid flows in the LRO, the exact
origin and regulation of asymmetric Ca** signals during LRO
function have not been fully resolved.

In addition to a role(s) during LRO function, the work described
here has uncovered a new role for Ca**-mediated signaling much
earlier in LR development as a regulator of cell proliferation during
LRO formation. Our findings complement previous work that has
identified multiple functions for Ca** during KV development.
Inhibiting SERCA-mediated Ca®* signaling using a high dose
(2.5uM) of thapsigargin for 10min at 60% epiboly was
previously found to interfere with the clustering/cohesion of
DFCs during KV formation (Schneider et al., 2008). These
thapsigargin treatments increased nuclear localization (activation)
of the Wnt effector B-catenin. In our screen, we found that the Wnt
agonist 1-Azakenpaullone (Az) that stabilizes B-catenin did not have
a significant effect on DFC mitotic index (Figure 2B; Supplementary
Table S2). This suggests that the reduction of DFC proliferation
induced by thapsigargin is not associated with activation of the Wnt
signaling pathway. An independent study found that interfering
with lysophosphatidic acid signaling reduced Ca** levels and
increased nuclear B-catenin in the dorsal region of the embryo
during epiboly stages (Lai et al., 2012). These effects correlated with
defects in DFC cohesion, malformation of KV, and a reduced
number of KV cilia. In other work, treatments with a low dose
(0.5 uM) of thapsigargin for 2h during epiboly reduced mRNA
expression of the T-box transcription factor no tail (ntl) and the
ciliary dynein gene dynein axonemal heavy chain 9 (or left-right
dynein related; Irdr) in DFCs (Kreiling et al., 2008). These embryos
also showed defective KV formation and a reduced number of KV
cilia. Some of these previously reported phenotypes—including KV
malformation and fewer KV cilia—are consistent with a reduced
number of DFC/KV cells caused by defects in DFC proliferation.
Indeed, we found small KVs and fewer KV cilia in thapsigargin
treatments that suppressed the DFC mitotic index (Figure 4). Since
the number of KV cilia and the number of KV cells were reduced in
thapsigargin treated embryos (Figures 4C, D), we suggest that a
defect in DFC proliferation provides an underlying mechanism that
can explain the previously described reduced KV cilia phenotype.
Downstream of KV and cilia formation, perturbations of sodium-
calcium exchanger and Na/K-ATPase activities revealed that tightly
regulated Ca*" levels and calmodulin-dependent protein kinase II
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(CaMKII) activity are critical for motility of cilia in KV (Shu et al.,
2007). Taken together, these studies provide evidence for multiple

functions for Ca**—likely via several distinct signaling
pathways—during DFC/KV development.
Ca?* flux during LRO development

Here we report double transgenic Tg(act2b:GCaMP6f);

Tg(sox17:EGFP-caax) zebrafish embryos that provide a new
platform for imaging Ca®* flux events in real-time in the
developing LRO. These transgenic embryos allow visualization
and quantification of Ca** transients that occur unambiguously
in DFCs (Figure 6A). Transient elevation of the cytoplasmic Ca**
concentration in DFCs occurred relatively frequently at the 60%-
70% epiboly stages (Supplementary Table S6). Spatial mapping of
cytoplasmic Ca®* fluxes revealed that clusters of 2-6 neighboring
DFCs experienced Ca®* flux events during short imaging time
windows (Supplementary Figure S3). Together, these results
suggest localized regulation of cytoplasmic Ca*" signaling in
DFCs. However, mechanisms that may regulate such coordinated
Ca*" fluxes—and their physiological relevance—remain unclear. It is
interesting to note that gap junctions, which can facilitate cell-to-cell
Ca’" signaling, have been implicated in vertebrate LR patterning
(Levin and Mercola, 1998) and KV morphogenesis (Hatler et al.,
2009). In future work, it would be interesting to test whether gap
junctions mediate localized and/or coordinated cytoplasmic Ca®*
signaling in DFCs.

Live imaging of Tg(act2b:GCaMPéf); Tg(sox17:EGFP-caax)
embryos also revealed nuclear Ca** signals in DFCs (Figure 7).
This is the first report of nuclear Ca®" transients in any vertebrate
LRO. Nuclear Ca®" signaling is proposed to have important
functions in several cell types, which are mediated in part by
regulating gene expression (Zhang et al, 2009; Bengtson and
Bading, 2012). Examples include plasticity of neurons (Bading,
2000), function of cardiomyocytes (Kiessling et al., 2023), and
activation of T-cells (Monaco et al, 2016). Nuclear Ca*
modulates gene expression by modifying the activity of target
transcription factors, such as CREB (Chawla et al., 1998), TEAD
(Thompson et al., 2003), and Elk1 (Pusl et al., 2002). The nuclear
envelope serves as a Ca®" store and contains Ca** release channels
and Ca®" pumps, including SERCA, that control nuclear Ca*
2013;
Kockskamper, 2019). Interestingly, nuclear Ca®" signaling has

signaling (Mauger, 2012; Resende et al, Kiess and
been identified in some contexts as a regulator cell proliferation
(Resende et al., 2013). Specifically, buffering nuclear Ca*" in cultured
human cell lines interfered with progression through early prophase
of mitosis (Rodrigues et al., 2007). Thus, it is tempting to speculate
that nuclear Ca** flux may control gene expression and/or cell cycle
progression in DFCs.

Both cytoplasmic and nuclear Ca** flux events occurred in all
regions of the DFC cluster, but we observed a slight bias towards
the left side (Figure 6; Supplementary Figure S4; Supplementary
Table S7). The functions for these Ca** events remain unknown,
and it is unclear whether the leftward bias has any functional
significance. To test this further, the development of new methods
(possibly using optogenetic approaches) is needed to perturb Ca®*
flux specifically in the cytoplasm or nucleus in individual or subsets

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1292076

of DFCs. To assess how Ca®* fluxes impact DFC morphology in
unperturbed embryos, we tracked individual DFCs. Tracking
DFCs for up to 20 min following a cytoplasmic Ca** transient
did not reveal any gross morphological or behavioral changes. A
limitation of this analysis is that we imaged cells for only 20 min,
which was necessary to minimize photobleaching and
phototoxicity. Tracking cells for longer periods in future work
may reveal phenotypic DFC outcomes associated with cytoplasmic
Ca** flux. In contrast, DFCs that experienced a nuclear Ca** flux
event were found to undergo mitosis within ~20 min
(Supplementary Movie S9; Supplementary Table S9. We did not
find any cell division among DFCs tracked that did not experience
a nuclear Ca** flux (Supplementary Table S10). Thus, nuclear Ca®*
flux provides a robust proliferation marker for DFCs in living
embryos. This is significant because the mechanics and regulators
of DFC proliferation are not fully understood, and our current
knowledge relies on static snapshots of the DFC mitotic index. For
example, it is unknown whether all DFCs divide once or if there are
stem-like cells that undergo multiple rounds of division to produce
the final number of DFCs that give rise to KV. The identification of
nuclear Ca*" flux events associated with DFC mitosis opens new
avenues to explore this question and ultimately define DFC mitotic
dynamics in real time. We envision a new generation of transgenic
tools that include expression of nuclear localized GCaMP (Forster
et al., 2017) specifically in DFCs that will facilitate detection and
tracking of DFC divisions in a developing embryo. Such tools could
also be deployed to identify new regulators that control nuclear

Ca®* flux and cell division in real-time.

Ca?* signaling regulates DFC proliferation

Our work has identified SERCA-mediated Ca®* signaling as a
regulator of DFC proliferation during epiboly stages of development.
Since thapsigargin treatments are global it remains unclear whether
SERCA-mediated Ca*" signaling functions cell-autonomously to
control DFC proliferation. Indeed, we observed Ca®* flux in
dorsal margin cells neighboring DFCs and in EVL cells overlying
the DFCs (Supplementary Movie 54), which could have cell non-
autonomous effects on DFC proliferation. It also remains unknown
whether cytoplasmic or nuclear Ca** signals (or both) are required
for cell cycle progression and mitosis of DFCs. While nuclear Ca®*
flux was associated with DFC mitosis during live imaging, it is not
clear whether nuclear Ca*" flux has an active role in promoting cell
division or is just a passive marker of the process. It is also possible
that general Ca>* homeostasis—which is disrupted by thapsigargin
treatments—regulates DFC proliferation. Future work with new
tools to modulate Ca** signaling in specific cell types and in
specific cellular compartments will be needed to address these
questions.

Mechanistically, SERCA inhibitor treatments were found to
cytoplasmic Ca™ DFCs
(Supplementary Table S8). Previous work in several different

eliminate and nuclear flux in
contexts has implicated Ca*" signals in regulating multiple steps
of cell cycle progression. These include nuclear envelope breakdown,
GI- > S transition, G2- > M transition, metaphase- > anaphase
transition, and cytokinesis (Humeau et al., 2018). At the molecular

level, Ca®" flux can activate Calmodulin and Calmodulin dependent
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protein kinases (CaMK), which can result in the modification of cell
cycle proteins, including Retinoblastoma protein (Rb) (Morris et al.,
1998; Rodriguez-Mora et al., 2005), cyclin-dependent kinases (Cdks)
(Morris et al,, 1998; Kahl and Means, 2004), and the Cdc25C
phosphatase (Patel et al, 1999). In addition, Calmodulin can
activate the protein phosphatase Calcineurin that controls cell
cycle gene expression and cyclin protein levels (Masaki and
Shimada, 2022). While it is clear that Ca** signaling has
important functions during the cell cycle, results from different
models and contexts indicate Ca*" signals are used differently in
different types of cells to regulate cell cycle progression (Machaca,
2011). Thus, we investigated the cellular mechanism by which
SERCA inhibitor treatments reduced the DFC mitotic index.
Blocking SERCA activity in human cell lines was previously
found to impede the transition between G1 and S phases (Simon
and Moran, 2001). However, in DFCs, we find that inhibiting
SERCA impedes progression of DFCs through the S/G2 phases
of the cell cycle (Figure 5). This is important because it identifies a
specific defect in the cell cycle that sets up future work to
characterize molecular details for how Ca®" signaling functions to
regulate DFC proliferation. Interestingly, inhibiting CaMKII activity
results in cells accumulating in the G2 or M phases (Skelding et al.,
2011), and altering CaMKII function in zebrafish results in LR
asymmetry defects (Francescatto et al., 2010). CaMKII activity is
therefore an attractive candidate as a downstream effector of
SERCA-mediated Ca** flux during DFC proliferation.

In conclusion, our results identify the SERCA-mediated Ca?*
signaling as a new regulator of DFC mitosis. SERCA inhibitor
treatments reduced the number of ciliated KV cells and disrupted
embryo laterality. At the molecular level we found that inhibiting
SERCA reduced both cytoplasmic and nuclear Ca®* flux, and at the
cellular level Ca®* signaling controls progression of DFCs through
the S/G2 phases of the cell cycle. These results uncover a previously
unrecognized role for SERCA-mediated Ca* signaling in regulating
the proliferation of precursor cells that give rise to the ciliated LRO.
This finding adds to the growing number of functions for Ca®*
signaling during LR axis determination.

Materials and methods

Zebrafish husbandry

Adult zebrafish (Danio rerio) were maintained in an aquarium
rack system (Aquatic Habitats, LLC) on a 14 h light/10 h dark cycle.
The wild-type TAB strain was acquired from Zebrafish International
Resource Center (ZIRC). Transgenic strains used in this study
include Tg(sox17:EGFP-CAAX,myl7:EGFP)*”'" (Dasgupta et al,
2018), Tg(-3.5ubb:Cerulean-gmnn-2A-mCherry-cdtl)*™*" [referred
to here as Tg(Dual-FUCCI)] (Bouldin et al, 2014) kindly
and  Tg(actb2:GCaMP6)™>"°
(generated in this study). Zebrafish embryos were collected from

provided by Donald Kane,

natural matings, staged according to (Kimmel et al., 1995). A Ziess
Discovery V12 Stereo microscope equipped with X-cite
Fluorescence Illumination and a Zeiss Axiocam MRc digital
camera was used to visualize living embryos and assess
developmental stage, gross morphology, or heart laterality. All

experiments were approved by State University of New York
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Upstate Medical University’s Institutional Animal Care and Use
Committee.

Pharmacological screen

treated  with
compounds in 24-well plates (Corning). ~15 embryos in chorions

Embryos  were selected  pharmacological
were treated per well starting at the 60% epiboly stage (6.5 hpf) for
60 min. The working concentration and manufacturer for each
compound is reported in Supplementary Table S1. Since the
stock solution of each compound was made using dimethyl
sulfoxide (DMSO), negative control embryos were treated with
1% DMSO (an excess of DMSO relative to pharmacological
compound dilutions) diluted in embryo medium (reverse osmosis
purified water with 0.03% marine salt from Instant Ocean and
0.001% methylene blue from Sigma). Following the 60 min
treatment, the compounds were removed and the embryos were
washed 3X with embryo medium. To assess DFC proliferation rates,
treated embryos were fixed immediately at 7.5 hpf (70% epiboly
stage) for fluorescent using GFP and
pHH3 antibodies (see below). In some cases, treated embryos

immunostaining

were imaged to quantify Ca®" flux events in DFCs (see below) or
visualized the next day to assess heart laterality defects.

