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SUMMARY

Primary cilia in radial glia act as signaling hubs essential for brain development, yet their
molecular roles remain poorly understood. Here, using proximity-labeling-mediated /n vivo
proteomics, we systematically mapped ciliary proteins in the developing telencephalon. Our
dataset reveals region-specific ciliary composition across the dorsal and ventral telencephalon. We
identified and validated ribosome proteins and translational machinery components in radial glial
cilia. Further, we uncovered ciliary roles for neurodevelopmental disorder-associated proteins,
including MARCKS, a key regulator of radial glial polarity, and CKAP2L, a protein linked

to Filippi syndrome. Functional studies show that MARCKS contributes to ciliogenesis and
CKAP2L regulates neurogenesis by modulating Hedgehog signaling. These findings highlight
previously unrecognized mechanisms by which primary cilia modulate brain formation. Our /n
vivo ciliary proteomic dataset provides a unique resource for understanding ciliary functions in
brain development and developmental disorders.
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IN VIVO CILIARY PROTEOMICS
Embryonic brain Proximity labeling in radial glial cilium Quantitative proteomics
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Primary cilia on neural progenitors serve as signaling hubs during brain development. Using in
vivo proteomics, Liu et al. mapped ciliary proteins in the embryonic telencephalon, uncovering
region-specific composition and the presence of ribosomes and translation machinery. Studies on
neurodevelopmental disorder proteins MARCKS and CKAP2L highlight the ciliary mechanism
during neurogenesis.

INTRODUCTION

The primary cilium is a microtubule-based sensory organelle projecting from the cell
surface. Often referred to as the cell’s antenna, the primary cilium senses a diverse array

of signaling cues from the surrounding environment and transduces them into intracellular
signaling pathways that elicit specific cellular responses. Unique receptors and signaling
transducers are concentrated in the primary cilia of different organs, enabling cells to
respond to specific environmental cues.23 Dysfunction of primary cilia leads to a wide
range of diseases, collectively known as ciliopathies.* Brain structural abnormalities, such as
microcephaly, neuronal heterotopia, disrupted cortical lamination, and cerebellar hypoplasia,
are common features of ciliopathies.>~10 These structural deficits typically arise from
abnormal brain development during embryogenesis.11 However, the precise roles of primary
cilia in cortical formation remain underexplored.
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The embryonic neurogenesis of the mammalian telencephalon begins with radial glia (RG),
which produce most neurons in the cortex. Over the course of embryonic neurogenesis,

RG strikes an intricate balance between self-renewal and neuronal production.12 They

first proliferate to expand the neural progenitor pool, followed by several rounds of
neurogenic divisions to produce neurons. At the end of neurogenesis, the RG population

is depleted as they differentiate into astrocytes, oligodendrocytes, or ependymal cells.13.14
The mechanisms governing this balance are not fully understood. A crucial yet under-
investigated area is the role of RG primary cilia, which serve as signaling hubs. The primary
cilia of RG extend from the ventricular surface and are strategically positioned to detect
regulatory molecular cues in their environment.15-17 Understanding the specific protein
components within the cilia of RG is essential for understanding their signaling roles, but
comprehensive studies in this area are still lacking.

RG in the developing brain constitutes a highly heterogeneous population, displaying
significant diversity across different brain regions.18-22 The most well-established
heterogeneity lies between the dorsal and ventral telencephalon, where RGs exhibit

distinct molecular profiles and contribute differently to brain development. In the dorsal
telencephalon (i.e., neocortex), RG expresses markers such as PAX6 and SOX2, and
primarily generates excitatory projection neurons.23 These neurons migrate radially to the
cortical plate, forming cortical layers in an inside-out manner.24 In contrast, in the ventral
telencephalon (i.e., the lateral, medial, and caudal ganglionic eminences—LGE, MGE,

and CGE), RG gives rise to inhibitory neurons.2526 These inhibitory neurons migrate
tangentially into the dorsal cortex, where they integrate into circuits with the excitatory
projection neurons.2” This heterogeneity of RG is essential for the precise regulation of
neurogenesis over space and time, enabling the establishment of complex neural circuits.28-
30 1t remains unclear what signaling components are differentially enriched in the primary
cilia of RG across these distinct telencephalic regions. This limits our understanding of
whether region-specific ciliary signaling contributes to the divergent cell properties of RG in
the dorsal and ventral telencephalic regions.

To unravel the roles of primary cilia during brain development, a critical step is to identify
the bona fide protein components in the cilia of RG. A comprehensive map of genuine
ciliary proteins in RG will provide critical insights into the mechanisms underlying RG
specification and their spatial and temporal functions across the developing telencephalon.
This is a challenging task because the primary cilium constitutes ~1/10,000 of the total cell
volume; conventional approaches of physically isolating cilia usually contain contaminations
from non-ciliary structures. In addition, some ciliary proteins are present in the cilium

at very low abundance, and most signaling transducers transit through the cilia in a very
dynamic manner. Physical isolation is not able to capture this dynamic protein presence in
the cilium. Proximity labeling strategies have proven effective in identifying ciliary proteins
in cultured cells.31:32 In a previous study, we employed TurbolD, an engineered biotin
ligase, to profile ciliary proteins involved in Hedgehog (Hh) signaling.33 This approach
allowed us to capture low-abundant proteins in the cilia in response to Hh pathway
activation.
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Here, we leveraged TurbolD-based proximity labeling to systematically map ciliary proteins
in the RG of the mouse embryonic brain. We generated a Cilium-TurbolD transgenic

mouse model and performed quantitative ciliary proteomics in over 800 embryonic

brains, providing both broad and deep coverage of the ciliary proteome during brain
development. Our results revealed region-specific differences in ciliary composition between
the dorsal and ventral cortex. Further, our dataset uncovered molecular machinery for

local protein synthesis in the cilia of RG, suggesting an unexpected mechanism of ciliary
regulation. Finally, our proteomic analysis identified a set of ciliary proteins linked to
neurodevelopmental disorders (NDDs), leading to the discovery of previously unrecognized
ciliary mechanisms underlying these conditions. Together, our dataset provides a unique
resource for exploring the understudied biology of primary cilia in the developing brain and
the molecular etiology of NDDs.

