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Resolving primary pathomechanisms driving
idiopathic-like spinal curvature using a new
katnb1 scoliosis model

Anne Meyer-Miner,1,2 Jenica L.M. Van Gennip,1,2 Katrin Henke,3,4 Matthew P. Harris,3 and Brian Ciruna1,2,5,*
SUMMARY

Idiopathic scoliosis (IS) refers to abnormal spinal curvatures that occur in the
absence of vertebral or neuromuscular defects. IS accounts for 80% of human spi-
nal deformity, afflicts �3% of children worldwide, yet pathogenic mechanisms
are poorly understood. A key role for cerebrospinal fluid (CSF) homeostasis in ze-
brafish spine development has been identified. Specifically, defects in cilia
motility of brain ependymal cells (EC), CSF flow, and/or Reissner fiber (RF) assem-
bly are observed to induce neuroinflammation, oxidative stress, abnormal CSF-
contacting neuron activity, and urotensin peptide expression, all associating
with scoliosis. However, the functional relevance of these observations to IS re-
mains unclear. Here we characterize zebrafish katnb1mutants as a new IS model.
We define essential roles for Katnb1 in motile ciliated lineages, uncouple EC cilia
and RF formation defects from spinal curvature, and identify abnormal CSF flow
and cell stress responses as shared pathogenic signatures associated with scoli-
osis across diverse zebrafish models.
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INTRODUCTION

Abnormal curvatures of the spine, known as scoliosis, have been pervasive throughout human history

(Naderi et al., 2007; Vasiliadis et al., 2009). The most prevalent type, idiopathic scoliosis (IS), manifests as

a rotational spinal curvature that develops in the absence of gross vertebral malformations or other phys-

iological defects, often during periods of intense growth linked to adolescence (Horne et al., 2014; Cheng

et al., 2015). IS afflicts 3%–4% of school-aged children, yet our understanding of pathogenic mechanisms

underlying IS remains clouded in large part by its genetic heterogeneity (Kesling and Reinker, 1997; Wise

et al., 2008; Cheng et al., 2015; Grauers et al., 2016; Peng et al., 2020). Recent whole exome sequencing

(WES) studies and multi-ethnic GWAS meta-analyses have associated variants in musculoskeletal collagen

and cartilaginous extracellular matrix genes with IS susceptibility for a subset of cases (Haller et al., 2016;

Khanshour et al., 2018). However, it is estimated that >95% of the total genetic variance underlying IS re-

mains to be discovered (Kou et al., 2019). This fact underscores a critical need to better understand IS

pathobiology.

Surprisingly, spinal curvatures rank among the most common deformities observed in teleost fish, and

utilization of zebrafish genetic IS models has spearheaded efforts across multiple research groups to eluci-

date the biological underpinnings of spinal curve progression (Hayes et al., 2013, 2014; Grimes et al., 2016;

Van Gennip, Boswell and Ciruna, 2018; Zhang et al., 2018; Rose et al., 2020; Terhune et al., 2020; Troutwine

et al., 2020; Gray et al., 2021; Wang et al., 2022). Pioneering work with zebrafish protein tyrosine kinase 7a

(ptk7a) mutants characterized the first genetically defined developmental model of IS and identified a key

role for cerebrospinal fluid (CSF) homeostasis in spine development, linking motile cilia-driven CSF flow

defects with idiopathic-like spinal curvatures (Hayes et al., 2013, 2014; Grimes et al., 2016; Van Gennip,

Boswell and Ciruna, 2018). Notably, there is some evidence that cilia and CSF flow defects may also be

linked to human IS (Patten et al., 2015; Oliazadeh et al., 2017; Baschal et al., 2018; Terhune et al., 2020;

Wang et al., 2020; Algin et al., 2022).

Recently, zebrafish scospondin (sspo) mutants were identified to develop idiopathic-like scoliosis in the

absence of cilia abnormalities (Rose et al., 2020; Troutwine et al., 2020). Rather, irregularities in CSF flow
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Figure 1. katnb1 mutant zebrafish exhibit defining attributes of IS

(A–D) Representative lateral views of calcein-stained katnb1mh102/+ (A & A’; N = 2, n = 24) and katnb1mh102/mh102 (B & B’; N = 2, n = 13) fish at 12 dpf (6 mm

average length); and of katnb1mh102/+ (C & C’; N = 4, n = 53) and katnb1mh102/mh102 (D & D’; N = 4, n = 18) fish at 17 dpf (7 mm average length). Note onset of
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Figure 1. Continued

spinal curvatures in katnb1mh102/mh102 zebrafish (arrowheads) in the absence of congenital vertebral malformations. Squares indicate location of higher

magnification images (A0–D0). Scale bars, 1 mm.

(E–H) Three dimensional microCT projections of representative 3-month-old katnb1mh102/+ (E & F; N = 2, n = 5) and katnb1mh102/mh102 (G & H; N = 17, n = 68)

zebrafish viewed in sagittal (E & G) and coronal (F & H) planes.

(I–L) Quantification of curve severity, direction, and position along the DV (I, J) and ML (K, L) axes of katnb1mh102/mh102 mutant zebrafish. (I, K) Graphs

depicting spinal curvatures of individual mutant fish: x axis indicates vertebral position of curve apices along the rostral to caudal plane; Y axis indicates

magnitude of curvature (Cobb angle). Positive Cobb angles represents kyphotic curves in the DV axis and rightward curves in the ML axis. Negative Cobb

angle represents lordotic curves in the DV axis and leftward curves in the ML axis. (J, L) Graphs depicting sums of all Cobb angle measurements in DV (J,

p = 0.72) and ML (L, p = 0.31) axes for male and female katnb1mh102/mh102 fish (N = 6, n = 47). Statistical analyses were performed using student’s t test.

(M and O) Quantification of curve severity, direction, and position along the DV (M) and ML (O) axes of ptk7ahsc9/hsc9 mutant zebrafish.

(N and P) Quantification of curve severity as a measure of total Cobb angle, comparing katnb1mh102/mh102 (N = 17, n = 68) and ptk7ahsc9/hsc9 (N = 8, n = 17)

mutant animals along the DV (N, p = 0.613) and ML (P, p = 0.0014) axis.
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associated with the disrupted formation of Reissner fiber (RF, a proteinaceous filament that threads

through ventricles of the brain and spinal cord) were linked to sspo IS phenotypes. However, as defects

in bulk CSF flow and RF aggregation are shared across sspo, ptk7a, and other zebrafish IS models (Rose

et al., 2020; Troutwine et al., 2020), the primary cause of scoliosis remains unclear. Downstream of CSF ho-

meostasis and RF deficits, abnormal CSF-contacting neuron (CSF-CN) activity, urotensin neuropeptide

(Urp) expression, neuroinflammatory signals, and oxidative stress have all been associated with axial cur-

vature (Böhm et al., 2016; Cantaut-Belarif et al., 2018, 2020; Sternberg et al., 2018; Van Gennip, Boswell

and Ciruna, 2018; Zhang et al., 2018; Lu et al., 2020; Orts-Del’Immagine et al., 2020; Rose et al., 2020).

The interdependence and functional relation of these phenotypes to idiopathic-like scoliosis remains to

be determined.

To gain further insights into the etiopathogeneses of spinal curvature, we characterize zygotic katanin p80

subunit mutants (katnb1mh102/mh102) (Hu et al., 2014) as a new zebrafish IS model. We define essential roles

for Katnb1 in motile cilia and choroid plexus (ChP) development. Through this analysis, katnb1 mutants

functionally uncouple brain ependymal cell (EC) cilia, urp expression, and RF formation defects from spinal

curvature. Rather, our studies identify physiological stress responses downstream of CSF homeostasis de-

fects as biological mechanisms associated with idiopathic-like scoliosis that are shared across diverse ze-

brafish IS models.
RESULTS

katnb1 mutants develop late-onset spinal curvatures that model human IS

Katanin is a microtubule severing heterodimer comprised of catalytic p60 and scaffolding p80 subunits,

with the p80 subunit (KATNB1) functioning to localize Katanin to the centrosome (McNally et al., 1996; Hart-

man et al., 1998). In single-celled organisms and in vertebrates, Katanin has been found to play essential

roles in flagella motility and ciliogenesis (Dymek et al., 2004; Sharma et al., 2007; Mirvis et al., 2019). Based

on human KATNB1mutations linked to microlissencephaly, studies utilizing cell culture and mouse models

also revealed the functional importance of KATNB1 in centriole biogenesis, Shh signaling, and neural pro-

genitor development (Hu et al., 2014; Mishra-Gorur et al., 2014), whereas analysis of maternal-zygotic (MZ)

katnb1mutant zebrafish demonstrated a critical role for Katnb1 in early embryonic patterning and viability

(Hu et al., 2014).

