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INTRODUCTION

Primary cilia are solitary microtubule-based organelles 
that relay key developmental signals, including Hedgehog, 
Wnt/planar cell polarity, and PDGFRα [1-3]. Perturbation 
of ciliogenesis or ciliary signaling produces a spectrum of 
multisystem disorders known as ciliopathies, marked by 
regional structural anomalies of the craniofacial complex, 
limb patterning, and the central nervous system [4-6]. From 

an anatomical perspective, craniofacial malformations re-
flect altered growth and fusion of the frontonasal and max-
illary prominences; limb anomalies, classically polydactyly,  
arise from disturbed Hedgehog-GLI processing in the 
developing autopod [7]; and forebrain findings such as 
cortical plate thinning and defects of the olfactory system 
underscore the contribution of cilia mediated signaling to 
progenitor dynamics, radial expansion, and axon projection 
pathways [8-11].
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JBTS17/CPLANE1 encodes a cilia associated scaffold 
required for proper ciliogenesis and ciliary signal trans-
duction [12]. Consistent with this role, JBTS17 localizes to 
the basal body of the primary cilium (the distal end of the 
mother centriole), and siRNA mediated depletion reduces 
the fraction of ciliated cells and axoneme length in cultured 
cells [13]. Clinically, biallelic loss-of-function variants in 
JBTS17 underlie subsets of the Joubert spectrum and oral 
facial digital syndrome type VI, in which craniofacial dys-
morphology, polydactyly, and variably penetrant ocular 
and forebrain abnormalities are reported [14-16]. Patient 
derived cells with JBTS17 variants show hypomorphic 
ciliogenesis with reduced ciliation, shortened primary cilia, 
and attenuated Hedgehog target induction, consistent with 
combined structural and signaling defects [14,17,18].

Beyond its ciliary role, prior studies including our own 
have linked JBTS17 to cytoskeletal programs relevant to 
mitosis and migration, suggesting points of intersection 
between ciliary and nonciliary mechanisms during embryo- 
genesis [13]. In particular, we previously reported that 
JBTS17 depletion lowers LIS1 (PAFAH1B1) protein and 
impairs neuronal migration during corticogenesis, implicat-
ing a JBTS17-LIS1 axis in neurodevelopment.

Here, we report an anatomical analysis of a CRISPR/Cas9  
induced frameshift null allele of the murine Jbts17 locus. 
Focusing on late gestation embryos, we observe ocular 
hypopigmentation with optic cup shallowing, anterior cra-
niofacial dysmorphology (midface flattening with narrowed 
external nares), and autopod restricted polydactyly, while 
overall somatic size is preserved. In the forebrain, cortical 
plate thinning with qualitative ventriculomegaly is evident 
on coronal sections despite comparable gross telencephalic 
contours, and the olfactory nerve (cranial nerve I) is bilater-
ally absent at the level of the fila olfactoria. At the cellular 
level, Lis1 protein is reduced in Jbts17 null mouse embry-
onic fibroblasts, extending our earlier knockdown observa-
tions to a germline knockout context.

Collectively, these findings indicate that Jbts17 supports 
cilia dependent regional patterning across eye, craniofacial, 
and limb development and contributes to forebrain and 
olfactory development at late gestation. The Jbts17 knock-
out thus provides a practical model that couples clear ana-
tomical readouts with a cell level marker (Lis1 reduction), 
offering an integrated framework for future quantitative 
and mechanistic dissection of JBTS17 related ciliopathy 
pathogenesis.

MATERIALS AND METHODS

1. Generation of Jbts17 knockout mice

A germline loss-of-function allele of Jbts17 was generated  
by CRISPR/Cas9-mediated mutagenesis. Guide RNAs tar-
geting exon 3 of the mouse Jbts17 locus were synthesized 
by in vitro transcription and co-injected with Cas9 mRNA 
into C57BL/6 blastocysts, which were subsequently trans-
ferred to pseudopregnant foster mothers. Founder animals 
were genotyped by Sanger sequencing, and two indepen-
dent early frameshift alleles (c.64_76del and c.71_74del) 
were recovered. Heterozygous animals were intercrossed to 
generate homozygous mutants and wild-type littermates for  
analysis. All animal procedures were performed in accor-
dance with institutional guidelines and approved by the 
Institutional Animal Care and Use Committee.