Immunostaining

Fluorescent immunostaining was performed as previously
described (Santra and Amack, 2021). Embryos were fixed in 4%
paraformaldehyde +1% tween-20 in 1X phosphate-buffered saline
(PBS) overnight at 4°C, and then dechorionated and permeabilized
in 100% acetone at —20°C for 8 min. Next, the embryos were
incubated in blocking solution (10% bovine serum albumin in 1X
PBS) for 1 h at room temperature. Primary antibodies were diluted
in blocking solution and incubated with embryos at 4°C overnight.
Primary antibodies used in this study were anti-EGFP (GeneTex,
GTX13970) diluted to 1:400, anti-phosphorylated Histone H3
(pHH3; Cell Signaling Technology, 9701S) diluted to 1:400, anti-
mCherry (Abcam, ab183628) diluted to 1:200, and anti-acetylated
tubulin (Sigma, T6793) diluted to 1:400. After the primary
antibodies were removed, the embryos were washed in 1X PBS
+1% Tween-20 (8 x 15 min washes) at room temperature and then
incubated in blocking solution for 1h at room temperature.
Fluorescent secondary antibodies, Alexa Fluor 488 or 568
(Invitrogen) diluted 1:200 in blocking solution, were incubated
with embryos at 4°C overnight. DAPI (Sigma) was also included
at a dilution of 1:500. Embryos were imaged using either a Zeiss Axio
Imager M1 compound microscope using a x63 objective, or a
Perkin-Elmer Ultra View Vox spinning disk confocal microscope
using a x40 objective, or a Nikon spinning disk confocal system
(Yokogawa CSU-X1) using a x40 objective.

Quantification of DFCs and KV cells

Immunostaining images were blinded and quantitatively
analyzed using FIJI (NIH) software. To quantify DEFC
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proliferation, the number of pHH3 positive DFCs and the total
number of DFCs were manually counted in Tg(sox17:EGFP-caax)
embryos as previously described (Gokey et al., 2015). The number of
pHH3 positive DFCs was divided by the total number of DECs to
calculate the DFC mitotic index. To quantify the mitotic index of
cells neighboring DFCs, a boundary was drawn around the DFC
cluster and then pasted onto the field cells above the DFCs in the
embryo (these are dorsal margin cells). The mitotic index of the
dorsal margin cells within the boundary was calculated. To
determine the area of KV, maximum projections of confocal
images of EGFP immunostained Tg(sox17:EGFP-caax) embryos
were used to manually trace the perimeter of KV in FIJI and
measure the area. To quantify the number of cilia or cells in KV,
acetylated tubulin positive cilia or DAPI stained nuclei in EGFP
positive KV cells were manually counted in Tg(sox17:EGFP-caax)
embryos using confocal Z-series through KV (Tay et al., 2013). For
these quantitative analyses, drug treated embryos pooled from at
least two independent experiments were compared to control
DMSO treated embryos from the same experiments using an
unpaired ¢-test with Welch’s correction.

RNA in situ hybridizations

For RNA in situ hybridizations, we followed a previously
2010). An RNA probe
complimentary to the southpaw (spaw) coding sequence was
labeled with digoxygenin using a Roche DIG RNA labeling kit.
Embryos were fixed using 4% paraformaldehyde. The fixed embryos

described protocol (Gao et al,

were then incubated in a prehybridization solution, containing
formamide, SSC (saline-sodium citrate), and blocking reagents.
The probe was then added to the embryos and allowed to
hybridize to the target mRNA at 60°C overnight. After
hybridization, the samples are washed to remove the unbound
probe using a series of stringent washes in SSC buffer with or
without formamide. A Roche anti-digoxigenin antibody conjugated
to alkaline phosphatase (Sigma) was used at a 1:1000 dilution for
detection of digoxigenin and incubated at 4°C overnight. After a
series of washes, alkaline phosphatase activity was detected via a
colorimetric assay using NBT and BCIP (Roche). Images were
acquired using a Ziess Discovery V12 Stereo microscope
equipped with a Zeiss Axiocam MRc digital camera.

Cell cycle analysis

To assess cell cycle status in DFCs, Tg(Dual-FUCCI); Tg(sox17:
EGFP-caax) embryos were fixed at specific developmental stages and
fluorescently stained (see Immunostaining protocol details above)
using anti-mCherry antibodies that recognize mCherry-Cdtl and
anti-EGFP antibodies that detect cerulean-Geminin. Images of the
embryos were captured using a Perkin-Elmer Ultra View Vox
spinning disk confocal microscope using a x40 objective. FIJI
(NIH) software was used to manually count the total number of
DAPI stained nuclei in EGFP positive DFCs in a confocal Z-series
through the DFC cluster, as well as the number of DFC nuclei with
mCherry > EGFP staining intensity (defined as cells in G1) and
EGFP > mCherry staining (defined as cells in S/G2/M). Cells with
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condensed DNA were included in the S/G2/M group. Treatments
were compared using an unpaired t-test with Welch’s correction.

Generation of transgenic Tg(actb2: GCaMP6)
zebrafish

To create a transgenic Ca®* reporter zebrafish strain, we utilized
Tol2 transgenesis technology and the GCaMP6f calcium sensor.
Gateway cloning was performed as described in (Kwan et al,
2007) to Tol2  act2b-GCaMP6-pA  transgene
construct. A construct containing GCaMP6f (Chen et al., 2013)
cDNA was a kind gift from David Raible, and the beta-actin 2
(actb2) promoter and polyadenylation (pA) sequences were
obtained from the Tol2kit (Kwan et al, 2007). The Tol2 transgene
(plasmid DNA) was injected into 1-cell wild-type TAB embryos with

assemble the

mRNA encoding Tol2 transposase enzyme. These embryos were
screened for GCaMP6f positive founders as identified by GFP
signal, and positive embryos were raised to adulthood. Founders
were then out-crossed with wild-type TAB and the resulting embryos
were screened for GFP positive signal to identify F1 fish. The brightest
F1 embryos were raised to establish the Tg(actb2:GCaMP6)™>"
transgenic line.

Visualization and quantification of Ca®* flux
events in DFCs

Live double transgenic Tg(sox17:EGFP-CAAX,myl7:EGFP);
Tg(actb2:GCaMP6) embryos in the chorion were immobilized
in 1% agarose and imaged using a Perkin-Elmer Ultra View
Vox spinning disk confocal microscope with a x40 objective. A
Z-series of images through the DFCs were captured every 15 s for
10-40 min. To determine the duration of cytoplasmic Ca** flux
events, fluorescence intensity profiles were plotted for individual
cells using FIJI (NIH) software to identify the start of a Ca®" flux
event (defined as the timepoint when the cytoplasmic GCaMPé6f
fluorescence intensity increased above baseline levels) and end of
the event (defined as the timepoint when fluorescence intensity
returned to baseline). To estimate the number of Ca** flux events
that occurred in the DFC cluster over a defined time period,
transient increases in GCaMP6 fluorescence intensity occurring
in DFCs were manually counted for each Z-stack at every time
point using Volocity (Perkin Elmer) or FIJI (NIH) software. To
approximate the relative position of Ca** flux events in DFCs, the
location of individual cells undergoing either cytoplasmic or
Ca2+
projection of the DFC cluster from each embryo analyzed. The

nuclear flux were superimposed onto a maximum
DEFC cluster was divided into quadrants based on the overall length
and height of the cluster. Results were pooled from 10 embryos to

determine the percentage of events in each quadrant.

Statistical analysis

For all data sets, an unpaired two-tailed t-test with Welch’s
correction was used to calculate p values. A p-value less than
0.01 was considered a significant difference.
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SUPPLEMENTARY FIGURE S1

SERCA inhibitor treatments do not alter the mitotic index of non-DFCs at the
dorsal margin. (A) Representative merged images of pHH3 staining in
Tg(sox17:EGFP-caax) embryos treated with 1% DMSO (control) or 1 uM
Thaps at 60% epiboly for 60 min. (B) Bar graphs indicate average mitotic
index of neighboring non-DFCs in DMSO (control) and 1 uM Thaps treated
embryos and error bars represent one standard deviation. Each circle on
the graph represents results from an individual embryo. An unpaired two-
tailed t-test with Welch's correction was used for statistical analysis. ns = not
significant (p = 0.4446).

SUPPLEMENTARY FIGURE S2

SERCA inhibitor treatments during epiboly alters heart looping. (A—B)
Embryos at 2 days post-fertilization that were treated with 1% DMSO
(control) (A) or 1 uM thapsigargin (B) at 60% epiboly for 60 min. (C—E)
Representative images of normal rightward looping of the heart (arrow) in a
control embryo (C), and midline (D) or reversed (E) looping in thapsigargin
treated embryos. The heart was labeled by EGFP expression in
cardiomyocytes. V = ventricle; A = atrium. (F) Rightward heart looping was
observed in most control embryos, whereas the heart often remained along
the midline or looped to the left in thapsigargin treated embryos. n =
number of embryos analyzed.

SUPPLEMENTARY FIGURE S3

Spatial location of DFC cytoplasmic Ca®* flux events in individual embryos.
Solid colored lines indicate the boundary of the DFC cluster in an individual
embryo as determined by confocal images (see Figure 6B). The DFC cluster
was divided into quadrants based on the overall length and height of the
cluster. Colored ovals indicate the location of cytoplasmic Ca®* flux events.
Dashed lines group clusters of DFC cytoplasmic Ca?* flux events. The DFC
cluster for all 5 embryos were overlayed to create Figure 6C. L = left, R = right,
A = anterior, P = posterior.

SUPPLEMENTARY FIGURE S4

Spatial location of DFC nuclear Ca®* fluxes in individual embryos. (A) Solid
colored lines indicate the boundary of the DFC cluster in an individual
embryo as determined by confocal images (see Figure 7B). The DFC cluster
was divided into quadrants based on the overall length and height of the
cluster. Colored ovals indicate the location of nuclear Ca* flux events. The
DFC cluster for all 5 embryos were overlayed to create Figure 7C. (B—D)
Location of DFC nuclear Ca?* flux events in DFC quadrants (B), along the LR
axis (C), and along the AP axis (D). L = left, R = right, A = anterior, P =
posterior.

SUPPLEMENTARY MOVIE S1

Visualization of Ca?* dynamics in a Tg(act2b:GCaMP6f) embryonic heart.
Confocal optical section through the beating embryonic heart detects
transient increases in Ca?* concentration (GCaMP6f fluorescence intensity)
in cardiomyocytes visualized using the 16-colors lookup table (FIJI software).

SUPPLEMENTARY MOVIE S2

Visualization of Ca®* dynamics in a Tg(act2b:GCaMP6f) embryonic olfactory
pit. Confocal imaging of the embryonic olfactory pit detects transient
increases in Ca?* concentration (GCaMP6f fluorescence intensity)
visualized using the 16-colors lookup table (FIJI software).

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2023.1292076/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2023.1292076/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1292076

Abdel-Razek et al.

SUPPLEMENTARY MOVIE S3

Visualization of Ca** dynamics in a Tg(act2b:GCaMP6f) embryonic
neuromast. Confocal imaging of an embryonic neuromast detects transient
increases in Ca?* concentration (GCaMP6f fluorescence intensity)
visualized using the 16-colors lookup table (FIJI software).

SUPPLEMENTARY MOVIE S4

Visualization of Ca?* dynamics in DFCs. Time-lapse confocal imaging of Ca**
flux events in wild-type Tg(act2b:GCaMP6f); Tg(sox17:EGFP-caax) embryos
starting at the 60% epiboly stage. DFC cell membranes are labeled by
Tg(sox17:EGFPcaax) expression, and changes in Ca?* concentration
(GCaMP6f fluorescence intensity) are visualized using the cyan hot lookup
table (FIJI software). This is a maximum projection of the entire DFC cluster.
Timestamp = hours:minutes:seconds:milliseconds.

SUPPLEMENTARY MOVIE S5

Visualization of Ca?* dynamics in DMSO control treated DFCs. Timelapse
confocal imaging of Ca?* flux events in Tg(act2b:GCaMP6f); Tg(sox17:
EGFPcaax) embryos treated with 1% DMSO at the 60% epiboly stage for
60 min. DFCs were imaged at at the 70% epiboly stage. DFC cell membranes
are labeled by Tg(sox17:EGFP-caax) expression, and changes in Ca*
concentration (GCaMP6f fluorescence intensity) are visualized using the
cyan hot lookup table (FIJI software). This is a maximum projection of the
entire DFC cluster. Timestamp = hours:minutes:seconds:milliseconds.

SUPPLEMENTARY MOVIE S6

Visualization of Ca** dynamics in thapsigargin treated DFCs. Time-lapse
confocal imaging of Ca?* flux events in Tg(act2b:GCaMP6f); Tg(sox17:
EGFP-caax) embryos treated with 1 uM thapsigargin at the 60% epiboly
stage for 60 min. DFCs were imaged at at the 70% epiboly stage. DFC cell
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up and divided into two daughter cells. This is a single focal plane within the
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Background: Cranioectodermal dysplasia (CED) is a skeletal autosomal recessive
ciliopathy. The characteristic clinical features of CED are facial dysmorphisms,
short limbs, narrow thorax, brachydactyly, ectodermal abnormalities, and renal
insufficiency. Thus far, variants in six genes are known to be associated with this
disorder: WDR35, IFT122, IFT140, IFT144, IFT52, and IFT43.

Objective: The goal of this study was to perform cilium phenotyping in human
urine-derived renal epithelial cells (hURECs) from a CED patient diagnosed with
second-stage chronic kidney disease (CKD) and three unrelated and unaffected
pediatric controls.

Methods: Genetic analysis by WDR35 screening was performed in the affected
individual. Cilium frequency and morphology, including cilium length, height, and
width, were evaluated by immunofluorescence (IF) experiments in hURECs using
two markers visualizing the ciliary axoneme (Acet-Tub and ARL13B) and the base
of the cilium (PCNT). The IF results were analyzed using a confocal microscope
and IMARIS software.