Construction of the mouse model for in vivo biotinylation of ciliary proteins in RG in the
developing brain

To selectively label proteins in the primary cilia of RG, we generated a transgenic mouse
line in which the transgene Cilium-TurbolD is specifically targeted to the cilia, and its
expression is driven by the brain lipid-binding protein (BLBP) promoter (Figure 1A). The
transgenic mice were generated via the piggyBac transposon system.34 In the transgene,
TurbolD is fused to a truncated form of ARL13B (AARL13B), which was created in our
previous study and has been characterized to specifically localize to the cilium without
disturbing ciliary morphology and function.33 The BLBP promoter is active in RG from the
early developmental stage (E10.5) throughout cortical development.32:36

The transgene has no discernible effect on the development or function of any organs, and
the brain size and morphology are indistinguishable from those of wild-type (WT) mice
(data not shown). In this transgenic mouse line, we first confirmed that Cilium-TurbolD
was expressed in RG within the embryonic brain. Immunofluorescence staining on coronal
sections shows that the transgene is specifically expressed in all primary cilia of RG at

the ventricular surface across both dorsal and ventral regions but not in the cilia of mature
neurons in the cortical plate (Figures 1B and 1C). To validate the activity of TurbolD in

the cilium, we incubated the freshly dissected embryonic cortices in biotin and prepared
whole-mount cortical tissues by exposing the inner ventricular surface. We then directly
imaged the primary cilia from the en face perspective (Figure 1D). We found that all
primary cilia at the ventricular surface of the transgenic mouse telencephalon were strongly
labeled after a 15-min incubation with biotin (Figure 1E). Further, in the transgenic mouse
brain without exogenous biotin, a low-level biotinylation signal in the cilia was detected,
suggesting that TurbolD can biotinylate ciliary proteins using the endogenous pool of biotin.
In contrast, no biotin signal was detected in the cilia of WT brain.

To enrich biotinylated proteins from the mouse brain, we tested beads coated with either
streptavidin or neutravidin. Both proteins bind biotin with extremely high affinity (Kd

~ 1071 to 1015 M); however, compared to streptavidin, neutravidin exhibits lower non-
specific binding due to its neutral charge and the absence of glycosylation and the RYD
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sequence.3739 |t is important to note that the recommended washing protocols for these
beads differ, with streptavidin beads tolerating more stringent conditions. Indeed, we found
that the overall protein intensities enriched by streptavidin beads are indistinguishable
between WT and Cilium-TurbolD brains. In contrast, with the same amount of total protein
input, neutravidin beads enriched higher protein intensities from the Cilium-TurbolD brains
compared to the WT brains (Figures S1A and S1B). We hence used neutravidin beads to
enrich biotinylated proteins in the subsequent proteomic assays.

In vivo ciliary proteomics in the developing mouse brain

Using the Cilium-TurbolD transgenic mouse model, we sought to chart the profile of ciliary
proteins in RG with quantitative proteomics in two brain regions: the dorsal (neocortex)
and the ventral region (ganglionic eminences) telencephalon (Figure 2A). We focused on
embryonic day 12.5 (E12.5), a critical stage when the RG population is abundant and
actively balancing neurogenesis with self-amplification. For each labeling condition (WT
+ biotin, transgenic + biotin, and transgenic + vehicle), 420-430 embryonic brains were
collected. An equal amount of 14 mg total protein input per condition was used, evenly
divided into three replicates for enrichment with neutravidin beads (Figure S2A). The
enriched proteins were digested on the beads and tagged with a 10plex tandem mass tag
(TMT) label set. The multiplexed samples were then analyzed using HPLC-MS/MS for
protein identification and quantification (Figure 2A).

For data analysis, we defined the relative protein abundance as the ratio of normalized
abundance in each channel over the reference channel. The heatmap of each protein’s
relative abundance and the correlation of biological replicates demonstrated high
reproducibility across the triplicates (Figures 2B and S2B). We then took the ratio of

protein abundance in the TMT channel of the biotin-labeled transgenic brain over that in the
biotin-labeled WT brain. The condition of transgenic + vehicle is not used due to its high
“background” labeling by TurbolD in the cilium (Figure S1D). Volcano plots were generated
depicting statistical significance versus fold-change ratios (Figures 2C and 2D). Given the
substantially reduced non-specific binding to neutravidin beads and the relatively smaller
number of proteins identified, we applied a cut-off of fold-change ratio >1.2. We obtained
198 and 191 ciliary candidate proteins from the dorsal and ventral regions, respectively
(Table S1). This filtering threshold allowed us to include low-abundance and moderately
enriched candidates that have been reported as ciliary proteins in previous studies (blue

dots in Figures 2C and 2D). In total, we identified 258 proteins as ciliary candidates

after combining the dorsal and central telencephalon (Table S1, combined candidates

D + V). Among them, 33 candidates have been previously reported to associate with

cilia, including ciliary signaling regulators (INPP5E, PALD1, GSK3B, and IRS1), proteins
involved in ciliary structure and ciliogenesis (tubulins, CFAP20, FLNA, and FLNB), and
those associated with protein sorting and trafficking (TULP3, UNC119, PACS1, KIF5B, and
RAN) (Figure S2C; Table S1, previously reported). Because candidates INPP5E, PALD1,
CKAP2L, and DHX57 were not identified in any of the three replicates in WT samples, they
had infinite log,(FC). We therefore listed these proteins separately and placed them next to
the yaxes (Figures 2C and 2D).
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We performed statistical analysis on the mass spectrometry results and provided the list
of statistically confident candidates in Table S1 (worksheet “candidates p < 0.05”; also
represented in the upper right quadrant in volcano plots in Figures 2C and 2D). The
corresponding false discovery rates (FDR, defined by ¢ value*?) is 14.6% for the dorsal
telencephalon and 19.4% for the ventral telencephalon. Under this filtering threshold, we
obtained 72 and 30 ciliary candidates from the dorsal and ventral regions, respectively.