In contrast to strong MZ katnb1mutant phenotypes, zygotic katnb1mh102/mh102 mutant zebrafish display no

overt morphological abnormalities at embryonic stages, owing to maternally contributed RNAs (Hu et al.,

2014). However, at late larval and early juvenile stages (7–8 mm standard length; approximately 3 weeks

post fertilization [wpf]), we observed that zygotic katnb1mh102/mh102 mutants develop obvious axial curva-

tures (Figure 1). In order to characterize vertebrae formation, we used the vital dye calcein, which binds

to calcified skeletal structures (Du et al., 2001), and observed no obvious vertebral segmentation defects

prior to or post-onset of curve formation (Figures 1A–1D). Axial curvatures emerge only during late juvenile

stages of development and could first be detected in some katnb1mh102/mh102mutants at 17 dpf (days post-

fertilization;�7mm length; Figures 1D and 1D0). Themajority of mutants develop curves between 21 and 23

dpf, and scoliosis is fully penetrant by 30 dpf.

To better visualize spine deformities, we performed microcomputed tomography (mCT) of 3-month-old

(3mo) adults (Figures 1E–1H) and quantified the position, magnitude, and orientation of spinal curvatures
iScience 25, 105028, September 16, 2022 3
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Figure 2. katnb1 mutants exhibit cilia defects in foxj1-positive cell lineages

(A–H) SEM imaging of the rhombencephalic ventricle in brains dissected from 3-month-old katnb1mh102/+ (A; N = 3, n = 9) and katnb1mh102/mh102 (B; N = 4,

n = 11) adults; 6-week-old katnb1mh102/+ (C; N = 3, n = 9) katnb1mh102/mh102 (D; N = 3, n = 8) and ptk7ahsc9/hsc9 (E; N = 3, n = 9) fish; and 3-week-old

katnb1mh102/+ (F; N = 4, n = 14), katnb1mh102/mh102 (G; N = 4, n = 14) and ptk7ahsc9/hsc9 (H; N = 3, n = 8) juveniles. Scale bars, 5 mm.

(I and J) Quantification of bulk CSF movement as measured by the distance fluorescent dye travels along the spinal canal (in millimeters; mm), 2 h post-

injection into the brain ventricles of experimental fish. (I) katnb1mh102/+ (A; N = 3, n = 37) and katnb1mh102/mh102 (A; N = 3, n = 36) zebrafish exhibit no

difference in bulk CSF flow rates at 2 weeks of age (p = 0.4828). (J) Significant differences in bulk CSF flow were observed between katnb1mh102/+ (B; N = 2,

n = 19) and katnb1mh102/mh102 mutant (B; N = 2, n = 12) fish at 3 weeks of age (p = 0.0000006829). Statistical analysis was performed using a two tailed t test.
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(Figure S1). Within the dorsal-ventral (DV) or sagittal plane, the position and orientation of curves are well

conserved along the rostral-caudal axis of katnb1mh102/mh102 mutants (Figures 1G and 1I), beginning with a

stereotypic kyphotic curvature correlating with the positioning of the swim bladder (Parichy et al., 2009) fol-

lowed by a compensatory lordotic curve in the opposite direction. The most caudal spinal curvatures in

katnb1mh102/mh102 mutants are more variable in nature, perhaps free from biomechanical constraints of un-

derlying organ systems.

Spinal curvatures in the medio-lateral (ML) or coronal plane are less severe than sagittal curves and vary in

both their position and left versus right chirality along the rostral-caudal axis (Figures 1H and 1K). Although

no significant difference in scoliosis severity was observed betweenmale and female katnb1mh102/mh102mu-

tants, cumulative spinal curve measurements trended higher in females (Figures 1J and 1L). Overall,

katnb1mh102/mh102 mutant phenotypes recapitulate many hallmarks of human IS, including an adolescent

age of onset, scoliosis progression in the absence of obvious congenital vertebral malformations, and char-

acteristic patterns of spinal curvature. Although the shape and positioning of idiopathic-like curves differ

between human IS patients and zebrafish katnb1 mutant models, curve patterns likely reflect biomechan-

ical forces imposed by species-specific organ anatomy (Schlösser et al., 2017).
katnb1 scoliosis phenotypes are associated with motile cilia and CSF flow defects

Bulk CSF flow defects have previously been associated with scoliosis in both ptk7a and sspo zebrafish IS

models (Grimes et al., 2016; Van Gennip, Boswell and Ciruna, 2018; Rose et al., 2020). To determine

whether similar mechanisms underly spine curvature in katnb1mh102/mh102 mutants, we injected fluorescent

dye into the brain ventricles of mutant and sibling control fish and monitored CSF flow into the spinal cord.

At 2 wpf, prior to scoliosis onset, katnb1mh102/mh102 mutants and sibling controls exhibit similar, slow rates

of CSF flow (Figure 2I). However, at 3 wpf, corresponding with onset of spinal curvature, katnb1mh102/mh102

mutants exhibit a significant reduction in CSF flow as evidenced by restricted distribution of dye along the
4 iScience 25, 105028, September 16, 2022
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spinal cord 2 h post-injection (Figure 2J). These results indicate that bulk CSF flow defects are conserved

across ptk7a, sspo, and katnb1 zebrafish IS models.

We next investigated whether katnb1mh102/mh102mutants also display defects in ECmono- or multi-cilia for-

mation, which are believed to regulate CSF flow and have been linked with scoliosis in ptk7ahsc9/hsc9 and

other zebrafish scoliosis models (Grimes et al., 2016; Konjikusic et al., 2018; Olstad et al., 2019; D’Gama

et al., 2021; Wang et al., 2022). Scanning electron microscopy (SEM) of brain rhombencephalic ventricles

from 3mo control animals revealed a dense, polarized bed of EC multi-cilia (Figure 2A). In contrast, 3mo

katnb1mh102/mh102 mutants exhibited a complete lack of multi-cilia as well as most mono-cilia expected

to line brain ventricles (Figure 2B). katnb1mh102/mh102 mutants presented with a more severe cilia loss

than that described for ptk7ahsc9/hsc9mutants (Grimes et al., 2016) but did not exhibit hydrocephalus, which

often accompanies EC multi-cilia defects and abnormal CSF flow (Abdelhamed et al., 2018; Figures S2A–

S2C). Notably, observed cilia defects were tissue and stage dependent. katnb1mh102/mh102mutant embryos

exhibited normal left-right patterning (a trait commonly disrupted in motile cilia mutants [Essner et al.,

2005]); normal differentiation of pronephric motile cilia; as well as normal formation, orientation, and

motility of spinal cord floor plate cilia (Figure S3).

To determine whether scoliosis specifically results from motile cilia dysfunction, we attempted to suppress

spinal curvature in katnb1mh102/mh102 mutants via transgenic re-introduction of wild-type Katnb1 in foxj1a-

positive motile-ciliated cell lineages (as described in (Grimes et al., 2016); Figure 3A). Tg(foxj1a::katnb1)

expression in katnb1mh102/mh102 mutants resulted in partial suppression of rhombencephalic ventricle EC

cilia defects, as imaged by SEM (Figures 3B–3E). Remarkably, Tg(foxj1a::katnb1) expression fully sup-

pressed scoliosis in katnb1mh102/mh102 mutants (Figures 3F–3I). These results demonstrate that loss of

Katnb1 in motile-ciliated lineages induces scoliosis and provide further evidence of a critical role for

foxj1a-positive cell lineages in spine morphogenesis (Grimes et al., 2016; D’Gama et al., 2021).

Defects in EC cilia are not specifically linked to spinal curvature

Despite obvious parallels in pathogenic mechanisms associated with scoliosis in katnb1 and ptk7a IS models

(CSF flow defects associated with defects in foxj1a-positive motile cilia lineages), katnb1mh102/mh102 mutants

demonstratemilder scoliosis phenotypes. Quantitative analysis of Cobb angles (ameasure of curve severity) re-

vealed that, compared with ptk7ahsc9/hsc9 fish, katnb1mh102/mh102mutants exhibit a significant reduction in curve

severity, specifically in the ML plane (p = 0.0014; Figures 1M�1P). Furthermore, although curve formation in

ptk7ahsc9/hsc9 mutants begins around 14 dpf (Hayes et al., 2014; Rose et al., 2020), katnb1mh102/mh102 mutants

developed scoliosis later in development, on average by 21 dpf. Thus, katnb1mh102/mh102 animals demonstrate

later onset of apparent curvature and less severe spinal curvatures than ptk7ahsc9/hsc9mutants, despite present-

ing more severe EC cilia defects at 3 months of age (Grimes et al., 2016; Figures 2A and 2B).

To determine whether phenotypic variances were caused by differences in the timing of EC cilia loss, we

performed SEM analysis of rhombencephalic ventricles from katnb1mh102/mh102, ptk7ahsc9/hsc9, and hetero-

zygous control siblings from earlier stages of development. At 6wpf, control fish exhibited well-developed

EC multi-cilia throughout the ventricle, although not as dense as 3mo stages (Figure 2C). In contrast,

katnb1mh102/mh102 mutants exhibited a clear loss of EC multi-cilia formation at this stage (Figure 2D). Strik-

ingly, ptk7ahsc9/hsc9 mutants exhibited sparse multi-cilia bundles lining the ventricle that appeared similar

to control animals (Figure 2E). These results indicate that milder scoliosis phenotypes in katnb1 versus

ptk7a mutant zebrafish cannot be explained by later loss of EC cilia in katnb1mh102/mh102 mutants.