Results: WDR35 analysis revealed the presence of a known nonsense p. (Leu641*)
variant and a novel missense variant p. (Alal027Thr). Moreover, comparative
genomic hybridization analysis showed that the patient carries a microdeletion
on chromosome 7q31.1. Ciliary phenotyping performed on hURECs showed
morphological differences in the patient's cilia as compared to the three
controls. The cilia of the CED patient were significantly wider and longer.
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Conclusion: The obtained results suggest that CED-related second-stage CKD
might be associated with cilia abnormalities, as identified in renal epithelial cells
from a CED patient harboring variants in WDR35. This study points out the added
value of hURECs in functional testing for ciliopathies.

KEYWORDS

cranioectodermal dysplasia, CED, ciliopathy, second-stage renal disease, hURECs, WDR35

1 Introduction

Cranioectodermal dysplasia (CED, Sensenbrenner syndrome)
is a rare autosomal recessive heterogeneous condition. It belongs to
a group of disorders known as ciliopathies and is associated with
defective cilia structure and function. To date, more than
30 ciliopathies and at least 247 associated disease genes have
been described in the literature. It is known that various
factors, including genetic background, protein function, cell
type, and modifier genes, account for clinical heterogeneity in
patients with ciliopathies (Mill et al., 2023). Cranioectodermal
dysplasia is one of the ciliary chondrodysplasia. To date, six
intraflagellar transport (IFT) genes (IFT122, WDR35, IFT140,
IFT144, IFT43, and IFT52) have been associated with this
disorder. CED is most frequently (approximately 50% of the
described patients) caused by pathogenic variants in WDR35
(#OMIM 613610, CED2). Variants in this gene have also been
identified in individuals with short-rib polydactyly syndrome
(SRPS), Ellis-van Creveld syndrome (EvC), and Jeune
asphyxiating thoracic dystrophy (JATD) (Mill et al, 2011;
Caparros-Martin et al., 2015; Zhang et al, 2018a).
WDR35 protein, together with IFT144, IFT140, IFT139, IFT122,
and IFT43, belongs to complex A of the retrograde intraflagellar
transport (IFT) machinery. The main role of IFT is participation in
cilia assembly, disassembly, and maintenance. The IFT-A complex
is driven by dynein and carries particles along the axonemal
microtubules from the tip of the cilium back to the cell body,
while the IFT-B complex is driven by kinesin in the opposite
direction from the cell body to the tip of the cilium (anterograde
IFT) (Pazour et al., 2020; McConnachie et al., 2021). The primary
cilia are present on the surface of most vertebrate cells, such as the
embryonic node, kidneys, liver, heart, and retina. Moreover, the
cilia are structures that play a crucial role in signaling pathways,
including Hedgehog, Wnt, GPCR, and BMP, which are important
for proper organ development and homeostasis. The primary cilia
can transduce extracellular signals to regulate the process of
migration, differentiation, and proliferation in a cell type-
Defects
influence a variety of signaling pathways in a wide range of

specific manner. in cilia structure and function
ciliated organs. The importance of the cilia in health and
disease is evident from the broad phenotypic spectrum seen in
ciliopathies. One of the organs in which the cilia play a crucial role
in the organogenesis and maintenance of epithelial cell
differentiation and proliferation is the kidney. In the kidney,
the cilia are mainly present in the proximal tubules, distal
tubules, and collecting ducts, and cilium dysfunction is related
to the early stages and progression of renal diseases (Bai et al,

2022). Renal insufficiency is a major cause of morbidity and
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mortality in CED patients (Tan et al., 2021). The occurrence of
renal insufficiency in CED-affected individuals with WDR35
variants is very high and accounts for approximately 93% of
reported patients (25 out of 27 CED patients). Kidney
dysfunction often leads to end-stage renal disease (ESRD), and
10 out of 25 patients with CED suffering from kidney insufficiency
received a kidney transplant. To learn more about cilium function
and its role in kidney dysfunction, methods have been developed to
obtain hURECs from patients and controls in a non-invasive way.
This allows researchers to perform functional experiments in
patient-derived cells that originate from the affected organ of
interest. Furthermore, hURECs can be used to study the cilium
phenotype in patients diagnosed with a ciliopathy, such as
Mainzer-Saldino  syndrome and Joubert syndrome, as
previously described in the literature (Srivastava et al, 2017;
Oud et al, 2018). Here, we report on a 5-year-old female
patient diagnosed with CED and second-stage CKD. Upon
detection of two likely causative variants in the WDR35 gene,
ciliary phenotyping was performed in patient-derived URECs.
These experiments revealed morphological differences in the

cilia present in the CED patient compared to the three controls.

2 Materials and methods
2.1 Clinical examination

Clinical examinations were performed by clinical geneticists,
ophthalmologist and nephrologists at the Department of Medical
Genetics, at the Department of Ophthalmology, Poznan University
of Medical Sciences, and the Department of Nephrology, Kidney
Transplantation, and Hypertension, The Children’s Memorial
Health Institute in Warsaw, respectively.

2.2 Collection of samples

Genomic DNA of the patient and parents was extracted from
whole blood and used for WDR35 screening, array comparative
genomic hybridization (aCGH) analysis, and quantitative real-time
polymerase chain reaction (QPCR) analysis. Urine samples were
collected from the patient and three healthy controls and used to
analyze the ciliary phenotype. This study was approved by the
Bioethics Committee at Poznan University of Medicine Sciences
in compliance with the Good Clinical Practice and Polish law.
Written informed consent was obtained from the parents. The
research was covered by appropriate insurance for medical
experiments.
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2.3 Genetics analysis

2.3.1 WDR35 screening

All coding and flanking intronic regions, including 20 bp
upstream and downstream of exons of WDR35, were amplified
by PCR reaction and sequenced by the Sanger method. The
sequencing results were aligned with the reference sequence of
WDR35 (NM_001006657.1).

2.3.2 Array comparative genomic hybridization
aCGH analysis was performed on 8 x 60 k SurePrint G3 CGH
ISCA v2 from Agilent according to the provided protocol.

2.3.3 qPCR

In order to confirm the presence of 7q31 deletion detected by
aCGH, a qPCR was performed using a ViiA™ 7 real-time thermal
cycler (Applied Biosystems). Family members were analyzed to
determine the segregation of the variant within the family. For this
purpose, seven pairs of primers were designed, four of which
three
complementary to the regions adjacent to the deletion, both

spanned the deletion region, and more were
from the 5’ and 3’ ends. All reactions were run in triplicate.
Target sequences were normalized to albumin. The comparative
AACt method was used to determine the gene copy number and

calibrated using DNA from a healthy control.

2.4 Urine-derived renal epithelial cell
isolation and culture

Midstream urine samples (50-100 mL) were collected and kept
on ice for up to 4h. Cells were retrieved from the urine by
centrifugation, washed once with PBS containing 0.1 mg/mL
Primocin (InvivoGen), and cultured in 2mL of primary
medium consisting of a 1:1 ratio of Dulbecco’s Modified Eagle
medium (DMEM, Cytiva):Ham’s F-12 Nutrient Mix (Gibco)
containing 10% FBS (Invitrogen), 0.1 mg/mL Primocin
(InvivoGen), and 1 x REGM SingleQuots (Lonza) in a 12-well
plate. Cells were incubated at 37°C with 5% CO,. 1 mL of primary
medium was added 24, 48, and 72 h after cell isolation. At 96 h
after cell isolation, 2 mL of the culture medium was replaced with
2 mL of urine-derived renal epithelial cell (UREC) proliferation
medium containing REBM basal medium (Lonza), 1x REGM
SingleQuots, and 0.1 mg/mL Primocin (InvivoGen). Every day,
2mL of the culture medium was replaced with fresh UREC
proliferation medium until the URECs were visible and reached
approximately 80% confluence.

2.5 Ciliary phenotyping in URECs

To determine the ciliary phenotype, we studied hURECs
obtained from the CED patient (P1: 4.5-year-old female) and
three unrelated and unaffected controls (Cl: 4.5-year-old female;
C2: 9.5-year-old male; and C3: 9.5-year-old female). hURECs
were analyzed for cilium frequency and morphology by
immunofluorescence experiments. hURECs were cultured (P1 at

passage no. 3; C1-C3 at passage no. 2) on a ibidi 8-well chamber
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(ibidi GmbH) until they reached ~80% confluence. Subsequently, the
cells were serum starved for 48 h using the UREC proliferation
medium without FBS. After fixation with 2% PFA (Sigma),
permeabilization with 1% Triton, and blocking with 2% BSA
(Sigma), the cells were incubated with primary antibodies
targeting acetylated-alpha-tubulin (Acet-Tub) at 1:1000 (mouse
monoclonal T6793, Sigma-Aldrich), ADP-ribosylation factor-like
protein 13B (ARL13B) at 1:500 (rabbit polyclonal, Proteintech
Group), and pericentrin (PCNT) at 1:1000 (mouse monoclonal,
Abcam Cambridge), followed by incubation with fluor-labeled
secondary antibodies: anti-mouse Alexa Fluor 568, anti-rabbit
Alexa Fluor 488, and anti-mouse Alexa Fluor 647 from Thermo
Fisher Scientific. The coverslips were embedded in VECTASHIELD
PLUS Antifade Mounting Medium with DAPI (Vector Laboratories).

2.6 Microscopic analysis

2.6.1 Imaris 3D reconstruction and parametric
analysis

The measurements were carried out on URECs at passages 2-3.
Z-stack images were acquired using an Olympus FV10i confocal
laser scanning microscope and processed with Imaris 7.4.2
(Bitplane, UK) for 3D reconstruction. The volume and sphericity
of the nucleus (DAPI), cilia (Acet-Tub and ARL13B), and
pericentrin (PCNT) were automatically calculated based on
Z-stacks composed of individual images. The cilia axis length was
then calculated using three parameters (A, B, and C) multiplied by 2,
following the manufacturer’s instructions (http://www.bitplane.
com/download/manuals/ReferenceManual9_2_0.pdf). Axis A was
the length of the shortest principal axis, axis B was the length of the
second longest principal axis, and axis C was the length of the
longest principal axis (Supplementary Figure S1). The analysis
included a minimum of 100 cilia per individual, and the cilium
frequency analysis included 100 cells per individual.

2.7 Statistical analysis

For parametric analysis of acetylated-alpha-tubulin (Acet-Tub),
ADP-ribosylation factor-like protein 13B (ARL13B), pericentrin
(PCNT) volume, and cilia axes A, B, and C length, a two-tailed
t-test was used to assess statistical significance. For each tested
sample, the percentage of the nuclei with cilia was analyzed using
one-way ANOVA with Tukey’s multiple comparison tests,
employing a single pooled variance. For group analysis, the
percentage of nuclei with cilia was compared using a two-tailed
t-test. Statistical analysis was performed using GraphPad Prism
10 for Windows (ns: not significant, *p < 0.05, **p < 0.01, **p <
0.001, and ****p < 0.0001).

3 Results
3.1 Clinical description

Here, we describe a 5-year-old female CED patient. She was the
first child of unrelated and apparently healthy parents. The delivery
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FIGURE 1
CED patient after birth (A, B) and at the age of 5 years (C—H). Disproportionately high forehead (A, C—E), frontal bossing (C—E), dolichocephaly (E),
upslanting palpebral fissures (C, D), hypertelorism and broad nasal bridge (A, D), sparse and fine scalp hair and large and protruding ears (C—E), shortening
of limbs with rhizomelia and a short and narrow thorax (B, C), broad hands and brachydactyly of the hands (F, G) and feet (H), single palmar crease (G), and
short and broad toes, short nails, soft-tissue 2—3 syndactyly, and a gap between the hallux and second toe (H).

was by caesarian section in the 41st week of gestation. The birth
weight was 4,400 g (>97th percentile), birth length was 53 cm (97th
percentile), and Apgar score was 10. Prenatal ultrasound examination
revealed the presence of abnormalities, including an increased nuchal
translucency (NT = 2.9 mm at 12 weeks and 1 day of gestation and
NT = 4.6 mm at 14 weeks and 5 days of gestation), which led to
invasive prenatal testing (amniocentesis) at 15 weeks and 6 days of
gestation. The adjusted risk for trisomy 21 based on maternal age
(35 years) and USG examination (increased NT) was estimated to be
1:76. Aneuploidy of chromosomes 13, 18, 21, X, and Y was excluded
by the QF-PCR method. At the age of 2 months, USG analysis showed
bilateral kidneys with increased parenchyma echogenicity and lack of
corticomedullary differentiation. At the age of 4 months, the head
circumference (OFC, occipital frontal circumference) was 40 cm
(25-50 percentile), height was 63 cm (50-85 percentile), and
weight was 6kg (50-75 percentile). Clinical examination by a
clinical geneticist revealed a high forehead, frontal bossing,
dolichocephalic  head
hypertelorism and a broad nasal bridge, sparse and fine scalp hair,
large and protruding ears, shortening of limbs with rhizomelia, short

shape, wupslanting palpebral fissures,

and narrow thorax, broad hands, brachydactyly of the hands and feet,
single palmar crease, short and broad toes, short nails, soft-tissue
2-3 syndactyly, and a gap between the hallux and second toe (Figures
1A-H). Based on these clinical features, the patient was diagnosed
with cranioectodermal dysplasia (OMIM 613610). The patient was
able to sit independently at the age of 8 months and walked with no
assistance at 13 months of age. She started speaking at the age of
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18 months, and her happy friendly behavior was noted. Nephrological
examination at the age of 4.5 years revealed that the patient presented
with stage-II CKD with a current estimated glomerular filtration rate
(eGFR) of 78 mL/min/1.73m” (criterion for CKD stage-II CKD: eGFR
89-60 mL/min/1.73m?). The
increased within the 4 months from the previous examination
0.39 mg/dL to 0.64 mg/dL (reference ranges: 44-0.64 mg/dL). Renal
ultrasound examination showed normal-sized kidneys, with increased
echogenicity of cortical parenchyma, without the presence of cysts in

serum creatinine concentration

the kidney cortex or in the medulla. There was a discrete dilatation of
the right kidney’s pelvis (4 mm diameter). Renal blood flow was
normal in Doppler USG. Ultrasound scan of the liver, spleen, and
pancreas abnormalities. An  ophthalmological
examination performed at the age of 5 years showed full visual

revealed no

acuity in both eyes. The anterior structures of the eye and eye
fundus were normal. Moreover, inner and outer canthal distances
were within normal limits. Measurement of cycloplegic refractive
error revealed slight hypermetropia in both eyes (RE/LE +1.5 Dsph).
Electroretinography (standard International Society for Clinical
Electrophysiology—ISCEV  protocol, skin electrodes) revealed
normal retinal function.