We analyzed the 258 candidates that passed the fold-change >1.2 filter with Gene Ontology
(GO) analysis. Enrichment analyses of biological processes, as well as KEGG and CORUM
pathways, revealed that these 258 ciliary candidates participate in diverse pathways and
biological processes (Figure 2E). In addition to expected terms such as cytoskeleton
organization, intracellular transport, and pallium development, the top 20 enriched clusters
include unexpected categories, such as protein translation regulation, RNA binding, and
RNA localization. In the following studies, we sought to validate this dataset by confirming
the ciliary localization of unexpected ciliary candidates and determining the ciliary functions
of proteins previously linked to brain developmental disorders.

Embryonic brain ciliary proteomics uncover translation machinery components in the cilia

of RG

Out of the 258 ciliary candidates in our dataset, 68 proteins (26%) belong to ribosome
components and translation factors (Figure S3A). Notably, these proteins were also
uncovered as ciliary candidates in a few previous proteomic studies in other systems, such
as IMCD3 cells,31:3241.42 NJH3T3 cells,33 and mouse brain ependymal cells*3 (Figures 3A
and S3B; Table S2). Further, the study on ependymal cells demonstrated that local protein
synthesis supports the structure and function of motile cilia.*3 Yet, ribosome components
and translation factors have not been identified in primary cilia. This prompted us to validate
the presence of such candidates in the primary cilium.

We performed immunofluorescence staining on whole-mount mouse cortical preparation
and imaged primary cilia from the en face perspective (Figure S4A). The results demonstrate
that multiple components of translation machinery are present in the cilia of RG, including
ribosome components, RPS23 and RPL19, and translation factors, EIF3C, EEF2, and
EEF1G (Figures 3B-3F and S4B-S4E). Certain ribosome components, such as RPL23A,
specifically localize to the basal body (Figure S4F). Other ribosome components, such as
RPS3, RPL11, and RPL10A, have previously been identified in the motile cilia of brain
ependymal cells.*3 However, in RG cells, their high signal levels in the cell body precluded
us from resolving individual cilia in the whole-mount cortices. Nevertheless, we validated
their presence in the cilia of NIH3T3 cells (Figures S4H-S4J).

Next, we sought to detect the presence of mMRNA in the cilia of RG. On the whole-mount
mouse cortices, we conducted RNA fluorescence /7n situ hybridization (FISH) using a
biotin-conjugated Oligo(dT) probe, which was subsequently detected with streptavidin-HRP
followed by an HRP substrate reaction (Figure 3G). Simultaneously, we carried out
immunofluorescence staining to label the cilia. Our results revealed a robust Oligo(dT)
signal in the cilia of RG, suggesting the presence of polyadenylated mRNA (Figure 3H).
Further, this signal was abolished by RNase A treatment, confirming its RNA specificity.
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In contrast, when the FISH assay was performed in NIH3T3 cells, no poly(A) signal was
detected in the cilium (Figures S4K and S4L).

Taken together, our results demonstrate the presence of mRNA and translation machinery in
the cilia of RG in the embryonic cortex.

Identification of ciliary mechanisms for NDD-associated proteins

Ciliary dysfunction is widely implicated in NDDs.>® To explore this connection, we
compared our brain ciliary proteomic dataset with curated gene sets associated with NDDs,
including Pre-birth BrainSpan, SynGO, and GeneTrek.** A total of 204 ciliary candidates in
our dataset overlap with at least one of these resources, and 46 candidates overlap with all
three (Figure 4A; Table S3). To gain further insights, we focused on the candidates in the

46 proteins that have well-established functions in brain development but have not yet been
characterized as ciliary proteins. Among them, myristoylated alanine-rich C-kinase substrate
(MARCKS) emerges as a top candidate.

MARCKS is a membrane-associated protein and a putative substrate of protein kinase

C (PKC).4546 |_oss of Marcks leads to severe neurodevelopmental defects, including

failed neural tube closure, incomplete brain hemisphere separation, and disorganization of
the RG scaffold.47-50 The underlying molecular mechanisms remain poorly understood.

To identify the role of MARCKS in the primary cilia, we first validated its ciliary
localization. MARCKS-YFP localizes to the cilium when expressed in NIH3T3 cells.
Further, immunostaining with a MARCKS antibody revealed its presence in the cilia in
various cell types, including NIH 3T3, SH-SY5Y, and human RPE cells (Figures S5A and
S5B). Immunostaining on whole-mount embryonic cortices shows that MARCKS is present
in the primary cilia of RG across dorsal and ventral regions (Figure 4B).

Previous studies have shown that the membrane association of MARCKS is mediated by
the myristoylation of its first glycine residue (G1).51-53 In addition, PKC phosphorylation
has been mapped to three serine residues (S152, S156, and S163) in its internal domain®*
(Figure 4C). Genetic studies showed that the myristoylation modification, but not PKC
phosphorylation, is needed for MARCKS’ role in radial glial scaffold organization.*® To
determine whether these post-translational modifications regulate the ciliary localization of
MARCKS, we constructed mutants that abolish either myristoylation (G-A mutation) or
phosphorylation (3S-3A mutation) and assessed their subcellular localization in NIH3T3
cells. We found that the myristoylation mutant completely lost its localization to the
primary cilia, whereas the phosphorylation mutant retained ciliary localization similar to
WT MARCKS (Figures 4D and 4E). Hence, MARCKS’ ciliary localization depends on its
myristoylation but does not require PKC phosphorylation.