Surprisingly, EC multi-cilia had yet to develop in rhombencephalic ventricles of any (mutant or control) an-

imal at 3wpf (Figures 2F–2H). Because katnb1mh102/mh102 and ptk7ahsc9/hsc9 mutants both present nascent

spinal curvatures at this stage, this observation supports recent evidence suggesting that loss of EC multi-

cilia does not drive spinal curve formation in zebrafish IS models (D’Gama et al., 2021). Instead, given the

requirement for Ptk7a and Katnb1 in foxj1a-positive cell lineages (Figure 3; Van Gennip, Boswell and Cir-

una, 2018), other motile-ciliated cell populations may be functionally responsible to regulate bulk CSF flow

and spine morphogenesis.

katnb1 mutants exhibit abnormal choroid plexus cilia

katnb1expression is enriched in the zebrafishbrain (Mishra-Gorur et al., 2014), which exhibits a broaddiversity of

motile cilia populations (D’Gama et al., 2021). To determine which of these populations may be linked to
iScience 25, 105028, September 16, 2022 5
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Figure 3. Re-introduction of Katnb1 in foxj1a-positive cell lineages suppresses scoliosis

(A) Schematic of Tg(foxj1a::katnb1) construct.

(B–E) SEM images of the rhombencephalic ventricle of 3 month old katnb1mh102/mh102 (B & C; N = 4, n = 11) and Tg(foxj1a::katnb1); katnb1mh102/mh102 (D & E;

N = 4, n = 10) fish. (B, D) Scale bar, 20 mm. Square indicates higher magnification location. (C, E) Scale bar, 5 mm.

(F–I) Representative microCT projections of 3-month-old katnb1mh102/mh102 (F & G; N = 17, n = 68) and Tg(foxj1a::katnb1); katnb1mh102/mh102 (H & I; N = 8,

n = 73) mutant zebrafish in sagittal (F & H) and coronal (G & I) planes.
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Figure 4. katnb1 mutants exhibit choroid plexus cilia defects at 21 dpf

(A–F) Representative maximum intensity Z-stack projections of confocal micrographs, acquired through dorsally oriented whole mount brains that were

dissected from 21dpf katnb1mh102/+ (A; N = 6, n = 14) and katnb1mh102/mh102 (D; N = 6, n = 25) fish, and immunostained for polyglutamylated tubulin. Squares

indicate regions of interest, chosen for higher magnification analyses of the forebrain ChP (B & E) and rhombencephalic ChP (C & F) of katnb1mh102/+ control

(B & C; N = 8, n = 60) and katnb1mh102/mh102 mutant (E & F; N = 8, n = 32) animals. Scale bars, 50 mm. Tel: telencephalon, TeO: optic tectum, CC: cerebellum.

(G–J) Higher magnification regions (as indicated in B, C, E & F) of cilia on the forebrain ChP (G & H) and rhombencephalic ChP (I & J) of katnb1mh102/+ control

(G & I) and katnb1mh102/mh102 mutant (H & J) brains. Scale bars, 25 mm.
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scoliosis, we performed whole mount immunohistochemistry on 21- and 30-day old katnb1mh102/mh102 mutant

versus control brains and screened for alterations in polyglutamylated tubulin (PolyETub) staining, which is a reli-

able marker for cilia on foxj1-expressing cells in zebrafish (Bré et al., 1994; D’Gama et al., 2021).

Notable differences were observed in both the forebrain choroid plexus (fChP) and rhombencephalic

choroid plexus (rChP), which are highly ciliated structures found on the dorsal surface of the third and fourth

ventricle (in zebrafish) and part of the circumventricular organ (CVO) network that is critical for generating

and secreting components of the CSF (Henson et al., 2014; Guerra et al., 2015). In 21 dpf control fish,

both ChPs appeared highly ciliated with a prevalence of mono-ciliated cells (Figures 4A–4C, 4G and 4I).

However, 21 dpf katnb1mh102/mh102 mutants exhibited lower numbers of ChP mono-cilia (Figures 4D–4F,

4H, and 4J).

By 30 dpf, both fChP and rChP have developed bundles of multi-cilia in control animals (Figures 5A and 5B),

especially on the anterior edge of the fChP and on the dorsal-medial telencephalon, corresponding to

the tela choroidea (Nieuwenhuys, 2011; Folgueira et al., 2012; D’Gama et al., 2021). In striking contrast, 30dpf

katnb1mh102/mh102 ChPs do not form multi-cilia but instead display circular aggregations of PolyETub staining

within anterior fChP and dorsal-medial telencephalic regions (Figures 5C and 5D). In addition, there were signif-

icantly fewer and shortermono-cilia in the rChPof 30dpf katnb1mh102/mh102mutants comparedwith controls (Fig-

ure S4). Taken together, these observations define a critical period in the ciliation and differentiation of normal

zebrafishChPs, identify defects in foxj1-positive ciliatedcells that arise just as katnb1mh102/mh102mutantsdevelop
iScience 25, 105028, September 16, 2022 7
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Figure 5. katnb1 mutants exhibit severe fChP and rChp cilia defects at 30 dpf

(A–D) Representative maximum intensity Z-stack projections of confocal micrographs, acquired through dorsally oriented whole mount brains that were

dissected from 30 dpf katnb1mh102/+ control (A–B; N = 11, n = 70) and katnb1mh102/mh102 mutant (C-D; N = 11, n = 88) fish, and immunostained for

polyglutamylated tubulin. Forebrain ChP (A, C) and rhombencephalic ChP (B, D) are shown. Squares represent higher magnification images of fChP (A0 , C0 )
and rChP (B0, D0 ). Scale bars, 50 mm (A & B) and 20 mm (A’ & B0).
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scoliosis, and suggest that abnormal ChP developmentmay contribute toCSF flowdefects and spinal curve for-

mation in katnb1mh102/mh102 mutants.
katnb1 mutants form a Reissner fiber, despite CSF flow defects

Although observed ChP cilia defects correlate with scoliosis in katnb1mh102/mh102 mutants, they may not be

causative. Indeed, scoliosis in sspo mutant zebrafish develops in the absence of obvious cilia defects and

has instead been linked to defects in RF formation. Furthermore, RF formation defects have also been

observed in ptk7a and other zebrafish IS models associated with irregularities in motile-cilia-driven CSF

flow (Rose et al., 2020; Troutwine et al., 2020), raising the possibility that loss of RF formation may ultimately

drive scoliosis in these mutants.

To better delineate mechanisms underlying curve formation in katnb1mh102/mh102 mutants, we stained

whole brains with an antibody raised against bovine Reissner’s substance that labels zebrafish RF and

Sspo (Figures 6 and 7); (Rose et al., 2020). At 21 dpf, a distinct RF was observed initiating in proximity to

the SCO and threaded through ventricular cavities of the telencephalon and medulla spinalis of both

control (Figures 6A and 6C–6G) and katnb1mh102/mh102mutant (Figures 6B and 6H–6L) brains. Similar obser-

vations were made for 30 dpf samples (Figure 7). However, abnormalities in Reissner’s substance/Sspo dis-

tribution were observed in 21 dpf and 30 dpf katnb1mh102/mh102 mutant brains. Specifically, ectopic Sspo

aggregation was detected in ventricular cavities underlying both the fChP (Figures 6B, 6H, 7B, and 7H)

and rChP (Figures 6B, 6K, 7B, and 7K).

Therefore, CSF flow defects and scoliosis in katnb1mh102/mh102mutants are not associated with loss of RF for-

mation, albeit may involve decreased functionality or aberrant aggregation of Reissner’s substance. These

observations challenge current theories regarding the etiopathogenesis of scoliosis (see Bagnat and Gray,

2020; Ringers and Jurisch-Yaksi, 2020), demonstrating that the presence of RF is not sufficient to keep the

spine straight. Rather, the specific and ectopic accumulation of Sspo below the forebrain and rhombence-

phalic ChPs suggests that the primary defect in katnb1 IS models relates to abnormal ChP development

and/or function with correlative Sspo accumulation subsequent to onset of curvature.
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Figure 6. Analysis of Sspo localization and RF formation in 21dpf katnb1 mutant brains

(A–L) Representative maximum intensity Z-stack projections of confocal micrographs, acquired through dorsally oriented whole mount brains that were

dissected from 21dpf katnb1mh102/+ control (A, C–G; N = 7, n = 54) and katnb1mh102/mh102 mutant (B, H-L; N = 7, n = 36) fish, and immunostained for

polyglutamylated tubulin (green) and Sspo (magenta). Squares indicate regions of interest, chosen for higher magnification analyses of areas surrounding

the fChP (C, H); subcommisural organ (SCO; D, I); optic tectum (TeO; E, J); rChP (F, K); andmedulla spinalis (G, L). (C–L) Inverted, higher magnification images

of Sspo immunostaining. (C–G) Normal Sspo localization is observed in katnb1mh102/+ control animals, including the presence of a RF (arrows). (H–L)

katnb1mh102/mh102 mutant images, exhibiting abnormal Sspo accumulation at the fChP and rChP (double arrowheads), and the presence of a RF (arrows).