3.2 Genetic analysis

Molecular genetic analysis of WDR35 (NM_001006657.1) by
sequencing revealed the presence of compound heterozygous
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ARL13B, Tubulin, PCNT, DAPI ARL13B, PCNT, DAPI Tubulin, PCNT, DAPI

Renal epithelial cells (URECs) derived from control 1 and CED patient with WDR35 variants presenting a typical cobblestone epithelial cell layer when
grown in 2D culture (A). Human URECs following IF imaging using anti-ARL13B (green) for the ciliary membrane, anti-acetylated-tubulin (red) for the
ciliary axoneme, PCNT (pink) to mark the base of the cilium, and DAPI (blue) for the nuclei are shown. P, CED patient; C1, control 1; C2, control 2; and C3,
control 3 (B). The IF experiments revealed no significant differences in ciliogenesis between the CED patient and the combined controls (C). There
was, however, a statistical difference (p < 0.01) between the CED patient and control 1, a sex- and age-matched control (D).

variants. The two variants included a previously described
nonsense variant in exon 18 (c.1922T>G; p. (Leu641*);
rs199952377) and a novel missense variant in exon
26 [c.3079G>A; p. (Alal027Thr)]. Segregation analysis revealed
that the mother and father are each carriers of p. (Alal027Thr) or
p- (Leu641%), respectively. The p. (Leu641*) variant has previously
been reported in eight families diagnosed with CED and two
families with JATD (Hoffer et al., 2013; Li et al., 2015; Zhang
et al., 2018a; Brndiarova et al., 2021; Walczak-Sztulpa et al., 2021;
Walczak-Sztulpa et al., 2022). The frequency of this variant in the
Genome Aggregation Database (GnomAD, 22.06.2023) is
0.000204 (51/250358 alleles), which suggests that this variant is
rare in the general population. This variant was classified as
pathogenic based on the ACMG classification system. Variant
p- (Alal027Thr) was classified as a variant of uncertain
significance (VUS) according to the ACMG guidelines. This
variant in exon 26 is a novel missense change absent from
GnomAD, suggesting that it is uncommon in the general
population. Although the variant does not reach the official
ACMG criteria to be likely pathogenic, we consider it highly
suspicious and probably casual for the phenotype of this CED
patient.

aCGH analysis on DNA from the CED patient revealed the
presence of an approximately 250 kb deletion on the long arm of
chromosome 7q31.1. The microdeletion was confirmed by qPCR
and was also present in the DNA of the apparently healthy
mother.
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3.3 hUREC culture

First colonies of hURECs were visible approximately 6 days after
sample/urine collection in all four samples (CED patient and three
controls). The cells from the CED patient appeared to have a higher
proliferation rate and were growing faster compared to those of the
controls (Figure 2A).

3.4 Ciliary phenotyping

To provide additional evidence that the function of WDR35 was
disturbed, we performed cilium phenotyping in hURECs from the
patient and three unrelated and unaffected pediatric controls.
Cilium frequency and morphology, including cilium length,
height, and width, were evaluated by immunofluorescence (IF)
experiments. Specific IF antibodies were used to visualize
different ciliary compartments: acetylated-alpha-tubulin (Acet-
Tub) for the ciliary axoneme, ADP-ribosylation factor-like
protein 13B (ARL13B) for the ciliary membrane, and pericentrin
(PCNT) to mark the base of the cilium (Figure 2B). No significant
difference (ns) in ciliogenesis (percentage of ciliated cells) of the
hURECs was detected when comparing the CED patient to the
combined controls (Figure 2C). Interestingly, there was a statistical
difference (p < 0.01) in ciliogenesis between the patient and control
1, the sex- and age-matched control (Figure 2D). Moreover, several
differences in cilium morphology were observed while comparing
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Cilium length, height, and width were analyzed using two antibodies specific for Acet-Tub and ARL13B. Examination of the cilia width (A axis)
revealed highly significant differences between the CED patient and controls for both markers (Acet-Tub and ARL13B: p < 0.0001) (A, B). Evaluation of the
ciliary height showed no differences between the CED patient and controls (C, D). Analysis of the ciliary length revealed longer cilia in the CED patient as
compared to controls for both proteins (Acet-Tub: p < 0.01 and ARL13B: p < 0.05) (E, F).
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Volume measurements of ARL13B, Acet-Tub, and PCNT. The amount of all markers was calculated and revealed a highly significant increase in
volume for all three proteins (Acet-Tub, ARL13B, and PCNT: p < 0.0001) (A-C).

the cilia from the CED patient to those of all three controls. The
cilium morphology analysis included measurements of cilium width,
height, and length using two markers visualizing the ciliary
axoneme, namely, Acet-Tub and ARL13B. The cilia of the CED
patient were significantly wider (Acet-Tub and ARL13B: p < 0.0001)
and longer (Acet-Tub: p < 0.01 and ARL13B: p < 0.05) compared to
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those of the controls (Figures 3A, B, E, F). Evaluation of cilium
height for both axonemal markers showed no differences between
the patient and controls (Figures 3C, D). Combining these data as a
measurement of the cilium volume showed a highly significant
increase for all three measured proteins (Acet-Tub, ARL13B, and
PCNT: p < 0.0001) (Figures 4A-C).
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4 Discussion

In this study, we report on a 5-year-old female patient diagnosed
with cranioectodermal dysplasia. The patient presented with a
distinctive CED phenotype (Tan et al, 2021). A detailed clinical
description has been provided. Interestingly, prenatal ultrasound
examination showed the presence of increased NT at 12 weeks and
1 day of gestation. This finding is in agreement with previous literature
reports suggesting that increased NT might be associated with CED
(Walczak-Sztulpa et al., 2020; Walczak-Sztulpa et al,, 2021). Genetic
analysis revealed compound heterozygous variants in WDR35, the most
frequently disrupted gene in CED-affected individuals (Walczak-Sztulpa
et al,, 2022). The detected variants are a previously described nonsense
variant p. (Leu641*) in exon 18 and a novel missense variant
p- (Ala1027Thr) in exon 26. The p. (Leu641*) variant is the most
frequently reported variant in WDR35 (Hoffer et al,, 2013; Li et al, 2015;
Zhang et al., 2018b; Brndiarova et al., 2021; Walczak-Sztulpa et al., 2021;
Walczak-Sztulpa et al., 2022). Similar to the presented patient, the most
frequent combination of variants among CED patients with WDR35
defects is a combination of a missense and a loss of function (LOF)
variant present in trans. To date, 22 missense variants have been
described in the WDR35 gene in patients with a ciliopathy-related
phenotype, of which 13 changes were found in CED-affected individuals
(HGMD, 11th October 2023). All described variants, including
GnomAD  allele ClinVar ACMG
classification, CADD and AlphaMissense scores, and in silico
predictions (AlphaMissense, SIFT, PolyPhen2, and MutationTaster),
has been presented in Supplementary Table S1 (Ng and Henikoff, 2003;
Adzhubei et al., 2010; Schwarz et al., 2014; Cheng et al., 2023). Among
these variants, six were classified as likely pathogenic (LP), and 17

frequencies, interpretation,

(including novel reported change) were classified as variants of uncertain
significance (VUS) based on ACMG criteria (Richards et al,, 2015),
indicating that missense VUS changes are common in WDR35.
Moreover, those changes are absent in GnomAD or have a very low
population frequency. In silico analysis, including four algorithms,
showed that 11 variants were predicted to be probably damaging for
all predictors, and eight changes were assumed to be pathogenic using
three prediction algorithms. The novel variant identified in this study,
missense variant p. (Ala1027Thr), has been predicted to be deleterious
by SIFT, PolyPhen2, and MutationTaster analysis. All missense VUS
variants reported in the WDR35 gene in patients with ciliopathy-related
diseases have been located across the entire length of the
WDR35 protein, shown in Supplementary Figure S2 (the figure was
created using the proteinpaint website). Identification of the missense
variant p. (Ala1027Thr), which has not been reported to date, expands
the growing list of variants found in CED patients. In addition to the
detected variants in WDR35, array CGH analysis of the patient's DNA
revealed the presence of a deletion located on chromosome 7q31.1,
which was inherited from the apparently healthy mother. The deleted
region spans exons 1 to 3 and part of intron 3 of IMMP2L. Loss of this
part of the gene has been reported in various neuropsychiatric disorders,
including autism spectrum disorder (ASD), psychomotor delay, Gilles
de la Tourette syndrome (GTS), and a subtype of schizophrenia (SCZ)
characterized by increased plasma pentosidine (PEN-SCZ) (Yoshikawa
et al,, 2022). Moreover, differential DNA methylation of IMMP2L in
families with maternally inherited 7q31.1 deletions has been shown to be
associated with intellectual disability and developmental delay (Vasilyev
et al, 2021). Only one similar deletion detected in a patient with
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childhood apraxia of speech has been reported in the ClinVar
database (ClinVar accession ID VCV000242956.1). However, a meta-
analysis of 5,568 patients with ASD and 10,279 controls revealed no
associations between microdeletion in IMMP2L and autism (Zhang
et al., 2018b). Moreover, deletions located on chromosome 7q31.1 have
also been reported in healthy individuals in the Database of Genomic
Variants (DGV). To date, no likely pathogenic or pathogenic variants
have been described in IMMP2L. Taken together, further clinical data
and functional experiments are needed to verify the correlation between
the detected microdeletion and the clinical phenotype of the CED
patient. As kidney dysfunction is a major cause of morbidity and
mortality in CED patients and is present in approximately 93% of
affected individuals with WDR35 variants, we decided to study hURECs
from the presented CED patient diagnosed with stage-II CKD (Tan
et al, 2021). Our preliminary results showed that hURECs from the
CED patient present with a different cilium morphology variation as
compared to controls, most likely due to the identified variants in
WDR35. Analysis of the CED patient-derived URECs revealed a
significant increase in cilium length, width, and volume compared to
controls (based on data using Acet-Tub, ARL13B, and PCNT to
visualize the cilium parameters). To our knowledge, this is the first
report presenting cilium morphology abnormalities in hURECs from a
CED patient with WDR35 variants. It is known that the WDR35 protein
belongs to the IFT-A complex, and thus, the observed abnormalities in
the cilium phenotype of the CED patient might be associated with
defective IFT machinery leading to the accumulation of proteins along
the ciliary axoneme. Our findings are consistent with the results
previously obtained from hURECs from a patient with a ciliopathy
known as Joubert syndrome (JBTS). In this patient, pathogenic
compound heterozygous variants in CEP290 were identified. IF
analysis and scanning electron microscopy (SEM) experiments
showed abnormalities in the cilium phenotype of JBTS patients’
hURECs, including elongated and disorganized cilia (Srivastava et al,
2017). Furthermore, experiments performed in hURECs from a patient
with autosomal recessive polycystic kidney disease (ARPKD) and the
PKHDI variants revealed abnormally elongated cilia and the presence of
multiple blebs along the axoneme (Molinari et al., 2020). Moreover,
studies in hURECs obtained from a patient with Maizer-Saldino
syndrome (MZSDS) and variants in IFT140 showed an accumulation
of the IFT88 protein, which is a component of IFT-B complex B. These
results suggest defective retrograde IFT transport from the ciliary tip to
the base of the cilium (Oud et al., 2018). Still, data concerning the cilia in
hURECs from ciliopathy patients are limited, and further functional
experiments are required to expand the knowledge in this field. It is
known that the specific functioning of the primary cilia in the kidney
plays a crucial role in the kidney’s organogenesis and differentiation, as
well as the proliferation of renal epithelial cells. Defects of primary cilia
are associated with renal diseases, often leading to ESRD, requiring
kidney replacement therapy (Bai et al., 2022). Our results indicate that
defects of primary cilia in renal epithelial cells may be associated with
renal insufficiency present in the CED patient with WDR35 variants.
The combination of clinical examination, genetic testing, and functional
studies plays an important role in understanding patients” phenotypes.
The diagnostic journey starts with the identification of the genetic defect
and its effect on protein function, followed by verification at the cellular
level, and in the end, ultimately leads to an explanation for the clinical
phenotype. Urine provides a great source of patient-derived kidney cells
obtained in a non-invasive way. These hURECs are a valuable model for
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studying renal diseases, especially those associated with cilia dysfunction,
and can be used for the identification of potential therapeutic treatment.
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Cilia are cellular signaling hubs. Given that human kinases are central regulators of
signaling, it is not surprising that kinases are key players in cilia biology. In fact,
many kinases modulate ciliogenesis, which is the generation of cilia, and distinct
ciliary pathways. Several of these kinases are understudied with few publications
dedicated to the interrogation of their function. Recent efforts to develop
chemical probes for members of the cyclin-dependent kinase like (CDKL),
never in mitosis gene A (NIMA) related kinase (NEK), and tau tubulin kinase
(TTBK) families either have delivered or are working toward delivery of high-
quality chemical tools to characterize the roles that specific kinases play in ciliary
processes. A better understanding of ciliary kinases may shed light on whether
modulation of these targets will slow or halt disease onset or progression. For
example, both understudied human kinases and some that are more well-studied
play important ciliary roles in neurons and have been implicated in
neurodevelopmental, neurodegenerative, and other neurological diseases.
Similarly, subsets of human ciliary kinases are associated with cancer and
oncological pathways. Finally, a group of genetic disorders characterized by
defects in cilia called ciliopathies have associated gene mutations that impact
kinase activity and function. This review highlights both progress related to the
understanding of ciliary kinases as well as in chemical inhibitor development for a
subset of these kinases. We emphasize known roles of ciliary kinases in diseases
of the brain and malignancies and focus on a subset of poorly characterized
kinases that regulate ciliary biology.