2. �Embryo collection and gross anatomical 

examination

Timed matings were established, and embryos were 
harvested at embryonic day 18 (E18) by maternal sacrifice. 
Whole-mount embryos were inspected for crown-rump 
length, ocular pigmentation, craniofacial morphology, and 
limb patterning. Images were obtained using a stereomicro-
scope equipped with a digital camera. Postnatal day 0 (P0) 
pups were also examined for craniofacial and limb pheno-
types.

3. Histology and brain sectioning

Whole embryonic brains were dissected in cold phosphate- 
buffered saline (PBS), immersion-fixed in 4% paraform- 
aldehyde overnight, and cryoprotected in 30% sucrose. 
Tissues were embedded in optimal cutting temperature 
compound and sectioned coronally at 25 μm using a cryo-
stat. Sections were mounted on glass slides and stained 
with hematoxylin and eosin or imaged under brightfield 
optics. Cortical thickness and ventricular morphology were 
assessed at matched rostrocaudal levels.

4. �Mouse Embryonic Fibroblast (MEF) preparation 

and immunoblotting

MEFs were prepared from E18 embryos by standard tryp- 
sin dissociation. Cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% fetal 
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bovine serum, 100 U/mL penicillin, and 100 μg/mL strepto- 
mycin. Protein lysates were prepared using RIPA buffer 
with protease and phosphatase inhibitors. Equal amounts of 
protein were resolved by SDS-PAGE, transferred to nitro-
cellulose membranes, and immunoblotted with antibodies 
against Lis1 (PAFAH1B1) and GAPDH as a loading con-
trol. Signals were visualized by enhanced chemilumines-
cence.

5. Imaging analyses 

Whole-mount embryos were photographed using a Sam-
sung Galaxy smartphone camera under ambient laboratory 
lighting without additional optical devices. Coronal brain 
sections were imaged with a Olympus stereomicroscope. 
Images were processed with ImageJ software. For quali-
tative comparisons, sections were matched by anatomical 
landmarks. No quantitative morphometrics or pathway 
readouts (e.g., Gli1, Ptch1, GLI3 isoforms) were performed 
in this study.

RESULTS

1. �Biallelic Jbts17 loss disrupts ocular and 

craniofacial development in  

late-gestation embryos

To establish a germline loss-of-function allele of Jbts17, 
we used CRISPR/Cas9 microinjection strategy targeting 
exon 3 (Fig. 1A). Single-guide RNAs (sgRNAs) and Cas9 
mRNA were synthesized by in vitro transcription, purified, 
and co-injected into blastocysts, which were then trans-
ferred to surrogate dams by embryo transfer. Genotyping 
of pups by Sanger sequencing identified two independent 
early frameshift alleles, c.64_76del (p.Ser23Lysfs*14) and 
c.71_74del (p.Leu25Valfs*16), each introducing a frame-
shift that generates a premature termination codon early in  
the N-terminal region of Jbts17 (Fig. 1A). Heterozygous 
males and females carrying the edited each allele were 
intercrossed, and late-gestation (E18) litters were collected 
from timed pregnancies by maternal sacrifice.

Fig. 1. Generation of a Jbts17 knockout mouse model exhibiting craniofacial and retinal dystrophy with polydactyly. (A) Schematic diagrams 
showing CRISPR/Cas9 strategy targeting exon 3 of Jbts17. Two independent early frameshift alleles were recovered by Sanger sequencing: 
c.64_76del (p.Ser23Lysfs*14) and c.71_74del (p.Leu25Valfs*16), each introducing a premature stop early in the N-terminal region. (B) E18 
whole-mount views. Jbts17 KO embryos show reduced ocular pigmentation with a shallow/indistinct optic cup relative to wild type. (C) P0 cra-
niofacial views. Jbts17 KO embryos display anterior craniofacial dysmorphology, including midface flattening and narrowed, irregular external 
nares, consistent with involvement of derivatives of the frontonasal and maxillary prominences. (D) P0 hindfeet. Autopods from Jbts17 KO pups 
exhibit polydactyly. 