Scale bars, 100 mm (A & B) and 50 mm (C–L).
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Cellular stress signatures in katnb1 mutant bodies and brains

To investigate themolecular consequences of ChP defects, ectopic Sspo accumulation, and disruptedCSF flow

on zebrafish brain and spine development, we performed bulk RNA-seq and differential gene expression anal-

ysis of dissected 30-dpf brains and 21-dpf trunk/tail segments isolated from scoliotic katnb1mh102/mh102mutants

and their control katnb1mh102/+ siblings. Of note, there was no evidence of dysregulated urp1 or urp2 urotensin

neuropeptide gene expression in katnb1mh102/mh102 mutants (Tables 1, S1, and S2). This differs from other

studies that suggest reduced Urp expression, downstream of abnormal RF-mediated CSF-cN activity, may ul-

timately drive axial curvature in zebrafish ISmodels (Böhm et al., 2016; Sternberg et al., 2018; Zhang et al., 2018;

Cantaut-Belarif et al., 2020; Lu et al., 2020; Orts-Del’Immagine et al., 2020). Notably, transcriptomic analysis of

sspodmh4/+ mutant brains, which exhibit Sspo secretion and RF formation defects, demonstrated a significant

reduction in urp2 expression (Rose et al., 2020; Table 1). Conversely, bulk RNA-seq analysis of ptk7ahsc9/hsc9

mutant brains, which exhibit ectopic accumulation of RF substance (Rose et al., 2020), demonstrate a significant

increase in urp2 expression (Table 1). Therefore, differential gene expression analysis of dissected brain tissue,

which includes the hindbrain/spinal cord junction—an area demonstrated to contain urp positive CSF-cNs

(Quan et al., 2015) and an intact RF (Rose et al., 2020), can speak to activity of the RF-urp signaling axis. The

absence of dysregulated urp expression in katnb1mh102/mh102 mutants further suggests that RF assembly/func-

tion is normal in this model and provides intriguing evidence that an intact RF-Urp signaling axis is not sufficient

to keep the zebrafish spine straight.

As an alternative explanation to the etiopathogenesis of scoliosis, investigations of ptk7a and sspo IS

models implicate neuroinflammatory and oxidative stress responses that arise downstream of CSF
iScience 25, 105028, September 16, 2022 9
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katnb1mh102/+ control animals exhibit normal Sspo localization and RF is present (arrows). (H–L) katnb1mh102/mh102 mutant images, exhibiting abnormal Sspo

accumulation at the fChP and rChP (double arrowheads), and the presence of an intact RF (arrows). Scale bars, 100 mm (A & B) and 50 mm (C–L).
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homeostasis defects as necessary and sufficient to drive spinal curvature (Van Gennip, Boswell and Ciruna,

2018; Rose et al., 2020). Although 30-dpf katnb1mh102/mh102 mutant brains do not display an obvious

inflammatory response at the transcriptional level, there is strong evidence for cell stress: Metascape

enriched ontology cluster analyses revealed significant downregulation of pathways involved in oxidative

phosphorylation and response to oxidative stress (Figure 8A), and although upregulated pathways were

predominantly associated with chromatin remodeling, significant dysregulation of unfolded protein

response and cellular response to stress signatures were observed (Figure 8B). Within the trunks

and tails of 21-dpf katnb1mh102/mh102 mutants, differential gene expression analyses also identified signif-

icant cell stress indicators including upregulated autophagy, downregulated RNA processing, and lipid

metabolic processes, in parallel with dysregulated cilia and muscle function signatures (Figures S5A

and S5B).
Table 1. urp2 expression values from RNA-sequencing of katnb1mh102/mh102, sspodmh4/+, and ptk7ahsc9/hsc9mutant

animals

Model

urp2 expression

Data sourceLFC p-adj

katnb1mh102/mh102 versus katnb1mh102/+ brains 0.3299 0.2976 This study

sspodmh4/+ versus sspo+/+ brains �1.00387 7.28E-6 Rose et al. (2020)

ptk7ahsc9/hsc9 versus ptk7ahsc9/+ heads 1.27966 0.0058 This study
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DISCUSSION

We find that katnb1mh102/mh102 mutant zebrafish exhibit defining attributes of human IS, including juvenile

age of onset, scoliosis that progresses in the absence of congenital vertebral malformations, and charac-

teristic patterns of spinal curvature. We demonstrate that Katnb1 function in foxj1a-positive motile-ciliated

lineages is necessary for normal spine development and when deficient, leads to scoliosis. Further, we

show that scoliosis onset in katnb1mh102/mh102 mutants associates with bulk CSF flow defects—a phenotype

conserved with ptk7a and sspo zebrafish IS models (Van Gennip, Boswell and Ciruna, 2018; Rose et al.,

2020). Investigation into the timing of EC cilia defects in both katnb1 and ptk7a IS models uncouples EC

cilia function from observed phenotypes. Rather, ciliogenesis defects in the developing forebrain, and

rhombencephalic ChPs of katnb1mh102/mh102 mutants were found to correlate temporally with CSF flow de-

fects and scoliosis onset, suggesting that the primary deficit in katnb1 IS models may relate to abnormal

ChP development and/or function—a model supported by ectopic aggregations of Sspo protein localized

specifically below fChP and rChP in katnb1mh102/mh102 mutants.
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Surprisingly, motile-cilia and CSF flow defects do not disrupt RF formation or urp gene expression in

katnb1mh102/mh102 mutants, providing intriguing evidence that an intact RF-Urp signaling axis is not suffi-

cient to keep the zebrafish spine straight. However, strong cellular and metabolic stress responses were

observed in the brains and bodies of scoliotic katnb1mh102/mh102 mutants. Cellular stress can be initiated

by multiple factors, including mitochondrial and electron transport chain disruptions and high levels of

ROS (Dehdashtian et al., 2018) that can lead to an unfolded protein response and endoplasmic reticulum

stress (Xiao and Loscalzo, 2020). Endoplasmic reticulum stress has also been shown to contribute to inflam-

matory responses and autophagy (Menu et al., 2012; Mou et al., 2020; Thangaraj et al., 2020). These signa-

tures are all present in katnb1mh102/mh102 mutant tissues, although specific cells/tissues of origin remain to

be determined. Notably, recent studies have identified neuroinflammatory and oxidative stress signals as

being necessary and sufficient to drive spinal curvature downstream of CSF homeostasis defects in ptk7a

and sspo mutant zebrafish (Van Gennip et al., 2018; Rose et al., 2020).

Together with published data on ptk7a and sspo IS models (Van Gennip et al., 2018: Rose et al., 2020), our

data for katnb1 mutants identify cell stress responses downstream of CSF flow defects as common patho-

genic signatures associated with idiopathic-like scoliosis across multiple zebrafish IS models. How these

physiological cues ultimately disrupt spine development and their functional relationship to human IS path-

ogenesis remains to be determined. However, further understanding the role for Katnb1 in ciliogenesis and

the functional consequences of katnb1 mutations on ChP differentiation promise to provide valuable new

insights into fundamental mechanisms governing axial morphogenesis.
Limitations of the study

The functional role for Katnb1 in motile cilia formation and the identity of polyglutamylated structures

observed in the ChPs of katnb1 mutant embryos remain to be determined.

Although katnb1mutants demonstrate clear ChP ciliation phenotypes, at this point it is still difficult to fully

resolve which foxj1a-positive cell types underlie the scoliosis phenotype and whether observed cilia de-

fects in the choroid plexus are causative of the phenotype.

Downstream of katnb1 motile cilia defects, the specific and causal roles for observed oxidative stress and

unfolded protein responses, chromatin/epigenetic dysregulation, autophagy, and metabolic defects in

spinal curve formation and progression remain to be determined.
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Vı́o, K., Muñoz, R.I., Rodrı́guez, S., and Rodrı́guez,
E.M. (2015). Understanding how the
subcommissural organ and other periventricular
secretory structures contribute via the
cerebrospinal fluid to neurogenesis. Front. Cell.
Neurosci. 9, 480. https://doi.org/10.3389/fncel.
2015.00480.

Haller, G., Alvarado, D., Mccall, K., Yang, P.,
Cruchaga, C., Harms, M., Goate, A., Willing, M.,
Morcuende, J.A., Baschal, E., et al. (2016). A
polygenic burden of rare variants across
extracellular matrix genes among individuals with
adolescent idiopathic scoliosis. Hum.Mol. Genet.
25, 202–209. https://doi.org/10.1093/hmg/
ddv463.

Hartman, J.J., Mahr, J., McNally, K., Okawa, K.,
Iwamatsu, A., Thomas, S., Cheesman, S., Heuser,
J., Vale, R.D., and McNally, F.J. (1998). Katanin, a
microtubule-severing protein, is a novel AAA
ATPase that targets to the centrosome using a
WD40-containing subunit. Cell 93, 277–287.
https://doi.org/10.1016/S0092-8674(00)81578-0.

Hayes, M., Naito, M., Daulat, A., Angers, S., and
Ciruna, B. (2013). Ptk7 promotes non-canonical
Wnt/PCP-mediated morphogenesis and inhibits
Wnt/b-catenin-dependent cell fate decisions
during vertebrate development. Development
140, 1807–1818. https://doi.org/10.1242/dev.
090183.