KEYWORDS

kinase, cilia, ciliogenesis, ciliopathy, understudied, chemical probe, cancer,
neurological disorder

1 Introduction

Kinases are a class of proteins that regulate a diversity of pathways via phosphorylation.
Mutations, loss, or overexpression of kinases have each been implicated in various
pathologies. Their involvement in essential disease-driving processes makes kinases an
attractive protein class for pharmacological manipulation in cancer, neurological disorders,
viruses, and other diseases. Another very attractive feature of kinases is that they bind small
molecules in their ATP-binding site and thus are highly tractable. The more than 80 FDA-
approved small molecule drugs (Roskoski, 2023) support their tractability and provide
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tangible evidence of the significant success that has been realized
when targeting these proteins, especially for cancer. Cancer is just
one disease area in which kinases play key roles. It has been
suggested that vast therapeutic potential can be realized through
targeting this protein class for other disorders in need of more
effective therapeutic options (Krahn et al., 2020; Axtman, 2021).

Ciliogenesis is a highly regulated process involving the assembly
of cilia extruding from the plasma membrane. There has been a
growing pool of knowledge which implicates kinases as regulators of
ciliogenesis (Goto et al., 2017). Kinases are also responsive to
changes in cilia (Christensen et al, 2012). Some kinases are
localized to cilia, while others are nuclear or located within
different organelles, but still impact ciliogenesis (Wirschell et al.,
2011; Christensen et al., 2012; Abraham et al., 2022). The many
facets of cilia biology, including their evolution, architecture,
composition, generation, localization, regulation, and subtype
characterization have been extensively described by others
(Hildebrandt et al., 2011; Lee and Gleeson, 2011; Christensen
et al., 2012; Christensen et al., 2017; Goto et al., 2017; Reiter and
Leroux, 2017; Modarage et al., 2022; Arora et al., 2023) and thus will
not be the focus of this review. Dysfunctional ciliogenesis and/or
aberration of other ciliary signaling pathways can result in human
ciliopathies, an emerging class of more than 30 disparate, single-
gene, developmental and degenerative disorders characterized by
defects in ciliary structure and function (Hildebrandt et al,, 2011; Lee
and Gleeson, 2011; Goto et al., 2017). These typically result from
absent or disrupted function of primary cilia. Primary cilia play a
role in sensory detection rather than motility, represent signaling
nodes, exist on the surface of almost every quiescent, differentiated
cell in the human body, and are essential for the development and
homeostasis of human tissues (Lee and Gleeson, 2011; Christensen
et al.,, 2012; Goto et al., 2017; Reiter and Leroux, 2017; Loukil et al.,
2021). Primary cilia coordinate signaling pathways in cell cycle
control, differentiation, migration, neurotransmission, and other
key cellular processes, making them critical organelles (Christensen
et al., 2012).

While ciliopathies are rare disorders, they often present with
shared clinical features. These include cystic kidneys, situs inversus,
retinal issues, brain malformation and/or intellectual disability,
heterotaxy, hydrocephaly, craniofacial and skeletal abnormalities,
liver disease, anosmia, congenital heart diseases and cardiac fibrosis,
infertility, improper circulation of cerebral spinal fluid, hypoplasia,
obesity, retinal degeneration, blindness, diabetes, tumorigenesis, and
polydactyly (Lee and Gleeson, 2011; Wirschell et al, 2011;
Christensen et al., 2012; Goto et al., 2017; Villalobos et al., 2019;
Aroraetal., 2023; Benmerah et al., 2023). From this list it is clear that
ciliopathies impact several vital organs including the brain, heart,
kidneys, liver, eyes, respiratory tract, and reproductive system as well
as digits. Ciliopathies can be quite organ-specific with examples such
as polycystic kidney disease, retinitis pigmentosa, and
nephronophthisis. They can also be pleiotropic disorders, like
cerebello-oculo-renal Primary Ciliary Dyskinesia
(PCD), Bardet-Biedl Meckel-Gruber
orofaciodigital syndrome 1, Joubert syndrome, STAR syndrome,

syndrome,
syndrome, syndrome,
and Jeune asphyxiating thoracic dystrophy (Zaghloul and Katsanis,
2009; Hildebrandt et al., 2011; Lee and Gleeson, 2011; Wirschell
et al., 2011; Guen et al,, 2016; Goto et al., 2017; Smith et al., 2022;
Benmerah et al., 2023). More comprehensive reviews of ciliopathies
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provide additional details on their inheritance, genetics, clinical
symptoms, and other features (Hildebrandt et al.,, 2011; Lee and
Gleeson, 2011; Christensen et al.,, 2012; Abraham et al., 2022;
Modarage et al., 2022). Advances in genomics, proteomics, next-
generation sequencing, and transcriptomics has led to the
identification of disease-causative ciliary gene mutations and
allowed for a better understanding of the pathogenesis of these
disorders (Lee and Gleeson, 2011; Wirschell et al., 2011; Modarage
etal,, 2022). Despite these advances, difficulties persist in diagnosing
ciliopathies that present with similar phenotypes (Modarage
et al., 2022).

Primary cilia also play important roles in brain development
and are involved in patterning, maintenance, and proliferation of
the progenitor pool (Youn and Han, 2018; Rocha and Prinos,
2022). These organelles influence neuronal differentiation,
connectivity, and activity (Lepanto et al, 2016; Bowie and
Goetz, 2020; Rocha and Prinos, 2022). Mutations in some
ciliary genes are associated with brain abnormalities and may
result in neurological manifestations. Examples of neuronal
developmental disorders that result, in part, from ciliary
dysfunction include autisms and Joubert syndrome, while
Parkinson’s disease (PD) and amyotrophic lateral sclerosis
(ALS) are examples of neurodegenerative diseases in which
aberrant cilia are involved (Doherty, 2009; Trulioff et al., 2017;
Youn and Han, 2018; Ma et al., 2022; Rocha and Prinos, 2022).

Various cancer cells have been shown to lack cilia expression
(Menzl et al., 2014; Cao and Zhong, 2016; Higgins et al., 2019).
Changes in primary cilia have been noted in renal, prostate,
cholangiocarcinoma, pancreatic, skin, brain and breast cancers
(Seeley et al.,, 2009; Basten et al., 2013; Basten and Giles, 2013;
Hassounah et al., 2013; Seeger-Nukpezah et al., 2013; Menzl et al,,
2014; Snedecor et al., 2015; Higgins et al., 2019). Renal epithelial and
human primary melanoma cells demonstrate significant losses of
cilia in response to carcinogens (Basten et al., 2013; Snedecor et al.,
2015; Higgins et al., 2019). Pancreatic cancer cells and intraepithelial
neoplasia lesions from human pancreatic ductal adenocarcinoma
demonstrate significantly suppressed ciliogenesis (Seeley et al., 2009;
Emoto et al., 2014; Higgins et al., 2019). Many of the examples above
link loss of cilia to cancer, but this is not always the case. There is
evidence suggesting the existence of primary cilia could be a
hallmark of aggressive pancreatic ductal adenocarcinoma (Emoto
et al, 2014). Moreover, medulloblastomas with activation in
Hedgehog (Shh) or Wnt signaling were found to have primary
cilia, but primary cilia were not found in medulloblastomas in other
molecular subgroups (Han et al., 2009).

Changes in cilia, while not fully understood, have long been
associated with cancer development and progression. Using agents
that inhibit or promote ciliogenesis has been considered as a
therapeutic approach for different cancers (Liu et al, 2018; Lee
etal, 2021). An established interaction between cilia and autophagy,
a cellular clearance mechanism, has provided a hypothesis for at
least one essential process that is disrupted when cilia are lost in
cancer (Cao and Zhong, 2016). The role of cilia in suppressing
abnormal cell proliferation through regulating cell cycle entry/exit is
another key pathway disrupted when cilia are absent (Cao and
Zhong, 2016). Links between primary cilia and important signaling
pathways with cancer implications, such as Hedgehog, Wnt, and
Notch, have been extensively reviewed (Goetz et al., 2009; Egeberg
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TABLE 1 Selected kinases and their reported links to cilia formation and dysfunction. References are provided for further reading on these kinases.
Additional details are provided in the following sections for CDKL, NEK, and TTBK family members as well as LRRK2, PLK1, CDK20/CCRK, CILK1/ICK, CDK10,
PKN2, MAPK15, STK38L, STK36, and ULK4.

Kinase ETTINY Ciliary link PMID(s)
AKT1 AGC Ciliary signaling 27638178
MAST4 AGC Ciliary resorption 37726137
PKA AGC Ciliary function and motility 22007132; 21513695; 34582081
PKN2 AGC Ciliogenesis 345820815 27104747
ROCK1 AGC Ciliogenesis 33392209; 32663194
ROCK2 AGC Ciliogenesis 33392209; 32663194
STK38L/NDR2 AGC Ciliogenesis and cilia length 344858425 23435566; 20887780; 30135513; 30714141; 30108113; 29108249
DNAPK/ Atypical Ciliogenesis 30867219; 33462409
PRKDC
CHK1 CAMK Ciliogenesis 30867219
MARK4 CAMK Ciliogenesis 23400999
CK1D CK1 Ciliogenesis 24648492
TTBK1 CK1 Ciliogenesis 37558899; 37059819
TTBK2 CK1 Ciliogenesis 31934864; 37059819; 24982133; 30532139
CDK1 CMGC Ciliogenesis and ciliary resorption 23345402
CDK10 CMGC Ciliogenesis and cilia length 271047475 29130579; 34582081; 24218572; 28886341; 32127582; 28178678
CDK2 CMGC Motile ciliogenesis 30152757

CDK20/CCRK CMGC Ciliogenesis, ciliary signaling and cilia 34624068; 35609210; 31506943; 32317081; 34582081; 37469151; 19672860; 25500144; 28817564;

length 17565152; 23743448
CDK5 CMGC Cilia length 27053712
CDKL5 CMGC Ciliogenesis and cilia length 29420175; 34624412; 37490324; 37084253
CILK1/ICK CMGC Ciliogenesis, ciliary function and cilia 31506943; 32732286; 34582081; 24853502; 19185282; 27466187; 24797473
length
CK2A1 CMGC Ciliary trafficking and stability 33846249
DYRK2 CMGC Ciliogenesis 34582081; 32758357
ERK1/MAPK3 CMGC Ciliogenesis and cilia length 36914265
ERK2/MAPK1 CMGC Ciliogenesis and cilia length 36914265
GSK3a CMGC Ciliogenesis 30867219
GSK3p CMGC Ciliogenesis 30867219; 17450132
JNK1 CMGC Ciliogenesis and ciliary function 37851005
PIK3CB Lipid Ciliogenesis 30867219
PIPK1y Lipid Ciliogenesis and ciliary signaling 34162535
MAPKI15/ERK7 MAPK Ciliogenesis, ciliary function and 29021280; 28745435; 25823377; 34638386; 36266944
trafficking
AURKA Other Ciliogenesis and ciliary resorption 345820815 27669693; 18381407; 36924208; 29141582; 17604723; 34944109; 17604723
NEK1 Other Ciliogenesis and ciliary structure 34582081; 16280549; 18387364; 16267153; 10618398; 18533026
NEK10 Other Ciliogenesis, ciliary signaling and cilia 29581457; 32414360; 31959991
length
NEK2 Other Ciliogenesis and ciliary resorption 34582081; 264934005 26290419; 16203858; 9647649; 29141582
NEK4 Other Ciliary stability 216852045 25798074; 26124960

(Continued on following page)
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TABLE 1 (Continued) Selected kinases and their reported links to cilia formation and dysfunction. References are provided for further reading on these
kinases. Additional details are provided in the following sections for CDKL, NEK, and TTBK family members as well as LRRK2, PLK1, CDK20/CCRK, CILK1/

ICK, CDK10, PKN2, MAPK15, STK38L, STK36, and ULK4.