To identify the functional role of MARCKS in the primary cilium, we generated Marcks
knockout cells via CRISPR/Cas9 in NIH3T3 cells. Western blot results confirmed its
depletion at the protein level (Figures S5C and S5D). Marcks knockout significantly
reduced the ciliation rate. Moreover, in the remaining ciliated cells, the ciliary length was
dramatically shortened compared to WT cells (Figures 4F—4H). To unravel the underlying
mechanism of MARCKS in ciliogenesis, we focused on its previously reported role in
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targeting cell polarity-related proteins, such as CDC42.49 CDC42 facilitates vesicular
trafficking essential for delivering components to the growing cilium,>>-57 and its levels

in the cilium serve as an indicator of its activity during this process. To test it, we silenced
Marcks expression with shRNA in a human RPE cell line, ARPE-19 (Figure S5E), in which
ciliary CDC42 levels can be readily detected by antibody staining. We found that Marcks
knockdown significantly reduced CDC42 levels in the cilium (Figures 41 and 4J). The cilium
length in RPE cells is also significantly shortened by Marcks knockdown (Figure 4K).

Collectively, these data suggest that loss of Marcks blocks the targeting of CDC42 to
ciliogenesis sites, thereby impairing the vesicular transport essential for cilium assembly.
As a result, cells exhibit either absent or shortened cilia (Figure 4L). It is likely that

the neurodevelopmental defects observed in Marcks knockout mice are partially linked
to defective ciliogenesis and disrupted ciliary function in neural progenitors during brain
development.

proteomics uncovers region-specific variations in ciliary composition of RG

Our cilium proteomic dataset indicates an intriguing difference in the protein compositions
of cilia between the dorsal and ventral telencephalon (Figures 2B-2D, Table S1). Further
analysis identified 67 proteins specifically enriched in the dorsal region, 60 in the ventral
region, and 131 proteins common to both regions (Figure 5A, Table S4).

To further investigate region-specific ciliary localization, we validated the top candidates:
cytoskeleton associated protein 2-like (CKAP2L) in the dorsal region, and DExH-box
helicase 57 (DHX57) in the ventral region. Notably, cilium localization of these two proteins
has not been previously reported. Immunostaining in NIH3T3 cells shows that both proteins
are present in the cilium (Figure 5B). To determine their localization in the cilia of RG,

we prepared immunofluorescence staining on whole-mount E12.5 cortices. We mounted

the dorsal and ventral (LGE and MGE) telencephalon separately based on their relative
positions and surface contours. We then imaged the cilia of RG at the inner ventricular
surface from the en face perspective. We found that CKAP2L is present in the majority of
cilia in the dorsal region (88.9% + 3.3%), whereas only a small portion of cilia in the ventral
region contain CKAP2L (31.6% + 9.39%) (Figures 5C and 5D). In contrast, DHX57 is
present in most cilia in the ventral region (56.9% + 15.9%) and only a small fraction of cilia
in the dorsal region (5.4% + 4.1%) (Figures 5F and 5G). Intriguingly, western blot analysis
reveals that the total expression levels of both proteins are comparable between the dorsal
and ventral cortex (Figures 5E and 5H).

These results suggest that the region-specific ciliary localization is not due to variations in
overall protein expression but rather reflects distinct regulatory mechanisms that govern
protein targeting to cilia in different brain regions. In addition, the reciprocal ciliary
localization patterns of CKAP2L and DHX57 validate our initial findings in the proteomic
dataset, highlighting region-specific variations in ciliary composition between the dorsal and
ventral brain regions.
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CKAP2L regulates cilium-dependent cell signaling

Next, we characterized the roles of ciliary candidates identified from our proteomic dataset
in cilium-dependent cell signaling, focusing on CKAP2L. Loss-of-function mutations in
CKAP2L lead to Filippi syndrome, a rare genetic disorder characterized by short stature,
microcephaly, intellectual disability, and syndactyly.58-63 CKAP2L was originally identified
as a mitotic spindle-associated protein in neural progenitors of both the embryonic and adult
brain.54 In addition to mitotic spindles in dividing cells (data not shown), we found that
CKAP2L localizes to the primary cilia of interphase cells in multiple cell types, including
RG (Figure 5C), NIH3T3 cells (Figure 5B), SH-SY5Y, and human RPE cells (Figure

S6A). Expansion microscopy reveals that CKAP2L distributes along the ciliary axoneme,
consistent with its known role as a microtubule-associated protein8® (Figure S6B).

To determine the mechanistic roles of CKAP2L, we generated Ckap2/knockout (KO)
NIH3T3 cells using CRISPR-Cas9 (Figure S6D). Western blot analysis with a validated
CKAP2L antibody confirmed efficient depletion of CKAP2L proteins (Figures 6A and
S6E). Ckap2/ KO cells exhibit no abnormalities in cilium length or ciliation rate, and

the chromosome segregation and cell cycle progression remain normal (data not shown).
Next, we determined its role in ciliary signal transduction. The Hh pathway is the well-
characterized cilium-dependent signaling, and the symptoms of Filippi syndrome patients
resemble defects in Hh signaling.58:68 Therefore, we assessed Hh signaling activity in
Ckap2l KO cells after stimulation with the Sonic Hedgehog (Shh) ligand. gPCR analysis on
two Hh pathway target genes, G/iZ and Pfchl, showed that the Shh-induced transcript levels
of both genes were markedly reduced in Ckap2/ KO cells compared to those in WT cells
(Figures 6B and 6C). These results suggest attenuated Hh signaling in Ckap2/ KO cells.