Hayes, M., Gao, X., Yu, L.X., Paria, N., Henkelman,
R.M., Wise, C.A., and Ciruna, B. (2014). ptk7
mutant zebrafish models of congenital and
idiopathic scoliosis implicate dysregulated Wnt
signalling in disease. Nat. Commun. 5, 1–11.
Nature Publishing Group. https://doi.org/10.
1038/ncomms5777.

Henson, H.E., Parupalli, C., Ju, B., and Taylor,
M.R. (2014). Functional and genetic analysis of
choroid plexus development in zebrafish. Front.
Neurosci. 8, 364–419. https://doi.org/10.3389/
fnins.2014.00364.
14 iScience 25, 105028, September 16, 2022
Horne, J.P., Flannery, R., and Usman, S. (2014).
Adolescent idiopathic scoliosis: diagnosis and
management. Am. Fam. Physician 89, 193–198.

Hu, W.F., Pomp, O., Ben-Omran, T., Kodani, A.,
Henke, K., Mochida, G.H., Timothy, W.Y.,
Woodworth, M.B., Bonnard, C., Raj, G.S., et al.
(2014). Katanin p80 regulates human cortical
development by limiting centriole and cilia
number. Neuron 84, 1240–1257. Elsevier Inc.
https://doi.org/10.1016/j.neuron.2014.12.017.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S.,
Cheung, M., Sturrock, S., Buxton, S., Cooper, A.,
Markowitz, S., Duran, C., et al. (2012). Geneious
Basic: an integrated and extendable desktop
software platform for the organization and
analysis of sequence data. Bioinformatics 28,
1647–1649. https://doi.org/10.1093/
bioinformatics/bts199.

Kesling, K.L., and Reinker, K.A. (1997). Scoliosis in
Twins: A Meta-Analysis of the Literature and
Report of Six Cases. Spine 22, 2009–2015. https://
doi.org/10.1097/00007632-199709010-00014.

Khanshour, A.M., Kou, I., Fan, Y., Einarsdottir, E.,
Makki, N., Kidane, Y.H., Kere, J., Grauers, A.,
Johnson, T.A., Paria, N., et al. (2018). Genome-
wide meta-analysis and replication studies in
multiple ethnicities identify novel adolescent
idiopathic scoliosis susceptibility loci. Hum. Mol.
Genet. 27, 3986–3998. https://doi.org/10.1093/
hmg/ddy306.

Konjikusic, M.J., Yeetong, P., Boswell, C.W., Lee,
C., Roberson, E.C., Ittiwut, R., Suphapeetiporn,
K., Ciruna, B., Gurnett, C.A., Wallingford, J.B.,
et al. (2018). Mutations in Kinesin family member 6
reveal specific role in ependymal cell ciliogenesis
and human neurological development. PLoS
Genet. 14, e1007817. https://doi.org/10.1371/
journal.pgen.1007817.

Kossack, M.E., and Draper, B.W. (2019). Genetic
regulation of sex determination andmaintenance
in zebrafish (Danio rerio). In Current Topics in
Developmental Biology, 1st edn. (Elsevier Inc).
https://doi.org/10.1016/bs.ctdb.2019.02.004.

Kou, I., Otomo, N., Takeda, K., Momozawa, Y., Lu,
H.F., Kubo, M., Kamatani, Y., Ogura, Y.,
Takahashi, Y., Nakajima, M., et al. (2019).
Genome-wide association study identifies 14
previously unreported susceptibility loci for
adolescent idiopathic scoliosis in Japanese. Nat.
Commun. 10, 3685. https://doi.org/10.1038/
s41467-019-11596-w.

Kwan, K.M., Fujimoto, E., Grabher, C., Mangum,
B.D., Hardy, M.E., Campbell, D.S., Parant, J.M.,
Yost, H.J., Kanki, J.P., and Chien, C.B. (2007). The
Tol2kit: a multisite gateway-based construction
Kit for Tol2 transposon transgenesis constructs.
Dev. Dyn. 236, 3088–3099. https://doi.org/10.
1002/dvdy.21343.

Li, H., Handsaker, B., Wysoker, A., Fennell, T.,
Ruan, J., Homer, N., Marth, G., Abecasis, G., and
Durbin, R.; 1000 Genome Project Data Processing
Subgroup (2009). The sequence alignment/map
format and SAMtools. Bioinformatics 25, 2078–
2079. https://doi.org/10.1093/bioinformatics/
btp352.

Love, M.I., Huber, W., and Anders, S. (2014).
Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2.
Genome Biol. 15, 550. https://doi.org/10.1186/
s13059-014-0550-8.

Lu, H., Shagirova, A., Goggi, J.L., Yeo, H.L., and
Roy, S. (2020). Reissner fibre-induced urotensin
signalling from cerebrospinal fluid-contacting
neurons prevents scoliosis of the vertebrate
spine. Biol. Open 9, bio052027. https://doi.org/
10.1242/bio.052027.

Martin, M. (2011). Cutadapt removes adapter
sequences from high-throughput sequencing
reads. EMBnet. j. 17, 10. https://doi.org/10.
14806/ej.17.1.200.

McNally, F.J., Okawa, K., Iwamatsu, A., and Vale,
R.D. (1996). Katanin, the microtubule-severing
ATPase, is concentrated at centrosomes. J. Cell
Sci. 109, 561–567.

Menu, P., Mayor, A., Zhou, R., Tardivel, A., Ichijo,
H., Mori, K., and Tschopp, J. (2012). ER stress
activates the NLRP3 inflammasome via an UPR-
independent pathway’, Cell Death and Disease.
Cell Death Dis. 3. e261–6. https://doi.org/10.
1038/cddis.2011.132.

Mirvis, M., Siemers, K.A., Nelson, W.J., and
Stearns, T.P. (2019). Primary cilium loss in
mammalian cells occurs predominantly by whole-
cilium shedding. PLoS Biol. 17. e3000381–26.
https://doi.org/10.1371/journal.pbio.3000381.
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G.T., Nishimura, S., Han, W., Tu, S., et al. (2014).
Mutations in KATNB1 cause complex cerebral
malformations by disrupting asymmetrically
dividing neural progenitors. Neuron 84, 1226–
1239. https://doi.org/10.1016/j.neuron.2014.12.
014.

Mou, Z., Yuan, Y.H., Zhang, Z., Song, L.K., and
Chen, N.H. (2020). Endoplasmic reticulum stress,
an important factor in the development of
Parkinson’s disease. Toxicol. Lett. 324, 20–29.
Elsevier. https://doi.org/10.1016/j.toxlet.2020.01.
019.

Naderi, S., Andalkar, N., and Benzel, E.C. (2007).
History of spine biomechanics: Part I - the pre-
Greco-Roman, Greco-Roman, and medieval
roots of spine biomechanics. Neurosurgery 60,
382–390. , discussion 390-391. https://doi.org/10.
1227/01.NEU.0000249276.94933.8D.

Nieuwenhuys, R. (2011). The development and
general morphology of the telencephalon of
actinopterygian fishes: synopsis, documentation
and commentary. Brain Struct. Funct. 215,
141–157. https://doi.org/10.1007/s00429-010-
0285-6.

Oliazadeh, N., Gorman, K.F., Eveleigh, R.,
Bourque, G., andMoreau, A. (2017). Identification
of elongated primary cilia with impaired
mechanotransduction in idiopathic scoliosis
patients. Sci. Rep. 7, 44260–44316. https://doi.
org/10.1038/srep44260.

Olstad, E.W., Ringers, C., Hansen, J.N., Wens, A.,
Brandt, C., Wachten, D., Yaksi, E., and Jurisch-
Yaksi, N. (2019). Ciliary beating
compartmentalizes cerebrospinal fluid flow in the
brain and regulates ventricular development.
Curr. Biol. 29, 229–241.e6. https://doi.org/10.
1016/j.cub.2018.11.059.