Kinase Family Ciliary link PMID(s)
NEK8 Other Ciliary localization 215067425 37598857; 16280549; 16267153; 23973373; 26967905; 18199800; 15872312; 22106379;
34078910
NEK9 Other Ciliary function and resorption 34582081; 22818914; 12101123; 16079175; 24921005; 21642957; 36712877; 30594554; 27153399;
20562859; 26908619
PLK1 Other Ciliary resorption and dynamics 34582081; 22701722; 27669693; 23345402
PLK4 Other Ciliogenesis 26701933; 36924208
STK36/Fused Other Ciliogenesis, ciliary structure and 36989043; 23907739; 19305393; 16055717; 24284070; 27300315; 21746835; 27445138; 37584603;
localization 34463328
TTK/MPS1 Other Ciliogenesis and ciliary resorption 27669693
ULK4 Other Ciliogenesis 27445138; 36989043
MEK2/ STE Ciliogenesis 30867219
MAP2K2
STK3/MST2 STE Ciliogenesis 25367221
EGFR TK Ciliary function 27638178; 30867219
FGFR3 TK Cilia length 34582081; 27638178
IGFIR TK Ciliogenesis and ciliary signaling 27638178
MERTK TK Ciliogenesis 30867219
PDGFRa TK Ciliogenesis and ciliary signaling 27638178
PDGFRp TK Ciliogenesis 30867219
TIE2 TK Ciliary signaling 27638178
TIRAK4 TKL Ciliogenesis 30867219
LIMK2 TKL Ciliogenesis 25849865
LRRK2 TKL Ciliogenesis 36924208; 30867219
TAK1 TKL Ciliary dynamics 27638178; 30867219
TESK1 TKL Ciliogenesis 25849865

et al,, 2012; Seeger-Nukpezah et al.,, 2013; Liu et al., 2018; Higgins
et al., 2019; Mill et al., 2023) and will not be the focus herein.

2 Ciliary kinases

Embedded in the disease-causative ciliary networks are many
regulatory kinases that represent druggable nodes. While some of
these kinases have been the focus of drug discovery campaigns,
others have not been investigated. These “understudied” kinases
have had significantly less effort devoted to their study and thus their
functions remain poorly annotated in the literature. Still, there are
described links between understudied kinases and ciliary function.
We provide herein a discussion of three subfamilies of understudied
kinases that play a role in ciliary function and/or in pathways that
result in ciliopathies. Furthermore, we provide a summary of tool
molecules that can be used in efforts to study these ciliary kinases.

Since many human kinases, both well-studied and understudied,
have described roles in ciliary pathways, a subset has been explored
as potential targets for pharmacological intervention in the pursuit
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of therapies for patients that suffer from ciliopathies or other
conditions, such as cancer or neurodegeneration. We provide a
list of human kinases with reported links to ciliary pathways and
dysfunction in Table 1. This table specifies the described roles of
each kinase in cilia, which includes the following categories: ciliary
signaling, ciliary resorption, ciliary function, ciliary motility,
ciliogenesis, cilia length, ciliary trafficking, ciliary stability, ciliary
structure, ciliary localization, and ciliary dynamics. These categories
better define the ciliary function(s) of each of the kinases in Table 1.
While our list is extensive, it is not a compendium of all human
kinases that regulate cilia. The distribution of these kinases around
the human kinome tree (Figure 1) highlights the involvement of
disparate kinases in ciliary function(s) and demonstrates that these
kinases are not clustered in a single family. Both Table 1; Figure 1
reinforce the idea that kinases are ubiquitous in ciliary pathways and
play an indispensable role in their generation, structure, stability,
resorption, and function.

Kinase activity is essential for ciliary activity and, thus, kinase
dysfunctions are responsible for a plethora of pathological
conditions, including neurological disorders and cancer. In the
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FIGURE 1

Distribution of ciliary kinases on the phylogenic tree of the human kinome. The same kinases included in Table 1 are shown except for lipid kinases

PIPK1y and PIK3CB, which are not pictured here.

next subsection examples of important ciliary kinases associated
with neuronal tissue in health and disease will first be reviewed. We
then provide a summary of how ciliary kinases are hijacked by
cancers to drive oncogenic processes.

2.1 Ciliary kinases with roles in
neurodevelopment and
neurological diseases

Several more studied and a few lesser studied kinases have
connections to neuronal development and disorders. While we
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will introduce the roles of members of the CDKL, NEK, and
TTBK families in these processes in the next section, examples of
other kinases from Table 1 with to that modulate ciliary function in
the brain are included below. Table 2 serves as a quick summary of
the ciliary kinases from Table 1 that have been linked to neurological
issues and which are discussed in some detail herein.

2.1.1 LRRK2

Cilia alterations are implicated in neurodegenerative disorders
such as Parkinson’s disease (PD). Leucine-rich repeat kinase 2
(LRRK2) encodes a kinase that is involved in vesicular membrane
trafficking and is one the genes mutated in familial cases of
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TABLE 2 Subset of ciliary kinases from Table 1 with links to neurodevelopment, neurological disorders, or cancer. Further reading on each of these kinases is

provided in various subsections.

Kinases with role(s) in neurodevelopment and/or neurological disease Kinase with role(s) in cancer

LRRK2

CDK20/CCRK

PLK1

CDKL5

NEK1

TTBK1

CILK1/ICK

CDK10

PKN2

MAPKI15

TTBK2

STK38L

STK36/Fused

ULK4

NEK1

NEK2

NEK4

NEKS8

NEK9

NEK10

Parkinson’s disease (Alessi and Sammler, 2018). Primary cilia status
has been assessed in mouse and human studies of PD. Cilia loss was
detected in neurons and astrocytes from mice carrying the G2019S
familial LRRK2 mutation and was associated with dysregulation of
Hedgehog signaling (KKhan et al, 2021). The G2019S LRRK2
mutation was also found to result in primary cilia loss in iPSC
(induced pluripotent stem cell) derived neurons from PD patients
(Dhekne et al., 2018). Many small molecule inhibitors have been
developed for LRRK2 (Azeggagh and Berwick, 2022), several of
which have advanced into clinical trials for PD (Kingwell, 2023).

2.1.2 PLK1

Polo-like kinase (PLK1) localizes to the primary cilium
transitional zone and is activated during cilia disassembly (Seeger-
Nukpezah et al, 2012). In NIH3T3 cells, PLK1 is recruited to the
pericentriolar matrix by PCM1 (pericentriolar material 1), leading to
cilia disassembly by activating HDACS6 prior to mitosis entry (Wang
et al,, 2013). The interaction between PCM1 and PLKI is dependent
on the phosphorylation of PCM1 by CDKI1 (cyclin-dependent kinase
1) (Wang et al, 2013). PLK1 interacts with Treacle (encoded by
TCOF1 gene), which is a centrosome and kinetochore associated-
protein important for mitotic progression and proper neurogenesis
(Sakai et al, 2012). Treacle interacts with PIkl and promotes
proliferation in the developing cortex of mice, demonstrating that
Plkl is necessary for neural progenitor mitotic progression (Sakai
et al, 2012).

2.2 Ciliary kinases hijacked to
propagate cancer

Ciliary kinases regulate signaling pathways such as Hedgehog,
Wnt, Hippo, and other pathways that are functionally linked to
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ciliogenesis and cancer. Many of the ciliary kinases discussed below
are deregulated in tumors. Herein we will focus on a subset of ciliary
kinases from Table 1 that are linked to cancer with the aim to
promote efforts to understand their function. Table 2 provides a
quick reference of the ciliary kinases from Table 1 with identified
roles in cancer propagation and/or progression, all of which are
highlighted in more detail in the following sections.

2.2.1 CDK20/CCRK

Cyclin-dependent kinase 20 (CDK20), or more commonly
referred to as cell cycle-related kinase (CCRK), is a member of
the CDK family. CDK20/CCRK has been functionally linked to cell
cycle checkpoint control, is essential for cell proliferation, and is
centrally involved in the development of many malignancies
(Chivukula and Malkhed, 2023). Several studies have reported
the overexpression of CDK20 in cancers from the brain, colon,
and Malkhed, 2023).
CDK20 upregulation in some of these cancers is clinically

liver, lung, and ovary (Chivukula
significant as it correlates with tumor staging, shorter patient
survival, and poor prognosis (Wu et al., 2009; Feng et al., 2015).
Downstream of Smo and upstream of Gli, CDK20 regulates
ciliogenesis and Hedgehog signaling across organisms from
Chlamydomonas to C. elegans to humans (Snouffer et al.,, 2017).
CDK20 has been functionally linked to glioblastoma where it
behaves as an oncogene and contributes to increased
proliferation (Ng et al, 2007). Glioblastoma cells display
deregulated, high levels of CDK20, and its depletion inhibits
glioblastoma cell proliferation in a cilium-dependent manner
(Yang et al, 2013). In this context, the effects of CDK20 on
ciliogenesis were found to be mediated by its substrate, intestinal
cell kinase (ICK) (Yang et al., 2013). Depletion of CDK20 leads to
accumulation of ICK at ciliary tips, altered ciliary transport, and

inhibition of cell cycle re-entry in NIH3T3 fibroblasts (Yang et al,
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2013). All of this evidence makes CDK20 a promising drug target.
The CDK20 protein structure was recently predicted using
AlphaFold. This structure was used in Al-accelerated hit
discovery for CDK20 to produce a novel small molecule inhibitor
of CDK20 (Ren et al.,, 2023).

2.2.2 CILK1/ICK

Ciliogenesis associated kinase 1 (CILK1), previously known as
intestinal cell kinase (ICK), is now recognized as a ubiquitously
expressed member of the RCK family of serine/threonine kinases
(Fu et al, 2019). Inactivating loss-of-function mutations in the
human CILKI gene produce lethal developmental ciliopathies,
namely, the endocrine-cerebro-osteodysplasia (ECO) syndrome
(MIM 612651) (Lahiry et al, 2009) and short-rib polydactyly
syndrome (SRPS) type II (MIM 263520) (Paige Taylor et al,
2016). In mice, both Cilkl knock-out and Cilkl knock-in
mutations have recapitulated human ciliopathies. CILK1 has a
fundamental role in the function of cilia, and it is required for
ciliogenesis (Chaya et al., 2014) by controlling ciliary length (Moon
etal, 2014). CILK1 regulates the ciliary localization of Shh pathway
components and the localization of intraflagellar transport (IFT)
components at ciliary tips (Chaya et al., 2014). CILK1 is activated by
phosphorylation at Thr157 by its upstream kinase CDK20, which
triggers its autophosphorylation at Tyr159. CILK1 phosphorylates
Raptor, Scythe, GSK3B, and KIF3A, linking CILK1 function to
cellular metabolism, ciliogenesis, and Hedgehog signaling (Fu
et al, 2019). KIF3A, a kinesin motor protein, controls IFT
anterograde transport thus raising the possibility that effects of
CILK1 on ciliogenesis are mediated through its phosphorylation of
KIF3A. Through phosphorylation of these substrates, CILKI is
involved in the regulation of mTOR, Wnt, Hedgehog, and FGFR
signaling pathways. Interestingly, CILK1/ICK was found to mediate
the effect of CDK20 on ciliogenesis in glioblastoma cells (Yang et al.,
2013) and it also regulates the inhibitory effect of fibroblast growth
factor on cilia by interacting with FGFR3 (Kunova Bosakova et al.,
2019). Thus, ICK seems to be a signaling hub that integrates multiple
signaling pathways in ciliary control (Fu et al,, 2019).

2.2.3 CDK10 and PKN2

CDK10 is a kinase of the CDK family that forms a heterodimer
with Cyclin M (Guen et al, 2013; Guen et al, 2017). The
heterodimer promotes cell proliferation via phosphorylating the
oncogene ETS2 and is an important regulator of triple negative
breast cancer response to endocrine therapy (lorns et al., 2008).
CDK10/cyclin M regulates ciliogenesis through phosphorylation of
PKN2 as well as regulating RhoA and the actin cytoskeleton.
Mutations in CDKI10/Cyclin M cause STAR syndrome, a
developmental disorder affecting the skeleton and limbs (Guen
et al., 2013). Homozygous mutations in CDK10 cause Al Kaissi
syndrome, a neurodevelopmental disorder displaying growth
retardation and spine and craniofacial malformations
(Windpassinger et al, 2017). Cells from Cdk10/Cyclin M
deficient mice or STAR mutants were reported to present with
elongated cilia (Guen et al, 2016; Windpassinger et al., 2017).
CDK10 phosphorylates PKN2, a kinase that is also critical for
ciliogenesis. This suggests that the effects of CDK10 on cilia are
mediated, in part, by PKN2 (Guen et al, 2016). PKN2 also
regulates RhoA cytoskeleton stress fiber dynamics and cell
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migration (Guen et al., 2016). Because PKN2 has been linked to
several types of cancer including breast, colorectal, renal, head and
neck and prostate cancers, it is considered an emerging target (Patel
et al,, 2020). Dihydropyrrolopyridinone-based PKN2 chemical tools
that could enable studies around this kinase were reported in the last
few years (Scott et al,, 2020; Scott et al., 2022). More recently,
computational docking approaches identified promising chemical
leads for PKN2 (Al-Sha’er et al., 2023). Although there are not yet
specific CDK10 inhibitors, recent efforts toward identifying small
molecules targeting CDK10 are underway (Robert et al., 2020).

2.2.4 MAPK15 (aka ERK7/ERKS)

MAPK15, originally known as ERK7/ERKS, is an atypical
member of the MAPK kinase family. It is an understudied MAP
kinase as its functions have only recently started to be elucidated
(Deniz et al., 2023). MAPK15 is functionally implicated in a variety
of cellular activities such as cell proliferation, apoptosis, autophagy,
and maintenance of genomic integrity (Deniz et al., 2023). This
kinase also plays an evolutionarily conserved, essential role in
ciliogenesis  (Kazatskaya et al, 2017). Knockdown of
MAPK15 diminishes the number and the length of cilia in X.
laevis, C. elegans, and human neurons (Miyatake et al., 2015). In
addition, MAPKI15 regulates the localization of ciliary proteins
involved in cilium structure, transport, and signaling and
regulates apical body migration by phosphorylating CAPZIP
(Miyatake et al., 2015; Kazatskaya et al, 2017). MAPKI15 has
been functionally linked to the Shh subgroup of medulloblastoma
where it regulates Hedgehog signalling and tumorigenesis in a cilia-
dependent fashion (Pietrobono et al., 2021).