The Hh signaling is transduced across the membrane by Smoothened (SMO), a GPCR-

like receptor that is translocated and activated in the cilium. Active SMO then triggers a
signaling cascade that eventually leads to the activation of transcription factor GLI2 at the
ciliary tip.67 To determine whether CKAP2L is required for this process, we assessed SMO
and GLI2 ciliary levels in Ckap2/ KO cells via immunofluorescence staining. We found that
Shh-induced ciliary accumulation of both SMO and GLI2 is significantly reduced in Ckap2/
KO cells compared to WT cells (Figures 6D-6G). Thus, CKAP2L positively regulates Hh
signaling by facilitating SMO translocation to the cilium, which subsequently promotes
GLI2 activation.

To exclude potential off-target effects of CRISPR/Cas9, we reintroduced the CKAP2L
protein in Ckap2/ KO cells via lentivirus-mediated gene expression. Unfortunately,
CKAP2L-full length leads to disorganized mitotic spindles and distorted nuclei in a
significant percentage of cells, as reported in a previous study®* (Figure S6C), preventing
the proper assessment of Hh signal activity. The CKAP2L protein features a CKAP2-
superfamily domain at the C terminus and a more diversified N terminus (Figure 6H).
Interestingly, we found that the N-terminal domain predominantly localizes to the primary
cilium, whereas the C-terminal domain is exclusively present in the nucleus (Figures 6l
and 6J). Further, expressing the C-terminal domain led to disorganized nuclei in nearly all
infected cells. Finally, expressing the N-terminal domain in Ckap2/ KO cells was sufficient
to restore Shh-induced Hh signaling (Figure 6K). These results indicate that CKAP2L’s
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ciliary and nuclear functions are separable: the N terminus alone suffices to regulate Hh
signaling in the cilium, while the C terminus acts in the nucleus.

Ckap2l loss disrupts brain development and Hh signaling in the developing cortex

To determine the roles of CKAP2L in brain development, we generated a genetic mouse
model of Ckap2/knockout via CRISPR/Cas9 (Figures S7A and S7B). Western blot analysis
on the cortices confirmed the complete removal of CKAP2L from the homozygous brain
(Figure S7C). The Ckap2/ KO mice (Ckap2/~) are born at the expected Mendelian ratio.
However, they appear runty, exhibit reduced body size, and most are unable to breed.

The brain size in adult Ckap2/ KO mice is reduced across multiple dimensions (Figures
SBA-S8F). Sagittal sections of the brain at the same mediolateral level show that most
brain regions are smaller in Ckap2/ KO mice compared to WT mice, with pronounced
underdevelopment in the cortex and most cerebellar lobules (Figure S8G).

As CkapZlloss in NIH3T3 cells leads to reduced Hh signaling (Figure 6), we tested

Hh signaling levels in the developing cortex. Among the three GLI transcription factors,
GLI3 plays a predominant role in dorsal telencephalon development and is essential for
balancing neural progenitor proliferation and differentiation.68-70 Hh signaling is suppressed
by GLI3R, a proteolytic product of GLI3 full length. Activation of the Hh pathway ceases
the GLI3 proteolytic cleavage, reducing GLI3R production. The relative abundance of
GLI3R often serves as an indicator of Hh signaling intensity. We therefore examined the
GLI3R levels in the dorsal and ventral regions of WT and Ckap2/'~ telencephalons via
western blot. We found a significant increase in Gli3R levels in the dorsal region of Ckap2/”
~ mice compared to the WT mice (Figures S8H and S8I). However, the GLI3R levels in

the ventral region were comparable between WT and kap2/"'~ brains. This result aligns with
diminished Hh signaling observed in Ckap2/ KO NIH3T3 cells. Further, the dorsal-specific
effect on Hh signaling corroborates our findings that CKAP2L is primarily localized to cilia
in the dorsal but not the ventral telencephalon (Figure 5).

Ckap2l loss reduces embryonic neurogenesis in the developing brain

In the developing telencephalon, Hh signaling is essential for maintaining the neural
progenitor pool in the dorsal cortex, and its reduction leads to decreased cortical size.”1:72
Therefore, we examined neural progenitor populations in the developing cortex using
immunostaining for SOX2, a marker of RG, and TBR2, a marker of intermediate neural
progenitors (INPs). In E13.5 Ckap2/~ mice, both SOX2-positive and TBR2-positive layers
were significantly thinner compared to WT mice. In addition, the overall thickness of the
cerebral cortex was reduced in Ckap2/~ embryos relative to WT controls (Figures 7A and
7B). Thus, Ckap2lloss reduces the neural progenitor pool in the developing dorsal cortex.

Next, we determined the impact of CkapZ2/loss on neurogenesis. By E16.5, when early born
CTIP2-positive neurons are generated, we found a reduced population of CTIP2-positive
neurons in Ckap2/'~ embryos compared to WT littermates (Figures 6C and 6D). This
reduction is not due to developmental delay, as the CTIP2-positive neuronal layer remains
thinner in Ckap2/™'~ cortices at postnatal stages (P3 and P7). Furthermore, the layer of
later-born CUX1-positive neurons is also thinner in the Ckap2/”'~ brain compared to the WT
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littermates (Figures 7E, 7F, S9A, and S9B). Finally, this reduction in neuronal populations

is consistently observed across the entire rostral-caudal axis (Figures S9C and S9D). In
addition, CKAP2L loss also reduced the neural progenitor pool in the anterior subventricular
zone and the granule cell layer (GCL) of the dentate gyrus in the newborn mouse brain
(Figures SOE and S9F). Overall, these results suggest that Ckap2/loss reduced neural
progenitor pools, leading to diminished neuronal production across all developmental stages,
which ultimately results in reduced cortical size.