https://doi.org/10.1242/dev.01663
https://doi.org/10.1186/1749-8104-7-32
https://doi.org/10.1186/s13013-016-0105-8
https://doi.org/10.1016/j.ydbio.2020.11.009
https://doi.org/10.1016/j.ydbio.2020.11.009
https://doi.org/10.1126/science.aaf6419
https://doi.org/10.1126/science.aaf6419
https://doi.org/10.3389/fncel.2015.00480
https://doi.org/10.3389/fncel.2015.00480
https://doi.org/10.1093/hmg/ddv463
https://doi.org/10.1093/hmg/ddv463
https://doi.org/10.1016/S0092-8674(00)81578-0
https://doi.org/10.1242/dev.090183
https://doi.org/10.1242/dev.090183
https://doi.org/10.1038/ncomms5777
https://doi.org/10.1038/ncomms5777
https://doi.org/10.3389/fnins.2014.00364
https://doi.org/10.3389/fnins.2014.00364
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref29
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref29
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref29
https://doi.org/10.1016/j.neuron.2014.12.017
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1097/00007632-199709010-00014
https://doi.org/10.1097/00007632-199709010-00014
https://doi.org/10.1093/hmg/ddy306
https://doi.org/10.1093/hmg/ddy306
https://doi.org/10.1371/journal.pgen.1007817
https://doi.org/10.1371/journal.pgen.1007817
https://doi.org/10.1016/bs.ctdb.2019.02.004
https://doi.org/10.1038/s41467-019-11596-w
https://doi.org/10.1038/s41467-019-11596-w
https://doi.org/10.1002/dvdy.21343
https://doi.org/10.1002/dvdy.21343
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1242/bio.052027
https://doi.org/10.1242/bio.052027
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref42
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref42
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref42
http://refhub.elsevier.com/S2589-0042(22)01300-1/sref42
https://doi.org/10.1038/cddis.2011.132
https://doi.org/10.1038/cddis.2011.132
https://doi.org/10.1371/journal.pbio.3000381
https://doi.org/10.1016/j.neuron.2014.12.014
https://doi.org/10.1016/j.neuron.2014.12.014
https://doi.org/10.1016/j.toxlet.2020.01.019
https://doi.org/10.1016/j.toxlet.2020.01.019
https://doi.org/10.1227/01.NEU.0000249276.94933.8D
https://doi.org/10.1227/01.NEU.0000249276.94933.8D
https://doi.org/10.1007/s00429-010-0285-6
https://doi.org/10.1007/s00429-010-0285-6
https://doi.org/10.1038/srep44260
https://doi.org/10.1038/srep44260
https://doi.org/10.1016/j.cub.2018.11.059
https://doi.org/10.1016/j.cub.2018.11.059


ll
OPEN ACCESS

iScience
Article
Orts-Del’Immagine, A., Cantaut-Belarif, Y.,
Thouvenin, O., Roussel, J., Baskaran, A., Langui,
D., Koëth, F., Bivas, P., Lejeune, F.X., Bardet, P.L.,
and Wyart, C. (2020). Sensory neurons contacting
the cerebrospinal fluid require the reissner fiber to
detect spinal curvature in vivo. Curr. Biol. 30, 827–
839.e4. https://doi.org/10.1016/j.cub.2019.12.071.

Parichy, D.M., Elizondo, M.R., Mills, M.G.,
Gordon, T.N., and Engeszer, R.E. (2009). Normal
table of postembryonic zebrafish development:
staging by externally visible anatomy of the living
fish. Dev. Dyn. 238, 2975–3015. https://doi.org/
10.1002/dvdy.22113.

Patten, S.A., Margaritte-Jeannin, P., Bernard,
J.C., Alix, E., Labalme, A., Besson, A., Girard, S.L.,
Fendri, K., Fraisse, N., Biot, B., et al. (2015).
Functional variants of POC5 identified in patients
with idiopathic scoliosis. J. Clin. Invest. 125, 1124–
1128. https://doi.org/10.1172/JCI77262DS1.

Peng, Y., Wang, S.R., Qiu, G.X., Zhang, J.G., and
Zhuang, Q.Y. (2020). Research progress on the
etiology and pathogenesis of adolescent
idiopathic scoliosis. Chin. Med. J. 133, 483–493.
https://doi.org/10.1097/CM9.
0000000000000652.

Preibisch, S., Saalfeld, S., and Tomancak, P.
(2009). Globally optimal stitching of tiled 3D
microscopic image acquisitions. Bioinformatics
25, 1463–1465. https://doi.org/10.1093/
bioinformatics/btp184.

Quan, F.B., Dubessy, C., Galant, S., Kenigfest,
N.B., Djenoune, L., Leprince, J., Wyart, C.,
Lihrmann, I., and Tostivint, H. (2015). Comparative
distribution and in vitro activities of the urotensin
II-related peptides URP1 and URP2 in zebrafish:
evidence for their colocalization in spinal
cerebrospinal fluid-contacting neurons. PLoS
One 10. e0119290–21. https://doi.org/10.1371/
journal.pone.0119290.

Ringers, C., and Jurisch-Yaksi, N. (2020).
Development: how the reissner fiber keeps our
back straight. Current Biol. 30, R705–R708.
https://doi.org/10.1016/j.cub.2020.04.073.

Rose, C.D., Pompili, D., Henke, K., Van Gennip,
J.L.M., Meyer-Miner, A., Rana, R., Gobron, S.,
Harris, M.P., Nitz, M., and Ciruna, B. (2020). SCO-
spondin defects and neuroinflammation are
conserved mechanisms driving spinal deformity
across genetic models of idiopathic scoliosis.
Curr. Biol. 30, 2363–2373.e6. https://doi.org/10.
1016/j.cub.2020.04.020.
Schindelin, J., Rueden, C.T., Hiner, M.C., and
Eliceiri, K.W. (2015). The ImageJ ecosystem: an
open platform for biomedical image analysis.
Mol. Reprod. Dev. 82, 518–529. https://doi.org/
10.1002/mrd.22489.

Schlösser, T.P.C., Semple, T., Carr, S.B., Padley,
S., Loebinger, M.R., Hogg, C., and Castelein, R.M.
(2017). Scoliosis convexity and organ anatomy are
related. Eur. Spine J. 26, 1595–1599. https://doi.
org/10.1007/s00586-017-4970-5.

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W.
(2012). NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671–675. Nature
Publishing Group. https://doi.org/10.1038/
nmeth.2089.

Sharma, N., Bryant, J., Wloga, D., Donaldson, R.,
Davis, R.C., Jerka-Dziadosz, M., and Gaertig, J.
(2007). Katanin regulates dynamics of
microtubules and biogenesis of motile cilia.
J. Cell Biol. 178, 1065–1079. https://doi.org/10.
1083/jcb.200704021.

Sternberg, J.R., Prendergast, A.E., Brosse, L.,
Cantaut-Belarif, Y., Thouvenin, O., Orts-
Del’Immagine, A., Castillo, L., Djenoune, L.,
Kurisu, S., McDearmid, J.R., et al. (2018). Pkd2l1 is
required for mechanoception in cerebrospinal
fluid-contacting neurons and maintenance of
spine curvature. Nat. Commun. 9, 3804. https://
doi.org/10.1038/s41467-018-06225-x.

Takase, Y., Tadokoro, R., and Takahashi, Y. (2013).
Low cost labeling with highlighter ink efficiently
visualizes developing blood vessels in avian and
mouse embryos. Dev. Growth Differ. 55, 792–801.
https://doi.org/10.1111/dgd.12106.

Terhune, E.A., Cuevas, M.T., Monley, A.M.,
Wethey, C.I., Chen, X., Cattell, M.V., Bayrak,M.N.,
Bland, M.R., Sutphin, B., Trahan, G.D., and Taylor,
M.R. (2020). Mutations in KIF7 implicated in
idiopathic scoliosis in humans and axial
curvatures in zebrafish. Hum. Mutat. 42, 1–16.
https://doi.org/10.1002/humu.24162.

Thangaraj, A., Sil, S., Tripathi, A., Chivero, E.T.,
Periyasamy, P., and Buch, S. (2020). Targeting
endoplasmic reticulum stress and autophagy as
therapeutic approaches for neurological
diseases. In International Review of Cell and
Molecular Biology, 1st edn. (Elsevier Inc). https://
doi.org/10.1016/bs.ircmb.2019.11.001.

Troutwine, B.R., Gontarz, P., Konjikusic, M.J.,
Minowa, R., Monstad-Rios, A., Sepich, D.S.,
Kwon, R.Y., Solnica-Krezel, L., and Gray, R.S.
(2020). The reissner fiber is highly dynamic in vivo
and controls morphogenesis of the spine. Curr.
Biol. 30, 2353–2362.e3. Elsevier Ltd. https://doi.
org/10.1016/j.cub.2020.04.015.

Van Gennip, J.L.M., Boswell, C.W., and Ciruna, B.
(2018). Neuroinflammatory signals drive spinal
curve formation in zebrafish models of idiopathic
scoliosis. Sci. Adv. 4. eaav1781–12. https://doi.
org/10.1126/sciadv.aav1781.

Vasiliadis, E.S., Grivas, T.B., and Kaspiris, A.
(2009). Historical overview of spinal deformities in
ancient Greece. Scoliosis 4, 6. https://doi.org/10.
1186/1748-7161-4-6.

Wang, Y., Liu, Z., Yang, G., Gao, Q., Xiao, L., Li, J.,
Guo, C., Troutwine, B.R., Gray, R.S., Xie, L., and
Zhang, H. (2020). Coding variants coupled with
rapid modeling in zebrafish implicate dynein
genes, dnaaf1 and zmynd10, as adolescent
idiopathic scoliosis candidate genes. Front. Cell
Dev. Biol. 8, 582255–582314. https://doi.org/10.
3389/fcell.2020.582255.

Wang, Y., Troutwine, B.R., Zhang, H., and Gray,
R.S. (2022). The axonemal dynein heavy chain 10
gene is essential for monocilia motility and spine
alignment in zebrafish. Dev. Biol. 482, 82–90.
Elsevier Inc. https://doi.org/10.1016/j.ydbio.
2021.12.001.

Wise, C.A., Gao, X., Shoemaker, S., Gordon, D.,
and Herring, J.A. (2008). Understanding genetic
factors in idiopathic scoliosis, a complex disease
of childhood. Curr. Genomics 9, 51–59. https://
doi.org/10.2174/138920208783884874.