2.2.5 STK38L

STK38L, also known as NDR?2 kinase, is a member of the nuclear
Dbf2-related (NDR) serine/threonine kinase family. The NDR
protein kinases play crucial roles in the control of cell
proliferation, apoptosis, and morphogenesis (Santos et al., 2023).
These kinases are also important regulators of the Hippo signaling
pathway through phosphorylating YAP/TAZ (Hergovich, 2016).
STK38L/NDR2 is involved in primary cilium formation (Chiba
et al, 2013) and is mutated in a naturally occurring canine
ciliopathy, termed early retinal degeneration (Goldstein et al,
2010). Stk38l deletion in mice caused decreased proliferation of
retinal amacrine cells by increasing the expression of neuronal stress
genes while decreasing the expression of synaptic genes (Léger et al.,
2018). STK38L is crucial for ciliogenesis via phosphorylating
Rabin8 and impairing pre-ciliary membrane biogenesis at the
pericentrosome (Chiba et al., 2013). Genetic variants in STK38L
have been associated with increased glioma risk (Chen et al., 2019)
and coding mutations were reported in microsatellite-unstable
colorectal cancer (Kondelin et al., 2018). STK38L was reported to
be overexpressed in KRAS-dependent pancreatic cancer cell lines
where it was found to be essential for cell proliferation (Grant
et al., 2017).

2.2.6 STK36/Fused

STK36/Fused is a member of the serine/threonine protein kinase
(STK) family. This kinase is similar to a Drosophila protein, Fused,
that plays a key role in the Hedgehog signaling pathway by
regulating the activity of Gli transcription factors by promoting
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their nuclear localization and opposing the effect of Suppressor of
Fused (SUFU) (Murone et al., 2000). STK36 is required for postnatal
development through regulating the homeostasis of cerebrospinal
fluid (CSF) and ciliary function. STK36 was shown to be essential for
the construction of the central pair apparatus of motile cilia (Wilson
et al., 2009). Mutation of STK36 leads to primary ciliary dyskinesia
with a central pair defect (Edelbusch et al., 2017). Knockout of the
homologous mouse gene leads to severe growth retardation and
congenital hydrocephalus due to a functional defect in motile cilia
(Merchant et al., 2005). The STK36 effects on ciliogenesis and CSF
flow are functionally linked to its binding to ULK4, which is another
kinase indispensable for motile ciliogenesis (Zhang et al., 2023).

2.2.7 ULK4

Unc51-like kinase 4 (ULK4) belongs to the Unc-51-like serine/
threonine kinase (STK) family and encodes a pseudokinase with
unclear function (Luo et al., 2022). It is a paralogue of STK36, which
is also involved in ciliogenesis. ULK4 has known roles in the
remodeling of cytoskeletal components, and it regulates neurite
branching and elongation as well as neuron cell motility (Lang
2014). that
ULK4  participates  in maintenance,

et al, Accumulating  evidence indicates

corticogenesis, cilia
myelination, and white matter integrity (Lang et al, 2014).
Ulk4 deletion in mice causes decreased intermediate neural
progenitors and increased apoptosis, thus disrupting normal
cortical development (Liu et al., 2016a). Likewise, Ulk4 null
knockout mice present disturbed motile cilia development and
disorganized ciliary beating, which impairs CSF flow eventually
leading to congenital hydrocephalus (Vogel et al., 2012; Liu et al,,
2016b). These phenotypes are identical to STK36 hypomorphic
mutants, supporting that ULK4 and STK36 interact as part of a
complex (Zhang et al, 2023). The ULK4 protein contains a
pseudokinase domain at the N-terminus and is predicted to be
catalytically inactive. Its pseudokinase domain interacts with STK36,
indicating that ULK4 can directly regulate active kinases despite
being catalytically inactive itself (Zeqiraj and van Aalten, 2010). The
structure of ULK4 has been resolved, enabling virtual and
experimental screens that have identified promising chemical
scaffolds for efforts to design specific ULK4 inhibitors (Khamrui
et al., 2020). Functional genomic analysis identified the master
transcription factor Foxjl and Foxjl pathway in cilia as well as
an array of other ciliogenesis factors are specifically regulated by
ULK4 (Liu et al,, 2016a). Furthermore, ULK4 was recently reported
to be a component of primary cilia in the neuroepithelium where it
acted as a positive regulator of Shh signaling (Mecklenburg et al.,
2021). Altogether, these studies demonstrate that ULK4 plays a vital
role in ciliogenesis and that deficiency of ULK4 causes
hydrocephalus and other ciliopathy-related phenotypes prevalent
in neurodevelopmental and neuropsychiatric disorders (Luo
et al.,, 2022).

3 Understudied ciliary kinase families

The primary literature provides insights into the roles of the
kinases in Table 1, including those related to cilia and in the
pathology of ciliopathies as well as other diseases. In general,
fewer papers have been dedicated to certain families of kinases. In
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the sections that follow, we provide an in-depth discussion of the
roles of understudied members of the cyclin-dependent kinase
like (CDKL), never in mitosis gene A (NIMA) related kinase
(NEK), and tau tubulin kinase (TTBK) families as they relate to
cilia. To spur research on the ciliary pathway functions and
regulation by these understudied kinases, we provide more
details about what has been published that connects kinases
within these families to cilia. Furthermore, we provide
structures of and associated references for the best available
probes or these
understudied ciliary kinases that can be used in follow-up

chemical high-quality inhibitors of
studies. Figure 2 illustrates the ciliary pathways driven by
members of these understudied kinase families and highlights

the expected consequences of kinase inhibition on cilia.

3.1 CDKL family

CDKL kinases are a family of five relatively underexplored
serine/threonine human kinases: CDKL1, CDKL2, CDKLS3,
CDKL4, and CDKL5. This family has the highest sequence
similarity to cyclin-dependent kinases (CDKs) (Canning et al,,
2018; Ong et al., 2023). CDKLs contain a cyclin binding domain,
although no cyclin-dependent functions have been ascribed.
While little is known about CDKL1-4 regarding their
function and role(s) in human biology, CDKL5 has been
identified as a regulator of ciliogenesis and cilia length
(Canning et al., 2018). Structural characterization of all
CDKLs, except for CDKL4, has confirmed them to contain a
conserved N-terminal kinase domain with variable C-termini
2018). The C-termini of CDKL2 and
CDKL3 were found to have an atypical o helix necessary for
their catalytic functions, which is absent in CDKL1 and CDKL5
(Canning et al., 2018). Notably, for CDKL5, the C-terminus is
involved in trafficking CDKL5 to its subcellular compartments

(Canning et al,

during various developmental stages (Rusconi et al., 2008;
Canning et al.,, 2018; Ong et al.,, 2023).

CDKILS5, also known as serine/threonine kinase 9 (STK9), is the
only member of the CDKL family with strong connections to
ciliogenesis in humans. CDKL5 is ubiquitously expressed in
in the
hippocampus, cerebellar, striatum, and cortex regions of the CNS

human tissues, but is observed at higher levels

in humans and mice, consistent with its roles in dendritic spine
growth, brain development, and excitatory synapse composition
(Rusconi et al., 2008; Fagerberg et al., 2014; Canning et al., 2018; Ong
et al,, 2023). A study using RNAI targeting CDKL5, which caused
reduced neurite growth and dendritic arborization in rat cortical
that  this
morphogenesis (Chen et al., 2010).

neurons, confirmed kinase regulates neuronal

CDKLS5 localizes to the basal body of primary cilia, and when
aberrantly overexpressed, can lead to jeopardized ciliogenesis
2018).  Hippocampal from

Cdkl5 deficient mice presented elongated primary cilia, however

(Canning et al, neurons
no changes in the levels of Wnt and Shh proteins were visualized by
Western blot (Di Nardo et al., 2022). Missense mutations in the
CDKL5 gene leads to a syndrome known as CDKL5-deficiency
disorder (CDD). CDD is characterized by severe encephalopathy,
noncanonical developmental physiology, and intellectual disability
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FIGURE 2

Illustration of cilia, represented in different colors for each kinase, the roles of ciliary kinases CDKL5, NEK1, NEK2, NEK4, NEK8, NEK9, NEK10, TTBK1,

and TTBK2, and how inhibition of these kinases is expected to impact ciliary morphology and/or function(s). (A) CDKL5 is involved in ciliogenesis and
regulating cilia length. (B) TTBK1 and TTBK2 both play a role in ciliogenesis. (C) NEK1 regulates ciliogenesis and ciliary structure; NEK2 plays a role in
ciliogenesis and ciliary resorption; NEK4 helps to stabilize cilia; NEK8 is involved with ciliary localization; NEK9 regulates ciliary function and its
resorption; and NEK10 modulates ciliogenesis, ciliary signaling, and cilia length.

with intractable epilepsy onset from early age, reflective of a
significant impact on brain function (Olson et al, 2019; Di
Nardo et al., 2022; Castano et al., 2023; Ong et al., 2023).

To date, there have only been two high-quality chemical probes
published by members of the Structural Genomics Consortium
(SGC) for CDKL5 (Figure 3). SGC-CAF382-1 (BI in the original
publication) demonstrates a cell-free CDKL5 enzymatic ICs, =
6.7 nM and engages with CDKL5 in cells with an IC5, = 11 nM
(Castano et al., 2023). SGC-CDKL5/GSK3-1 is a CDKL5 and GSK3
(GSK30. and GSK3p) probe with a cell-free CDKL5 enzymatic ICs, =
6.5 nM and a nearly equal in-cell CDKLS5 target engagement ICs =
4.6 nM (Ong et al., 2023).

CDKLI1, the only other CDKL kinase with connections to
ciliogenesis, has only been studied in model systems (zebrafish
and C. elegans). The human and C. elegans CDKL1 proteins
share 77% identity, and both have similar phosphorylation
regulatory sites: Thr'*, Tyr", and Thr'®' in humans and Ser",
Tyr'®, and Thr'® in zebrafish (Hsu et al, 2011). CDKLI,
however, has been shown to influence cilia length and Hedgehog
signaling in zebrafish, a pathway that is also linked to primary cilia
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(Hsu et al., 2011; Bangs and Anderson, 2017; Park et al., 2021). In
lieu of a high-quality chemical tool for CDKL1, genomics, siRNA,
and other techniques have been used to begin to uncover the
functions of this kinase. In C. elegans, CDKL1 localizes to the
transition zone at the base of the cilium, in a CEP-290-
dependent manner, and regulates the length of the growing cilia
by interacting with IFT anterograde kinesin motor proteins involved
in axoneme formation of the cilia (Li et al., 2016; Park et al., 2021).
Due to the high sequence identity, known roles of orthologs, and
strong connection between Hedgehog signaling and primary cilia, it
is proposed that CDKLI might have an underlying role in human
ciliogenesis (Bangs and Anderson, 2017).

3.2 NEK family

The NIMA-related kinase family comprises 11 relatively
understudied kinases (NEK1-NEKI11) that play roles in many
important biological processes and have been linked to several
diseases. Recent reviews discuss their biological and disease
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relevance and provide information about inhibitors (Fry et al., 2012;
Meirelles et al., 2014; Wells et al., 2018; Pavan et al., 2021; Panchal
and Evan Prince, 2023b; Nguyen et al, 2023). These and other
reviews highlight that mutations in all NEK family members have
been identified in different cancers and the functions of each NEK in
cancer progression delineated (Moniz et al., 2011; Panchal and Evan
Prince, 2023a). NEK1 mutations have also been identified as a
genetic cause of amyotrophic lateral sclerosis (Kenna et al,
2016). Members of the NEK family play various roles in
ciliogenesis and are implicated in distinct ciliopathies (Table 1).
Statistical analysis has linked the evolution of the NEKs and
centrioles, both of which are responsible for organization of
microtubule development as well as the basal bodies of cilia
(Quarmby and Mahjoub, 2005).

NEKI1 is localized to the basal body region and centrosomes
(Shalom et al., 2008). Nekl mutant mice exhibited a range of defects
including progressing PKD (Upadhya et al., 2000), which has a well-
established tie to ciliary dysfunction (White and Quarmby, 2008).
NEKI1 serves as a coordinator between ciliogenesis and cell cycle
progression, a role that is speculated to involve signaling between the
nucleus and the primary cilium (White and Quarmby, 2008).
Remarkably, both overexpression of NEKI and the complete
removal of NEKI1 severely decreased the percentage of cells
bearing a primary cilium, suggesting that ciliogenesis depends on
tightly regulated NEK1 expression (Shalom et al., 2008). The authors
proposed that this observation could be due to either NEK1 blocking
the upregulation of ciliary proteins or due to it physically interfering
with the formation of complexes at the centrosome (White and
Quarmby, 2008). NEK1 has also been shown to bind KIF3A, a
kinesin motor protein crucial for ciliogenesis, further underscoring
its role in directly impacting IFT (Quarmby and Mahjoub, 2005;
White and Quarmby, 2008).

While fewer papers have been written about its role in
ciliogenesis, NEK2 has a confirmed function in cilia homeostasis.
NEK2 phosphorylates C-Napl, Cep68, and Rootletin at the
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beginning of mitosis, allowing for the formation of the mitotic
spindle (Fry et al., 1998; Bahe et al., 2005). This kinase is required for
centriole splitting and is involved in the HDAC6 pathway, which
promotes tubulin deacetylation (Endicott et al., 2015; DeVaul et al.,
2017). NEK2 has been specifically shown to phosphorylate KIF24,
ensuring that cilia resorption occurs prior to mitosis, and increased
levels of NEK?2 facilitate cilia depolymerization (Mirvis et al., 2018).
Conversely, reduction of NEK2 leads to centriole defects and
deficiencies in cilia biogenesis (Endicott et al., 2015).