(A)

(C)

(B)

(D)
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At E18, Jbts17KO embryos exhibited reduced retinal pig-
mentation with a shallow/indistinct optic cup contour relative 
to wild type, with bilateral involvement (Fig. 1B). Although  
detailed lamination could not be assessed without histology,  
the extent of hypopigmentation and cup flattening suggested  
delayed or abnormal retinal development rather than micro- 
phthalmia. Clinically, ocular involvement is variably re-
ported in JBTS17 loss-of-function cohorts, including early 
retinal dysfunction/dystrophy and hypopigmentation within 
the ciliopathy spectrum [19]; the bilateral hypopigmentation  
and optic cup shallowing observed here align with these 
human findings while underscoring the preservation of  
overall somatic growth often seen prenatally in ciliopathies. 
In contrast, gross body size, which is assessed by overall  
appearance and crown-rump length, was comparable be-
tween mutants and wild-type littermates, indicating no overt 
growth restriction at this stage (Fig. 1B).

Beyond the ocular findings, Jbts17KO embryos displayed 
craniofacial dysmorphology, including mid-facial hypopla-
sia and altered nasal/maxillary contours (Fig. 1B and C). 
Close views of the external nares showed irregular, nar-
rowed openings in mutants and similar phenotypes persisted  
at P0. The visible abnormalities localized to derivatives of 
the frontonasal and maxillary prominences, consistent with 
regional patterning defects. Without skeletal preparations 
or cephalometric quantitation, precise morphometrics (e.g., 
nasal bone length, maxillary arch width) could not be as-
signed. However, the nares narrowing and midface flatten-
ing indicate anterior craniofacial involvement rather than a  
generalized jaw size reduction. Comparable orofacial anom-
alies have been documented in JBTS17 loss-of-function  
patients, including midface hypoplasia and nasal aperture 
abnormalities, situating the mouse phenotype within the 
recognized ciliopathy craniofacial spectrum. Together with 
the preserved body size at E18, these findings support a 
model in which cilia-dependent regional patterning is com-
promised while global fetal growth remains largely intact.

2. �Jbts17 loss disrupts distal limb patterning  

in late-gestation embryos, yielding autopod 

polydactyly 

In humans, biallelic JBTS17 loss-of-function variants are 
associated with limb malformations, most commonly poly-
dactyly, within the Joubert syndrome or Oral-Facial-Dig-
ital (OFD) syndrome type VI spectra [16]. Consistent 

with these clinical observations, at E18 and PO, Jbts17KO  
embryos displayed polydactyly, with supernumerary digit  
rays extending the distal margin beyond the typical five- 
digit arrangement (Fig. 1B and D). In the representative 
embryos shown, the involvement was bilateral but asym-
metric, while the proximal segments (stylopod/zeugopod) 
showed no gross shortening or disproportionality on whole-
mount inspection, indicating that the abnormality is con-
fined to the distal limb (autopod). In particular, the tibial 

(hallux) sector of the foot exhibited a bifid ray in the I-II 
territory, digits 1 and 2 diverging from a common proximal 
stalk, whereas the fibular side contained two independent 
supernumerary rays lateral to digit V (designated 6 and 7)  

(Fig. 1D). In both autopods, the added rays were separated 
by distinct interdigital clefts, and the distal contour was 
broadened toward the fibular margin. Mechanistically, pri-
mary cilia on limb-bud mesenchyme are required to inter- 
pret Sonic hedgehog (SHH) cues from the zone of polarizing  
activity, and disruption of ciliogenesis perturbs anteropos-
terior patterning of the autopod, a canonical route to extra 
digits [1,20]. Because JBTS17 localizes to the basal body 
and is required for proper ciliogenesis, loss of Jbts17 would 
be expected to alter cilia-dependent SHH-GLI signaling 
during late autopod development. While we did not quantify  
pathway readouts (e.g., Gli1/Ptch1 expression or GLI3A/
GLI3R ratios), the autopod-restricted, bilateral-but-asym-
metric pattern observed here is consistent with cilia-mediated  
limb-patterning defects and aligns with JBTS17 loss-of-
function presentations in patients.