Shh functions as a critical mitogen for granule neuron precursors (GNPS) in the developing
cerebellum.”-75 Given that CKAP2L positively regulates Hh signaling, we next assessed
GNP proliferation in the developing cerebellum. Immunostaining with the mitotic marker
phospho-histone H3 (pH3) revealed a reduced number of proliferating cells in the external
granule layer (EGL) of Ckap2f!~ cerebella compared to WT littermates (Figures 7G and
7H). Differentiated granule neurons migrate from the EGL to the internal granule layer
(IGL); we further examined cerebellar architecture and found that both the IGL area and the
total cerebellar area were significantly reduced in Ckap2/'~ cerebella compared to the WT
littermates (Figures 71 and 7J). Thus, loss of Ckap2/reduced GNP proliferation, leading to
cerebellar hypoplasia.

While the Ckap2/ KO mouse model exhibits key features of Filippi syndrome, such as

short stature and microcephaly, it fails to fully recapitulate other symptoms, such as
syndactyly. Potential functional redundancy could be provided by other similar proteins,
such as CKAP2, a paralog of CKAP2L. The two proteins share 16% amino acid identity
and a C-terminal CKAP2 super-family domain.”877 We found that CKAP2 localizes to

the primary cilia of multiple cell types, including NIH3T3, SH-SY5Y, and radial glial

cells (Figures S10A and S10B). Whole-mount cortical staining further confirmed CKAP2’s
presence in the cilia of both the dorsal and ventral cortex (Figures S10C and S10D). To
elucidate CKAP2’s function, we used shRNA-mediated knockdown in NIH3T3 cells. While
CKAP2 depletion did not affect ciliogenesis or ciliary length (Figures SI0E-S10G), it
significantly attenuated Shh-induced Hh pathway activation, as indicated by reduced G//Z
transcript level (Figure S10H). Thus, CKAP2 acts as a positive regulator of Hh signaling and
may functionally compensate for CKAP2L loss in certain contexts.

DISCUSSION

Brain structural deficits are common in ciliopathies, underscoring the critical roles of
primary cilia in brain development.>~10 Primary cilia are present in various cell types

in the developing brain, including migrating newborn neurons, mature neurons, and

neural progenitors. Ciliary defects likely disrupt key biological processes across all

these cell types. In this study, we focused on cilia in RG and defined their bona fide
ciliary protein composition using TurbolD-mediated proximity labeling and quantitative
proteomics. A number of previous studies using proximity labeling enzymes, such as BiolD/
BiolD2, APEX/APEX2, and TurbolD, have markedly expanded the repertoire of ciliary
proteins.31:42.78.79 However, it is important to note that these studies were conducted in
cultured cell lines. The /n vitro systems lack the multicellular interactions between diverse
cell types and the dynamic signaling cues, such as morphogen gradients and fluid flow,
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that shape ciliary function and protein composition 7 vivo. Therefore, /in vivo studies are
essential for accurately capturing the physiological complexity of the ciliary proteome in
brain development. Indeed, beyond known ciliary proteins (Figure S2C), we identified a
cohort of previously unrecognized ciliary candidates and uncovered the mechanistic roles of
several in ciliary signaling and brain development. Our study represents a comprehensive
dataset of the brain ciliary proteome and establishes a valuable resource for understanding
cilium-mediated cell signaling in RG and the molecular basis of ciliopathies and brain
developmental disorders.

Intriguingly, our study revealed region-specific variation in the ciliary composition of RG
between the dorsal and ventral telencephalon. We validated this regional specificity by
confirming CKAP2L ciliary localization in the dorsal region and DHX57 in the ventral
region (Figure 5). While primary cilia across different cell types share core structural
components, their functional protein composition can vary significantly depending on cell
types and contexts. For instance, PDGFRA localizes to cilia in fibroblasts but not in
RG.33.80.81 Similarly, neuronal cilia may express unique receptors, such as NPY2R, which is
absent in epithelial cells.82:83 And SMO is detectable in the cilium only upon activation of
Hh signaling.83:84 Many factors could contribute to the differential ciliary localization, such
as cell-type-specific gene expression, post-translational modifications, variations in ciliary
trafficking machinery, and differential exposure to external signaling pathways. It is well-
established that RG in the dorsal and ventral cortex represents distinct cell populations, 18-
22 and they may also be exposed to different external signaling cues. Understanding

the mechanisms that drive differential ciliary targeting in distinct RG subtypes and their
functional implications highlights important directions for future study.

Our in vivo ciliary proteomics identified a set of translation machinery components,
including ribosomal subunits and eukaryotic initiation and elongation factors (EIFs and
EEFs) (Figures 3, S3, and S4). While many of these components have been detected in
previous ciliary proteomes, none have been validated in the primary cilia.3341.85 Here, we
provide direct evidence for the presence of translation machinery, as well as mRNAs, in
the primary cilia (Figure 3). These findings support the potential presence of local protein
synthesis in primary cilia. This concept appears to challenge the prevailing view that the
intraflagellar transport (IFT) machinery is primarily responsible for delivering proteins to
the cilium for assembly and maintenance.86 Nevertheless, several notions suggest that local
translation within cilia could be necessary under specific conditions.