Xiao, W., and Loscalzo, J. (2020). Metabolic
responses to reductive stress. Antioxid. Redox
Signal. 32, 1330–1347. https://doi.org/10.1089/
ars.2019.7803.

Zhang, X., Chen, Z., Chong, Y.L., Xie, H., Feng, D.,
Wu, X., Song, D.Z., Roy, S., and Zhao, C. (2018).
Cilia-driven cerebrospinal fluid flow directs
expression of urotensin neuropeptides to
straighten the vertebrate body axis. Nat. Genet.
50, 1666–1673. Springer US. https://doi.org/10.
1038/s41588-018-0260-3.

Zhou, Y., Zhou, B., Pache, L., Chang, M.,
Khodabakhshi, A.H., Tanaseichuk, O., Benner, C.,
and Chanda, S.K. (2019). Metascape provides a
biologist-oriented resource for the analysis of
systems-level datasets. Nat. Commun. 10, 1523.
https://doi.org/10.1038/s41467-019-09234-6.
iScience 25, 105028, September 16, 2022 15

https://doi.org/10.1016/j.cub.2019.12.071
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1172/JCI77262DS1
https://doi.org/10.1097/CM9.0000000000000652
https://doi.org/10.1097/CM9.0000000000000652
https://doi.org/10.1093/bioinformatics/btp184
https://doi.org/10.1093/bioinformatics/btp184
https://doi.org/10.1371/journal.pone.0119290
https://doi.org/10.1371/journal.pone.0119290
https://doi.org/10.1016/j.cub.2020.04.073
https://doi.org/10.1016/j.cub.2020.04.020
https://doi.org/10.1016/j.cub.2020.04.020
https://doi.org/10.1002/mrd.22489
https://doi.org/10.1002/mrd.22489
https://doi.org/10.1007/s00586-017-4970-5
https://doi.org/10.1007/s00586-017-4970-5
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1083/jcb.200704021
https://doi.org/10.1083/jcb.200704021
https://doi.org/10.1038/s41467-018-06225-x
https://doi.org/10.1038/s41467-018-06225-x
https://doi.org/10.1111/dgd.12106
https://doi.org/10.1002/humu.24162
https://doi.org/10.1016/bs.ircmb.2019.11.001
https://doi.org/10.1016/bs.ircmb.2019.11.001
https://doi.org/10.1016/j.cub.2020.04.015
https://doi.org/10.1016/j.cub.2020.04.015
https://doi.org/10.1126/sciadv.aav1781
https://doi.org/10.1126/sciadv.aav1781
https://doi.org/10.1186/1748-7161-4-6
https://doi.org/10.1186/1748-7161-4-6
https://doi.org/10.3389/fcell.2020.582255
https://doi.org/10.3389/fcell.2020.582255
https://doi.org/10.1016/j.ydbio.2021.12.001
https://doi.org/10.1016/j.ydbio.2021.12.001
https://doi.org/10.2174/138920208783884874
https://doi.org/10.2174/138920208783884874
https://doi.org/10.1089/ars.2019.7803
https://doi.org/10.1089/ars.2019.7803
https://doi.org/10.1038/s41588-018-0260-3
https://doi.org/10.1038/s41588-018-0260-3
https://doi.org/10.1038/s41467-019-09234-6


ll
OPEN ACCESS

iScience
Article
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Reissner’s substance, rabbit polyclonal (Didier et al., 1995) Courtesy of Dr. Stephane Gobron

Anti-Polyglutamylation Modification,

mouse monoclonal (GT335)

AdipoGen� Life Sciences Cat# AG-20B-0200-C100;

RRID: AB_2490210

Goat anti-Mouse IgG (H + L) Alexa Flour Plus 488 ThermoFisher Scientific Cat# A32723; RRID: AB_2633275

Goat anti-Rabbit IgG (H + L) Alexa Flour Plus 594 ThermoFisher Scientific Cat# A32740; RRID: AB_2762824

Deposited data

katnb1mh102 juvenile brain RNAseq dataset This paper NIH NCBI: PRJNA870087

katnb1mh102 juvenile trunk/tail RNAseq dataset This paper NIH NCBI: PRJNA870759

ptk7ahsc9 juvenile head RNAseq dataset This paper NIH NCBI: PRJNA870112

sspodmh4 juvenile brain RNAseq dataset (Rose et al., 2020) NIH NCBI: PRJNA591638

Experimental models: Organisms/strains

katnb1mh102 (Hu et al., 2014) ZFIN: ZDB-ALT-150311-2

ptk7ahsc9 (Hayes et al., 2013) ZFIN: ZDB-ALT-130506-1

Tg(foxj1a::katnb1) This paper

et(cp:EGFP)sj2 (Henson et al., 2014) ZFIN: ZDB-ALT-150213-2

Oligonucleotides

Forward sequencing primer for katnb1mh102:

50-ACACAGACTTCATGTTTCTGACAGGC-30
(Hu et al., 2014)

Reverse sequencing primer for katnb1mh102:

50-TGAGCTCAGACACAACTGAGGGTT-30
(Hu et al., 2014)

Forward sequencing primer for ptk7hsc9:

50-TAATGCAGCCTTATTGTAACGCG-30
(Hayes et al., 2013)

Reverse sequencing primer for ptk7hsc9:

50-AACAGAAAAACACACCATGTCGG-30
(Hayes et al., 2013)

Forward Gateway primer of katnb1:

50-GGGGACAAGTTTGTACAAAAAAGCA

GGCTTCGCCACCATGGCTCTCACCAACACC-30

This paper

Reverse Gateway primer for katnb1:

50-GGGGACCACTTTGTACAAGAAAGCTGGGTG

TCAATAGTCCAGAGGGGCC-30

This paper

Software and algorithms

Geneious (Kearse et al., 2012) https://www.geneious.com/prime/

Fiji (Schneider et al., 2012;

Schindelin et al., 2015)

https://fiji.sc/

Image stitching, ImageJ (Preibisch et al., 2009) https://imagej.net/Image_Stitching

GraphPad Prism9 Graph Pad Software https://www.graphpad.com/scientific-software/prism/

Cutadapt (Martin, 2011) https://cutadapt.readthedocs.io/en/stable/

STAR: RNA-seq aligner (Dobin et al., 2013) https://github.com/alexdobin/STAR

FastQC N/A http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

SAMtools (Li et al., 2009) http://www.htslib.org/

RStudio N/A http://rstudio.com

Metascape (Zhou et al., 2019) https://metascape.org/gp/index.html#/main/step1

Geneious (Kearse et al., 2012) https://www.geneious.com/prime/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Brian Ciruna (ciruna@sickkids.ca).

Materials availability

There are MTA restrictions to the availability of zebrafish lines generated in this study, due to Institutional

policies on the distribution of biological reagents.

Data and code availability

d RNA-seq data have been deposited at NIH NCBI and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table. Microscopy data reported in this paper will be

shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish

Established zebrafish husbandry protocols were adhered to and performed in accordance with Canadian

Council on Animal Care (CCAC) guidelines. Wild type zebrafish fromAB and TU strains were used. Embryos

from natural mattings were grown at 28�C. When required, experimental animals were euthanized with tri-

caine (500 mg/L; MS-222/MESAB), followed by submersion of anesthetized fish in ice water for several mi-

nutes. As laboratory zebrafish strains do not utilize a chromosomal sex determination mechanism and sex

differentiation does not initiate until after�3 weeks post fertilization (Kossack and Draper, 2019), we cannot

report sex for our embryonic and juvenile studies. Sex was reported for adult Cobb angle measurements.

METHOD DETAILS

Calcein staining

Staining protocols were followed according to published reports (Du et al., 2001). To prepare Calcein so-

lution, 10 mg of dry calcein powder (Sigma Cas# 154071-48-4) was dissolved in 50 mL of MilliQ water, with

pH adjusted to 7.2. Selected fish were transferred to a petri dish filled with above solution. Fish were incu-

bated in dish for 50 min. Solution was removed and fish were transferred to breeding tank filled with system

water for 50 min. Animals were anesthetized and imaged on AxioCamMRc 1.4MP Colour Microscope Cam-

era (Zeiss). After sacrificing, larval fish were subsequently genotyped.

Microcomputed tomography (mCT)

Fish were fixed in neutral buffered 10% formalin (Sigma) at 4�C overnight and then mounted in 1% low melt

agarose (Sigma) in a plastic vial. Specimens were scanned for 4–8 min using SkyScan 1275 high resolution

Micro-CT scanner (Bruker) with the X-ray power at 45–50 kV and 200 mA current and reconstructed with

17.74 mm isotropic resolution. 30 dpf samples were scanned for 26 min, Xray power 50 kV, 200 mA current,

and 13.69 mm isotropic resolution. The images were analyzed using CTVox software (Bruker), and ImageJ

(Schneider et al., 2012; Schindelin et al., 2015). Graphs were generated in Graphpad Prism 9.