3. �Cortical thinning with bilateral olfactory nerve 

agenesis despite preserved telencephalic size 

in Jbts17-deficient embryos

Previous study has reported that Jbts17 deficiency during 
embryogenesis reduced cortical thickness with alteration 
of mitotic progression of neural progenitors [13]. To deter- 
mine whether this phenomenon is also recapitulated in 
Jbts17KO embryos, we examined the whole brains at E18. 
Overall telencephalic size and external contour were com-
parable to wild-type littermates without overt microcephaly 
or hemispheric disproportionality (Fig. 2A). By contrast, 
coronal sections at matched rostro-caudal levels revealed a 
qualitative reduction in cortical thickness within the dorsal  
telencephalon of mutants, a change not readily appreciable 
on gross views (Fig. 2B). In the same sections, the lateral 
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ventricular space appeared expanded relative ventricular ex-
pansion, likely explaining the preserved outer telencephalic  
contour seen in whole mounts. From an anatomical stand-
point, these observations indicate that radial expansion of 
the cortical mantle is selectively reduced, whereas tangen-
tial dimensions are relatively preserved at this stage. 

Intriguingly, inspection of the rostral telencephalon re-
vealed no discernible olfactory nerve (cranial verve I) bun-
dles traversing from the nasal cavity toward the forebrain in 
Jbts17KO embryos, whereas bundled fibers were evident in 
wild-type littermates at E18 (Fig. 2B, below). The absence 
was bilateral in the representative specimens. Anatomically, 
the lack of visible fila olfactoria indicates olfactory nerve 
agenesis at late gestation. Because the olfactory nerve rep-
resents primary sensory axons from the olfactory epithelium  
projecting to the olfactory bulb, this configuration suggests 
a failure of rostral forebrain-nasal connectivity at or before 
the stage when axons normally cross the cribriform plate. 
Unlike the siRNA-mediated knockdown system which was 
previously used in JBTS17 study, the knockout uncovered  
bilateral olfactory nerve agenesis. Collectively, the knockout  
extends prior knockdown observations to a broader neurode-
velopmental spectrum, spanning cortical radial growth and 
olfactory nerve formation, positioning Jbts17 as a key cilia- 
dependent regulator of late-gestation forebrain development.

4. �Jbts17 deficiency reduced Lis1 protein levels  

in mouse embryonic fibroblasts

LIS1 (PAFAH1B1) is a core regulator of cytoplasmic 

dynein that governs mitotic spindle positioning, interkinetic 
nuclear migration, and radial glial polarity [21,22]. In the 
developing cortex, LIS1 dosage controls progenitor prolif-
eration and neuronal migration, and partial loss yields re-
duced cortical thickness and lamination defects [13,23]. In 
the olfactory system, the LIS1-dynein axis supports chain 
migration of SVZ-derived neuroblasts along the rostral mi-
gratory stream to the olfactory bulb and is required for axo-
nal transport and fasciculation in olfactory sensory neurons, 
thus LIS1 deficiency disrupts olfactory bulb development 
and axon targeting [24].

In our previous study, we reported that JBTS17 depletion 
reduced LIS1 protein and impaired neuronal migration 
during corticogenesis [13]. Building on this, we prepared 
mouse embryonic fibroblasts (MEFs) from Jbts17KO and 
wild-type embryos and performed immunoblotting for Lis1 
with GAPDH as a loading control. Lis1 levels were reduced 
in Jbts17KO MEFs relative to wild type (Fig. 2C). These 
findings extend the Jbts17-LIS1 relationship to a germline 
knockout context and provide a robust cell-level readout of 
Jbts17 deficiency. While we did not measure Lis1 directly in 
brain tissue here, the reduction observed in Jbts17KO MEFs 
is consistent with a mechanism that could contribute to 
the cortical thinning and bilateral olfactory nerve agenesis  
documented in Jbts17-deficient embryos. We note that due to 
loss of original samples, densitometric quantification could  
not be performed. Thus, immunoblot data of Fig. 2C should 
be considered qualitative evidence of reduced Lis1 levels in 
Jbts17-deficient MEFs.

Fig. 2. Forebrain anomalies in Jbts17 deficient embryos. (A) E18 whole mount brains. The olfactory bulbs are not discernible in Jbts17 KO  
embryos (bilateral olfactory bulb agenesis), whereas distinct bulbs are evident in wild type. (B) Coronal sections at matched rostro caudal levels.  
Jbts17 KO forebrains show reduced cortical plate thickness in the dorsal telencephalon together with an apparent expansion of the lateral ven-
tricular space. (C) Immunoblots showing protein levels of Lis1 in mouse embryonic fibroblasts (MEFs). GAPDH serves as a loading control. 
Bars, 200 μm.