First, local translation has been demonstrated in the motile cilia of brain ependymal cells,
where it is essential for maintaining the proper ciliary function.*3 This finding supports
the feasibility of protein synthesis within the ciliary microenvironment. Second, one of the
translation factors validated in our study, EIF3, has been reported to directly regulate Hh
signaling. Loss-of-function mutations in £/f3 cause the extra-toes spotting (Xs) in mice,
which is characterized by polydactyly—a hallmark of excessive Hh pathway activation.8”
Intriguingly, X mutants show no global translation defects but exhibit specific protein
reduction in PTCH1, a key negative regulator of Hh signaling.87:88 Further study revealed
that EIF3C binds to a pyrimidine-rich motif in the 5° UTRs of some transcripts, including
PTCH1.88 Together, the evidence suggests the possibility that EIF3C may be involved in
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mRNA binding or translational regulation in the cilium. Finally, local translation is best
established in neuronal growth cones and synapses, structures that are distal to the cell body
and require on-site protein synthesis for rapid, spatially restricted responses.89-92 Notably,
RGs exhibit similar spatial features: their primary cilia remain anchored at the apical surface
while the nucleus undergoes interkinetic nuclear migration (INM), oscillating between the
apical and basal boundary of the ventricular zone in coordination with the cell cycle.93:94 As
a result, the cilium and nucleus are often separated over a long distance. Local translation in
the cilia of RG may enable direct synthesis of structural or signaling proteins to ensure its
structural integrity and timely responses to extracellular cues. It is important to note that our
proteomic data indicate the presence of the translation machinery components in primary
cilia; however, whether active protein translation occurs within the RG primary cilia, and
what its functional significance might be, will require rigorous studies in the future. It

is likely that local translation may not be a universal feature of primary cilia but instead
represents a specialized adaptation in certain cell types, such as RG and brain ependymal
cells,*3 to fulfill their specific functional requirements.

Our /n vivo ciliary proteomics offered insights into the molecular underpinnings of

NDDs. For example, we uncovered a ciliary role for MARCKS, a protein whose

critical functions in embryonic mouse brain development were identified decades ago,

yet its molecular mechanisms remain poorly understood.4’-%0 Although MARCKS is a
well-defined PKC substrate with conserved phosphorylation sites, genetic studies have
shown that these sites are dispensable for brain development. Instead, its N-terminal
myristoylation is essential.42:51-54 Intriguingly, we found that the myristoylation site,

but not the PKC phosphorylation sites, is required for MARCKS ciliary localization.

These findings suggest that the ciliary function of MARCKS is fundamental during brain
development. Furthermore, MARCKS plays a key role in ciliogenesis by recruiting CDC42
and facilitating CDC42-associated vesicle transport to support cilium formation (Figures
4F-4L). Remarkably, our results are consistent with the reported phenotype in zebrafish,
where Marcks knockdown led to a significant reduction in cilium formation and ciliary
length in Kupffer’s vesicle of the zebrafish embryos.% To further contextualize this role, it
is important to note that radial glial cells maintain a specialized apical membrane domain
enriched with essential proteins, including the Par polarity complex (PAR6, PAR3, and
aPKC() and CDC42.%9 Primary cilia extend from this apical domain, and both structures
are essential for establishing a polarized radial glial scaffold. Disruption of these structures
results in severe polarity defects in RG and brain developmental abnormalities characteristic
of ciliopathies.9:97 Therefore, the neurodevelopmental defects in Marcks mutants may
result from impaired ciliogenesis and subsequent disruptions of ciliary signaling. However,
it is also important to note that the effector domain of MARCKS exhibits strong affinity

for binding calcium-calmodulin (CaM), filamentous actin (F-actin), and phosphatidylinositol
4,5-bisphosphate (PIP2). Upon phosphorylation by PKC, MARCKS translocates from the
membrane to the cytosol. This redistribution modulates the actin cytoskeletal dynamics and
vesicular trafficking,98-101 thereby regulating key cellular processes such as changes in cell
shape and the formation of cellular protrusions. These events are critical for proper neuronal
migration, axon guidance, and neuritogenesis during brain development.101-105 For future
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studies, it will be intriguing to determine further how ciliary and non-ciliary MARCKS are
integrated together to contribute to cortical development.

CKAP2L is another previously uncharacterized ciliary protein implicated in NDDs. Loss-of-
function mutations in CKAP2L lead to Filippi syndrome. We thoroughly characterized the
cilium localization of CKAP2L and pinpointed its N terminus as the ciliary targeting domain
and the previously described nuclear localization domain to the C terminus. Consistent with
previous studies, we found that overexpression of CKAP2L, particularly the C terminus,
disrupted nuclear morphology by interfering with mitotic spindle assembly and chromosome
segregation (Figures 61 and S6C).54 Unlike previous reports, we found that CKAP2L
loss-of-function does not disrupt chromosome segregation; instead, it impaired Hh signal
transduction by restricting the ciliary translocation of SMO and subsequent GLI2 activation
(Figures 6D-6G). Importantly, CKAP2L is present in nearly all cilia in the dorsal cortex

but only in a subset in the ventral cortex. While the underlying mechanism requires future
inquiry, this cell-type-specific cilium localization may explain the moderate phenotype in
Ckap2/ KO mice. Hh signaling functions as a morphogen that specifies ventral cell fates

in the neural tube, and its reduction leads to dorsalization.1%6 Surprisingly, Ckap2/KO

mice show no obvious neural patterning defects, likely because CKAP2L is largely absent
from ventral cilia, sparing Hh signaling in this region. However, after neural patterning,
dorsal Hh signaling is critical to maintain RG and INP neural progenitor pools.’1:72
Consequently, Ckap2/loss disrupts neuronal populations in both the outer and inner cortical
plates. Notably, Ckap2/ KO mice do not recapitulate the syndactyly observed in human
Filippi syndrome patients. While such mouse-human discrepancies are common, functional
compensation by its paralog, CKAP2, may explain this difference. Like CKAP2L, CKAP2
localizes to primary cilia and promotes Hh signaling (Figure S10), potentially buffering the
loss of CKAP2L in mice.