Scanning electron microscopy (SEM)

Experimental animals were euthanized with tricaine (500 mg/L), followed by submersion of anesthetized

fish in ice water for several minutes. Once euthanasia was assured, 3-week, 6-week, and 3-month-old brains

were immediately dissected in cold PBST (13 phosphate saline buffer +0.25% TritonX). Whole brains were

fixed for 2 h in 2% paraformaldehyde and 2% glutaraldehyde in 0.1M sodium cacodylate buffer (pH7.3),

subsequently cut in half and fixed overnight at 4�C. The Nanoscale Bioimaging Facility at PGCRL further

prepared samples by rinsing in 0.1M sodium cacodylate buffer with 0.2M sucrose (pH7.3) and brains

were gradually dehydrated in an ethanol series (50%, 70%, 90%, 100%). The sagittaly cut brains were critical

point dried in a Bal-tec CPD030 critical point dryer, mounted on aluminum stubs, gold coated for 15nm in a

Leica ACE200 sputter coater and imaged on a FEI XL30 SEM (Philips).
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Immunohistochemistry and fixed tissue imaging

Whole mount antibody staining was done on 3- and 4-week-old whole brains. All samples were imaged on

an LSM 710 confocal microscope (Zeiss). Images were processed using ImageJ (Preibisch et al., 2009;

Schneider et al., 2012; Schindelin et al., 2015) as well as Photoshop (Adobe Creative Cloud).

Juvenile fish were euthanized with tricaine (500 mg/L), followed by submersion of anesthetized fish in ice

water for several minutes and immediately dissected in cold PBST (13 Phosphate saline buffer +0.25%

Triton X-). Whole brains fixed in 4% Paraformaldehyde (diluted in 13 PBST) at 4�C for at least 24 h. Samples

were washed 3 times for 15 min in 13 PBST at room temperature, transferred to 100%Methanol and stored

at �20�C for at least 24 h. Samples were rehydrated and washed in 13 PBST, and blocked overnight at 4�C
in 10% normal goat serum (ready to use, Life Technologies). Primary antibodies were incubated for 96 h at

4�C in 10% normal goat serum block. The following primary antibodies were used for immunohistochem-

istry: polyglutamylated tubulin GT335 (1:500, anti-mouse, Adipogen Lifesciences, Cat# AG-20B-0020-

C100), GFP polyclonal antibody (1:500, rabbit polyclonal, Thermofisher, A-11122), Reissner’s substance

(Didier et al., 1995) (1:500, rabbit polyclonal, gift from Stephane Gobron). Secondary antibodies were incu-

bated for 72 h at 4�C in 10% normal goat serum block. The following secondary antibodies were used for

immunohistochemistry: Alexa Fluor Plus 488 (1:1000, goat anti-mouse, Thermofisher, Cat#A32723) and

Alexa Fluor Plus 594 (1:1000, goat anti-rabbit, Thermofisher, Cat#A32740). Samples were washed several

times for 96 h in 13 PBST between each staining regimen. After last wash, juvenile brain samples were

cleared with 100% glycerol, flat mounted using glass slides and coverslipped and imaged.
RNA-sequencing

Experimental animals were euthanized with tricaine (500 mg/L), followed by submersion of anesthetized fish in

icewater for severalminutes.Once euthanasia was confirmed, the headwas removed just behind the gill using a

scalpel. The brains were then dissected, placed in groups of 3 based on phenotype (severe curvatures (n = 12)

and straight siblings (n = 12)) and preserved in RNAlater and RNA Stabilization Reagent (RNeasy Mini Kit, Qia-

gen) at 4�C. Thiswas repeatedwith 4 different biological replicates for each genotype. Total RNAextractionwas

performed using a QIAGEN RNeasy kit following manufacturer’s instructions (Qiagen).

RNA sample quality was assessed using an Agilent Bioanalyzer and 3 samples from each genotype were

selected. Library preparation and subsequent sequencing was performed by TCAG at The Hospital for

Sick Children (SickKids) using the NEBNext stranded RNA library preparation kit (NEB). Libraries were

sequenced on an Illumina NovaSeq 6000 sequencer according to the manufacturer’s instructions, with

paired end reads and read lengths 150 bp. Read quality was assessed using FastQC, a standard next

generation sequencing quality control tool that evaluates reads per sample, GC content and base quality

(Andrews, 2010). Adaptors were trimmed using Cutadapt (Martin, 2011), and reads were reassessed using

FastQC. Following this, reads were aligned to the zebrafish genome GRCz10 using STAR (Dobin et al.,

2013) and converted to bam files using SamTools (Li et al., 2009). RNA-seq yielded approximately

325–400 million reads per sample.

Read counts and differential gene expression analysis were performed using the SeqMonk program (An-

drews, 2007) and Deseq2 Bioconductor R package (Love et al., 2014). All genes with a significance level

of p > 0.05 were removed resulting in only significant differentially expressed genes. Metascape (Zhou

et al., 2019) was used to further analyze significantly expressed genes by performing enrichment analysis

on the set of significantly up-regulated, and down-regulated genes, using the Danio rerio datasets.
katnb1mh102/mh102 genotyping

The katnb1mh102/mh102 mutant harbors a frameshift mutation in Exon 6 resulting in a truncated protein and

loss of function allele (Hu et al., 2014). The genotyping protocol has been described previously (Hu et al.,

2014). Genotyping was performed using PCR amplification followed by DNA sequencing submitted to The

Center for Applied Genomics (TCAG) at Peter Gilgan Center for Research and Learning (PGCRL).

Sequencing results were analyzed using Geneious (Kearse et al., 2012).
Live fluorescent dye ventricle injections

Injection protocols have been previously reported (Van Gennip, Boswell and Ciruna, 2018; Rose et al.,

2020). Fluorescent dye injections were performed using a microinjection apparatus. 2-week-old fish were
18 iScience 25, 105028, September 16, 2022
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anesthetized in a dilute solution of Tricaine. Anesthetized fish were transferred onto an agarose injection

plate with anesthetizing agent and system water. Ventricle location was identified using the diamond-

shaped pigment pattern on the top of the head, and a glass injection capillary was inserted into that region.

Approximately 10 nL of non-toxic violet highlighter ink (Takase et al., 2013) was injected into the ventricle.

Injected fish were imaged at 2 h post injection on an Axio ZoomV16 microscope (Zeiss).
Transgenesis

Entry plasmids were generated through BP recombination into respective pDONR plasmids (Invitrogen)

and then shuttled into standard Tol2 kit Gateway compatible vectors using LR recombination methods

to create the final transgenes (Kwan et al., 2007). To generate Tg(floxed-foxj1a::katnb1) zebrafish, previ-

ously generated p5E-foxj1aP (Grimes et al., 2016), pME-katnb1-stop (extraction of katnb1 using Gateway

primers (detailed below) from a pME18SFL3 eukaryotic expression vector containing Danio rerio katanin

p80 subunit B1 full length cDNA obtained from the National Institutes of Health Zebrafish Gene Center),

and p3E-PolyA were recombined into pDEST Tol2LGSR transgenesis vector. This previously described

transgenesis vector is Cre-excisable and permits conditional removal of transgenes with a visual readout

of lens change colour (Grimes et al., 2016; Van Gennip, Boswell and Ciruna, 2018).

Embryos were injected at the one cell stage with 25 pg of assembled transgene (plasmid) and 25 pg of Tol2

transposase RNA and screened at 48 hpf for transgenesis marker expression. Imaging of reporter expres-

sion was performed on an Axio Zoom.V16 (Zeiss). Embryos with strong reporter expression were grown to

adulthood and crossed with wildtype fish to establish stable F1 lines. Subsequent F1 lines harboring the

transgene were bred into katnb1mh102/+ and maintained in katnb1mh102/mh102 fish.
QUANTIFICATION AND STATISTICAL ANALYSIS

Cobb angle statistical analysis

Lines were drawn parallel to the top and bottommost displaced vertebrae for each curve. The Cobb angle

was then measured as the angle of intersection between lines drawn perpendicular to the original 2 lines

(Van Gennip, Boswell and Ciruna, 2018). Analysis was conducted using ImageJ (Schneider et al., 2012;

Schindelin et al., 2015). Cobb angle measurements for lateral and dorsal curvatures were summed to obtain

a combined Cobb angle measurement for each fish. Results were graphed and statistical significance was

calculated using a student’s t-test using GraphPad Prism 9.
Choroid plexus cilia quantification

Et(cp:EGFP)sj2 fish (Henson et al., 2014) were crossed into katnb1mh102/+ and then offspring were inter-

crossed to generate heterozygotes and mutants. Brains from these crosses were dissected, fixed, and

stained with immunofluorescent antibodies polyglutamylated tubulin GT335 antibody and GFP polyclonal

antibody (described above). Brains were imaged on an LSM 710 confocal microscope (Zeiss) at 633. Im-

ages were processed using ImageJ (Preibisch et al., 2009; Schneider et al., 2012; Schindelin et al., 2015)

and Z-stack composites were used for analysis. To determine cilia number, a set area of the choroid plexus

was used. Cilia in the given area were counted using ImageJ. To determine cilia length, cilia within the

above specified area of the ChP were measured using ImageJ. Cilia length for each sample were then aver-

aged. Results were graphed and statistical significance was calculated using a student’s t test using

GraphPad Prism9.
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