(A) (B) (C)
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DISCUSSION

This study delineates an anatomically coherent spectrum  
of ciliopathy type phenotypes in Jbts17 deficient mice and 
relates them to developmental contexts in which primary  
cilia provide essential patterning information. Across sys-
tems, we observe regionally restricted structural anomalies,  
such as ocular hypopigmentation with optic cup shallowing,  
anterior craniofacial dysmorphology, autopod restricted 
polydactyly, and forebrain involvement marked by cortical 
plate thinning with qualitative ventriculomegaly and bi-
lateral olfactory nerve agenesis, despite preserved overall 
somatic and telencephalic size at late gestation. The con-
vergence of these findings supports the view that Jbts17 is  
required for cilia dependent morphogenesis in multiple em-
bryonic fields.

Beyond ciliary assembly, JBTS17 has also been impli-
cated at the centrosome and basal body, where it may inter-
face with LIS1-dynein related processes. Such extraciliary 
functions provide a plausible mechanism by which loss 
of Jbts17 could influence spindle positioning, interkinetic 
nuclear migration, and axonal transport, potentially com-
pounding cilia mediated patterning defects. Although we 
did not assess LIS1 distribution in neural tissue, this axis 
represents an interpretive but not demonstrated link between  
JBTS17 and neurodevelopmental outcomes.

The limb phenotype is instructive. Autopod restricted, bi-
lateral but asymmetric polydactyly with a predominance of 
postaxial elements, together with a preaxial bifid ray in one 
autopod, is a classic signature of impaired Sonic hedgehog 
interpretation in the developing limb bud. In normal develop- 
ment, primary cilia on limb mesenchyme mediate GLI pro-
cessing downstream of Sonic hedgehog from the zone of 
polarizing activity [7,20]. Perturbation of this ciliary relay 
skews the anteroposterior program and yields extra distal 
elements [7]. The pattern we document-supernumerary 
rays lateral to digit V with preserved stylopod and zeugopod  
proportions-fits within this framework and aligns with 
polydactyly reported in JBTS17 loss-of-function cohorts in 
the Joubert spectrum and oral facial digital syndrome type 
VI [16,25-27].

In the craniofacial domain, narrowing of the external nares 
and midface flattening implicate derivatives of the fronto- 
nasal and maxillary prominences, tissues whose growth 
and fusion are tightly coupled to cilia dependent signals, 
including Sonic hedgehog and WNT planar cell polarity 

pathways [28,29]. The ocular hypopigmentation and optic 
cup shallowing likewise map to a cilia sensitive compart-
ment of eye morphogenesis, in keeping with variably pene- 
trant retinal findings in ciliopathy patients and with obser-
vations in other ciliary gene mutants [19]. Notably, overall 
body size was preserved at E18 and P0, which emphasizes 
that the dominant consequence of Jbts17 loss is regional 
patterning failure rather than global growth restriction.

Forebrain findings extend this theme. Although whole 
mount brains were comparable in size and contour, coronal 
sections revealed cortical plate thinning in the dorsal telen-
cephalon together with an apparent expansion of the lateral 
ventricular space. This combination suggests reduced radial 
output of cortical progenitors while tangential dimensions 
remain relatively preserved at this stage. Primary cilia on 
radial glia and intermediate progenitors are known to tune 
proliferative dynamics and fate decisions through mor-
phogen input. Compromised ciliary transduction would be  
expected to blunt radial growth and could secondarily mani- 
fest as relative ventriculomegaly [8,9]. In the same embry-
os, we observed bilateral agenesis of the olfactory nerve at 
the level of the fila olfactoria, with no discernible bundles 
bridging the nasal cavity to the forebrain, indicating a fail-
ure of rostral forebrain to nasal connectivity near the time 
when olfactory sensory axons normally traverse the crib-
riform plate. Because both olfactory sensory neurons and 
forebrain targets depend on cilia related signaling and guid-
ance milieus, this loss of connectivity fits a cilia-centered 
model [30]. Importantly, our prior siRNA mediated deple-
tion studies did not reveal olfactory nerve agenesis, whereas  
the knockout did. This difference may reflect stronger and 
earlier loss of function in the germline null context and re-
veals a broader neurodevelopmental spectrum.