NEK4 is localized to the base of primary cilium in RPE cells,
suggesting that its role may include cilia stabilization (Basei et al.,
2015). This kinase interacts with RPGRIP1 and RPGRIPI1L, two
proteins associated with ciliopathies (Patnaik et al., 2015). In a study
from Coene et al., NEK4 knockdown resulted in a decrease in
ciliated cells. The authors hypothesized that the interaction
between RPGRIP1/RPGRIP1L and NEK4 forms a scaffold for the
assembly of cilium-related kinases and
et al., 2011).

NEKS is involved in the regulation of ciliary physiology and

substrates (Coene

associated human ciliopathies (Choi et al., 2013; Grampa et al., 20165
Claus et al, 2022). In a mouse model of juvenile cystic kidney
disease, mice bearing mutations in Nek8 display defects in ciliary
localization that were potentially causal in the emergence of
nephronophthisis (Otto et al., 2008). In the same mouse model,
mice were observed to have an abnormal interaction between
Nek8 and the polycystin complex (Valkova et al., 2005). During
the transition from the cell cycle stage to ciliogenesis, NEK8 is
activated and then ultimately degraded (Zalli et al., 2012). Mutations
in NEKS, including missense and loss-of-function mutations,
affected the regulation of signaling in the Hippo pathway
through its main effector, YAP (Grampa et al., 2016).

NEKO has roles in cell division as studies link phospho-NEK9
with microtubule and centrosomal organization, cytokinesis, and
centrosome maturation (Roig et al., 2002; Roig et al., 2005; Sdelci
et al,, 20125 Meirelles et al., 2014). NEK9 has been implicated in the
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pathologies of Perthes disease, upward gaze palsy, arthrogryposis,
congenital contracture syndrome, fetal akinesia, skeletal ciliopathies,
meningiomas, and nevus comedonicus (Casey et al, 2016;
Levinsohn et al., 2016; Dunn et al., 2019; Abraham et al., 2022;
Liu et al,, 2022). Ciliogenesis is bidirectionally regulated by selective
autophagic cellular processes, whereby ciliogenesis promotes
autophagy and vice-versa. NEK9 has been shown to have a role
in upregulating autophagy via its binding to ATG8 proteins, which
regulate autophagy (Behrends et al., 2010). ATG8 proteins are
regulated via a domain on NEK9 called LC3 interacting region
(LIR). Negative regulators of autophagy in the ATGS8 family include
GABARAP and GABARAPLI. Finally, autophagy of NEK9 is
required for cilia formation, as NEK9 regulates ciliogenesis by
interacting with autophagy adaptor MYH9 and myosin IIA, a
suppressor of ciliogenesis (Yamamoto et al., 2021).

NEK10 has a role in promoting optimal cilia length during post-
mitotic cilia assembly via interactions with pericentriolar matrix
protein 1 (PCM1). NEK10 also stimulates ciliary transport as well as
ciliary number and structure (Chivukula et al., 2020). Removal of
NEK10 led to a decline in ciliated cells and a decrease in NEK10-
promoted cilia resorption (Al Mutairi et al., 2020). Loss-of-function
mutations in NEK10 resulted in PCD in humans (Al Mutairi et al.,
2020). NEK10 forms a trimeric complex with PCM1 and RIIB. A
protein complex that includes NEKI10 is found at centriolar
satellites, and the role of NEKI10 in this complex makes it
essential for ciliogenesis (Porpora et al., 2018).

According to the chemical probes portal and SGC databases
there are no high-quality chemical probes targeting any member(s)
of the NEK family. To date, there are several lead compounds,
sourced from the literature, that represent candidates for
optimization. Examples of potential tool molecules are
summarized in Figure 4. BAY 61-3606 was originally reported as
a SYK inhibitor (Yamamoto et al., 2003), but interesting biological
activity led to a deeper dive into its kinase target profile, revealing
that NEK1 was also a target, with a ICs, of 159 nM (Lau et al., 2012).
NEK?2 is the most well-studied member of the NEK family, and, as
such, there are several inhibitors available, including CRUK ICR
compound (R)-21 with a NEK2 ICs, = 22 nM (Innocenti et al., 2012;
Wells et al., 2018). This compound shows good selectivity over
PLK1, an often seen off-target of NEK2 inhibitors. Some additional
NEK?2 inhibitors can be found in a NEK-family review (Wells et al.,
2018). Abbott compound 17 was originally identified as a
MAP3K8 inhibitor (George et al., 2008), and subsequently was
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found to bind to NEK4 with an ICs, = 50 nM (Metz et al,
2011). No further structure-activity relationship (SAR) studies on
this scaffold for NEK4 have been reported. The BRAF inhibitor
dabrafenib has been approved by the FDA for melanoma. Because
dabrafenib showed activity against some cancer lines that
differentiated it from other BRAF inhibitors, further kinase
profiling was performed. These experiments demonstrated useful
and consequential inhibition of CDK16 and NEK9 (Phadke et al.,
2018). While some of these candidates bind to their associated NEK
with high affinity, the modest kinome-wide selectivity of these
compounds has thus far precluded them from being considered
chemical probes (Arrowsmith et al., 2015). Through informed SAR
campaigns, it should be possible to refine these leads into chemical
probes, which may prove to be valuable tools in understanding the
role of the NEKs in ciliary biology.

3.3 TTBK family

Tau tubulin kinases are a family of serine/threonine/tyrosine
kinases that belong to the larger casein kinase superfamily (CMGC)
(Sato et al., 2006; Nozal and Martinez, 2019; Bashore et al., 2023).
There are two isoforms of TTBK, tau tubulin kinase 1 and tau
tubulin kinase 2, and their kinase domains share 88% identity and
96% similarity. Their catalytic residues, K63 and D164 for
TTBK1 and K50 and D141 for TTBK2, are similar; however,
their non-catalytic domains are distinct from one another (whole
sequence similarity: 63% and 35% identity) (Nozal and Martinez,
2019; Bashore et al., 2023). TTBK2 regulates the initiation of
ciliogenesis by acting at the distal end of the mother centriole to
remove capping protein CP110 from the mother centriole (Cajanek
and Nigg, 2014) and facilitate the recruitment of IFT proteins
needed for the subsequent assembly of the ciliary axonemal
microtubules (Cajének and Nigg, 2014; Bashore et al., 2023; Bino
and Cajanek, 2023). TTBK2 is not only highly expressed in the
granular cell layer, cerebellum Purkinje cells, hippocampus,
midbrain, and substantia nigra regions of the brain, but also
ubiquitously expressed in most human tissues (Houlden et al,
2007; Bashore et al, 2023). As TTBK2 is essential for initiating
cilia assembly, it is not surprising that a pathogenic mutation of
TTBK2 leads to a neurological disorder known as spinocerebellar
ataxia 11 (SCA11), characterized by atrophy of the Purkinje cells of
the cerebellum (Bowie et al, 2018; Bashore et al., 2023). This
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truncated gene product is lacking the C-terminus, which is involved
in trafficking TTBK2 to the basal body of primary cilium and also
disrupts its interaction with CEP164, a key substrate that leads to
initiation of ciliogenesis (Bowie et al., 2018; Bashore et al., 2023).
Defects in ciliary assembly, stability, and function are observed in
mice carrying the mutated alleles (Bowie et al., 2018). Another study
showed cerebellar degeneration, altered intracellular levels of
calcium, and loss of VGLUT2" synapses in Ttbk2 mutated mice
(Bowie and Goetz, 2020).

TTBKI1 expression is confined to hippocampal, cortical, and
entorhinal cortex neurons (Nozal and Martinez, 2019; Bashore et al.,
2023). In human pluripotent TTBK2 knockout stem cells,
TTBK1 was able to compensate for the loss of TTBK2 and
regulate the assembly of primary cilia during neural rosette
formation (Biné and Cajinek, 2023). Biné et al. further showed
that in a TTBK2 rescue experiment, TTBKI activity and expression
levels increase enough to compensate for the loss of TTBK2 during
neural rosette formation (Bind and Cajinek, 2023). Although
TTBKI lacks the C-terminal CEP164-binding domain that directs
TTBK2 to the mother centriole, TTBK1 can still phosphorylate the
key substrates of ciliogenesis outside of the mother centriole (Bino
and Cajanek, 2023). This study brings to light the first indication
that TTBKI is a regulatory kinase of ciliogenesis. Furthermore,
TTBKI is known to act on neuropathic proteins like tau at
pathogenically relevant sites and is overexpressed in Alzheimer’s
disease (AD) with single nucleotide polymorphisms associated with
late-onset AD (Ikezu and Ikezu, 2014; Bashore et al, 2023).
TTBK1 also co-localizes with other neuropathic proteins and
neurofibrillary tangles associated with amyotrophic lateral
sclerosis and frontotemporal dementia (Tkezu and Tkezu, 2014;
Bashore et al., 2023).

Despite being understudied, recent efforts have been made
towards developing inhibitors of TTBK1/2. Biogen, Bristol-Myers
Squibb, and AstraZeneca have published co-crystal structures of
TTBKI bound inhibitors (AZ1, AZ2, BMS1, and BGN18, Figure 5)
(Xue et al., 2013; Kiefer et al., 2014; Halkina et al., 2021; Bashore
et al, 2023). In 2013, AstraZeneca reported TTBKI inhibitors
AZ1 and AZ2, with Kd values of 024uM and 4.1 uM,
respectively (Xue et al., 2013). Later, a group optimized this same
scaffold to yield compound 29, with selectivity for TTBK1 over
TTBK2 (TTBK1 ICs = 0.24 pM, TTBK2 ICso = 4.22 pM) (Figure 5)
(Nozal et al.,, 2022). Compound 29 was brain penetrant and lowered
levels of phosphorylated TDP-43 in vitro and in vivo in a TDP-43
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TTBK1 biochemical IC59 = 18 nM
TTBK1 in-cell IC5y = 259 nM
TTBK2 biochemical ICs = 13 nM

TTBK1 biochemical IC59 = 2.7 nM
TTBK1 in-cell IC5p = 315 nM
TTBK2 biochemical IC5 = 1.6 nM

transgenic mouse model (Nozal et al., 2022). In 2014, Bristol-Myers
Squibb published BMS1 and co-crystallized it in complex with
TTBKI1 (Kiefer et al., 2014). This compound has cell-free ICs,
values for TTBK1 of 120 nM and for TTBK2 of 170 nM (Kiefer
et al,, 2014). In 2021, Biogen published a series of brain penetrant,
azaindazole-based TTBK1/2 inhibitors: BGN8, BGN18, and BGN31
(Figure 5) (Halkina et al, 2021). Azaindazole BGN8 had a
TTBK1 biochemical ICsy = 60 nM and in-cell TTBK1 ICs, =
571nM (Halkina et al., 2021). This compound was further
optimized to yield BGNI18, which demonstrated TTBK1/
2 biochemical ICs, values of 13-18 nM and TTBKI1 in-cell
potency of 259 nM (Halkina et al, 2021). Finally, the campaign
yielded an azaindole-based analog, BGN31, which is the most
advanced inhibitor of the series (Halkina et al., 2021). This
compound has single-digit nM TTBK1/2 biochemical ICs, values
and displays TTBK1 in-cell potency of 315 nM (Halkina et al., 2021).
BGN31 was advanced to in vivo studies of tau phosphorylation,
utilizing a mouse model of hypothermia and a developmental rat
model, and was shown to reduce phosphorylation of tau at disease
relevant sites (Halkina et al., 2021; Bashore et al., 2023).

The results of an academic effort by the SGC at the University of
North Carolina to produce TTBK1/2 inhibitors was published in
2023 (Bashore et al., 2023). The indole scaffold of these inhibitors
was discovered from an investigation of the off-target activity of a
published Amgen NF-«kB inhibitor, AMG28, which included
inhibition of TTBK1/2 (Bashore et al., 2023). Compounds 9 and
10 were the most advanced leads from that campaign and these
analogs demonstrated TTBK1/2 enzymatic ICs, values of 384 nM
and 175 nM, respectively, for compound 9 and TTBK1/2 enzymatic
ICso values 579 nM and 258 nM, respectively, for compound 10
(Figure 5) (Bashore et al., 2023). Both compounds have been shown
to inhibit ciliogenesis in human pluripotent stem cell-based models
and phenocopy what is observed due to genetic editing of TTBK2
(Bashore et al., 2023; Bind and Cajétnek, 2023). The available
TTBK1/2 inhibitors in Figure 5 are mostly devoid of isoform
selectivity, and many of the inhibitors lack overall kinome-wide
selectivity data. The high sequence homology between the kinase
domains of TTBK1 and TTBK2 suggests that selectivity between
these kinases may be very difficult to achieve. To date, no potent and
selective chemical probe for either TTBK1 or TTBK2 exists, but
delivery of such a compound will facilitate deconvolution of the
importance and roles of these kinases in ciliogenesis, canonical
signaling pathways, and disease.
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4 Conclusion

The importance of cilia and the kinases that aid in their
regulation is clear. Many of these kinases fall into the
understudied category, including members of the CDKL, NEK,
and TTBK families, suggesting that we still may uncover new
kinases and uncharacterized roles of kinases in ciliary biology.
Continued research dedicated to these essential enzymes and the
pathways into which they fit will further our understanding of
normal and aberrant ciliary functions in human biology and
disease. Since many ciliopathies, cancers, and nervous system
disorders are caused in part by dysfunctional ciliary pathways,
additional knowledge will move the field closer to a more
complete understanding of ciliary function and potential
treatments for related diseases. The small molecule tools
discussed herein are being developed to better understand the
roles of cilia in biology and disease. These pre-clinical chemical
tools will aid in the dissection of ciliary networks to pinpoint those
nodes that, when inhibited, could result in therapeutic benefit
for patients.
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