At the cellular level, we add an independent line of evi-
dence by showing that Lis1 protein is reduced in Jbts17KO 
mouse embryonic fibroblasts, recapitulating our earlier  
report that JBTS17 depletion lowers LIS1 and perturbs neu-
ronal migration during corticogenesis. LIS1 (PAFAH1B1) is  
a core dynein regulator that supports mitotic spindle position-
ing, interkinetic nuclear migration, and neuronal migration;  
dosage reduction produces thinner and disorganized cortex 
and impairs axonal transport and fasciculation in olfactory 
pathways [22,23]. In principle, loss of JBTS17 could alter 
LIS1 availability or localization to dynein complexes at the 
centrosome and basal body. Such changes would be expec- 
ted to influence spindle orientation in progenitors, inter- 
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kinetic nuclear migration, and axon transport or fascicula-
tion, which align conceptually with the cortical and olfac-
tory phenotypes we report. Because we did not examine 
LIS1 distribution in brain tissue, these possibilities remain 
interpretive rather than demonstrated. We therefore frame 
this as compatibility rather than proof of a direct causal 
chain within forebrain tissue view reduced Lis1 in Jbts17 
null cells as a cell level correlate that is compatible with the 
anatomical phenotype, not as proof of a direct causal chain 
in the forebrain.

Several features strengthen the model. First, both alleles 
introduce early N terminal frameshifts that are predicted to 
create premature stop codons, providing a stringent loss-of-
function context. Second, the phenotypes are anatomically 
clear at late gestation and birth and reproducible across 
organ systems that are classically affected in ciliopathies. 
Third, the Lis1 reduction furnishes a convenient cell level 
readout of Jbts17 deficiency that can anchor future mecha-
nistic work on the Jbts17 LIS1 axis.

While our observations across eye, craniofacial, limb, and  
forebrain structures are compatible with impaired ciliary 
signaling in Jbts17 deficiency, the present data do not estab- 
lish a direct causal chain between loss of Jbts17, altered cil-
iary function, and the reduction of Lis1. We therefore inter-
pret the findings as supportive but not definitive evidence 
of a Jbts17-Lis1 connection. Several limitations temper this 
interpretation. First, we did not perform skeletal prepara-
tions or micro-CT imaging to assign digit identity or dupli- 
cation levels. Second, cortical thickness and ventricular size  
were assessed qualitatively rather than by quantitative mor-
phometrics. Third, we did not examine ciliary markers such  
as ARL13B or acetylated tubulin, nor did we measure SHH- 
GLI pathway readouts (Gli1, Ptch1, GLI3A/GLI3R) in 
embryonic tissues. Fourth, the olfactory pathway was not 
studied with OMP or GAP43 labeling, tract volumetry, or 
axon tracing. Finally, Lis1 measurements were limited to 
MEFs and were not extended to brain tissue. Importantly, 
no additional experiments can be performed because the 
original samples and mouse line are no longer available. 
We therefore outline future directions for the field rather 
than claims supported by our data, including tissue level 
ciliary and pathway readouts, quantitative morphometrics, 
and cellular rescue strategies that test whether restoring 
LIS1 or compensating dynein related functions can mitigate 
neurodevelopmental defects in appropriate model systems.

In sum, early truncating Jbts17 alleles produce ocular and 

anterior craniofacial defects, autopod restricted polydactyly,  
and forebrain anomalies marked by cortical thinning and 
olfactory nerve agenesis, while Lis1 is reduced in Jbts17 
null cells. These findings position Jbts17 as a contributor  
to cilia dependent patterning across limb and forebrain and  
establish a practical mouse model that couples clear ana- 
tomical readouts with tractable cellular assays. By inte-
grating regional patterning defects with preserved overall 
growth, this model provides a useful platform for quanti-
tative skeletal mapping and tissue level mechanistic stud-
ies that can bridge anatomy to molecular pathogenesis in 
JBTS17 related ciliopathies.
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