In this study, we used an intracellular TurbolD-based strategy to capture both
transmembrane proteins and downstream signaling components that define the cilium

as a signaling hub. For the future, an approach with extracellular-facing proximity

labeling enzymes (e.g., HRP or APEX2) to profile the ciliary surfaceome (surface-exposed
proteins) will provide a complementary perspective of ciliary function. Here, our in vivo
proteomic study offers a unique dataset of bona fide ciliary proteins in the developing
mammalian brain. We identified previously uncharacterized ciliary proteins, expanding
our understanding of the molecular landscape of primary cilia in neurodevelopment.
Future studies leveraging this resource could further elucidate cilium-mediated signaling
mechanisms and their roles in neurodevelopmental pathologies.

Limitations of the study

The expression level of the AArl13b-GFP-TurbolD transgene in the developing brain is
lower than that of endogenous Arl13b. While this low level of expression minimizes
potential interference with normal embryonic development, it may limit biotinylation
efficiency within the cilium. As a result, our proteomic dataset may underrepresent proteins
that are present at low abundance in the cilium. In addition, we used neutravidin, rather
than streptavidin, to minimize background binding to magnetic beads and thereby reduce
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non-specific protein detection in mass spectrometry. This strategy improves specificity but
reduces overall protein recovery. Subsequently, for data analysis, we favored fold-change as
the primary filtering criterion to avoid excluding bona fide ciliary candidates. However, to
facilitate broader use of the dataset by the research community, we also provide a list of
statistically confident candidates (o < 0.05) in Table S1.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will be fulfilled by
the lead contact, Xuecai Ge (xuecaig@ucr.edu).

Materials availability

All unique reagents generated in this study are available from the lead contact.

Data and code availability

. The mass spectrometry data have been uploaded to MassIVE using the identifier
MSV000097579. The dataset can be downloaded from the MassIVE FTP server
with this URL.: ftp://MSV000097579@massive-ftp.ucsd.edu. This dataset can
also be accessed in ProteomeXchange via PXD062788. All remaining data
supporting the findings of this study are available within the paper and its
supplemental information.

. This paper does not report original code.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice: All mouse work was performed according to guidelines approved by the IACUC

of the University of California, Merced (animal protocol no. 2023-1151) and University

of California, Riverside (animal protocol no. 30906). All mice were maintained in a
specific pathogen-free animal facility. Mice were monitored daily and housed ina 12 h
light/12 h dark cycle, under the temperature of 66—72°F with 40-60% humidity. The BLBF-
driven detlaARL13B-GFP-TurbolD transgenic mice were generated in C57BL/6 mice by

a PiggyBac strategy. Genotyping was performed using quantitative real-time PCR with
primers detailed in key resources table. Ckap2/'~ mice were generated in C57BL/6 mice
using CRISPR/Cas9, as described in Figure S7. Genotyping was performed using PCR

with primers detailed in key resources table. Embryos were analyzed at the indicated stage
described in the figure legends. Adult mice were euthanized by CO, inhalation followed by
cervical dislocation. The sex has not been reported to affect primary cilium in the developing
brain, and embryos of both sexes were studied without separating one from the other.

Cell lines: NIH3T3 cells (Cat#: CRL-1658), HEK293T cells (Cat#: CRL-3216), SH-SY5Y
cells (Cat#: CRL-2266) and ARPE-19 cells (Cat#: CRL-2302) were purchased from ATCC
and authenticated by the vendor. NIH3T3 cells were cultured in DMEM supplemented with
10% vl/v calf serum, and ciliation was induced by reducing the growth media to 0.5% v/v

Cell Rep. Author manuscript; available in PMC 2026 June 15.


ftp://MSV000097579@massive-ftp.ucsd.edu

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 16

calf serum for 24 h. HEK293T cells were cultured in DMEM supplemented with 10% v/v
fetal bovine serum. SH-SY5Y cells were cultured in DMEM/F12 medium supplemented
with 10% v/v fetal bovine serum, and ciliation was induced by reducing the growth media
to 0.25% v/v fetal bovine serum for 24-36 h. ARPE-19 cells were cultured in DMEM/F12
medium supplemented with 10% v/v fetal bovine serum, and ciliation was induced by
DMEM/F12 medium without fetal bovine serum for 48 h. The HEK293T EcR-Shh-N cell
line is a gift from Dr. Rajat Rohatgi lab, Stanford University. To induce Shh signaling,
growth media were added with ShhN conditioned medium (20-30% v/v, optimal dilution
varies batch-wise) produced from HEK293T EcR-Shh-N cells. Every cell line is routinely
tested for mycoplasma contamination and confirmed negative before experiments.

METHOD DETAILS

Primary culture of radial glia cells: RG were isolated from cortexes of E12.5 embryos.
Briefly, isolated cortexes were cut into small pieces and treated with Papain/DNase I. After
trituration, single-cell suspensions were harvested by centrifugation and then resuspended
in plating medium (Neurobasal medium supplemented with N2, Glutamax, penicillin/
streptomycin and 10% Horse serum) for 4—6hr until cells adhered to the bottom of the
culture dish. Then, the plating medium was changed into the culture medium (Neurobasal
medium supplemented with N2, Glutamax, penicillin/streptomycin, and bFGF).

Generation of Marcks knockout NIH3T3 cells: Marcks~ NIH3T3 cells were
generated using CRISPR/Cas9-mediated genome editing with two guide RNAs: #1
(5"-AGGGAGAAGCCACCGCCGAG-3") and #2 (5'-ATTTGCTTTGGAAGGCGACG-3").
The guide RNAs were selected according to the online tool Benchling (https://
benchling.com/editor), and their sequences were cloned into the PX330-GFP plasmid,
respectively. Cell line clones were obtained by single-cell sorting, and Marcks deletions
were confirmed by immunofluorescence (IF) and Western blot with anti-MARCKS
antibodies. Two independent CRISPR/Cas9 knockout cell clones were chosen for the
analysis.

Generation of Ckap2l knockout NIH3T3 cells: Ckap2/'~ NIH3T3 cells were
generated using the same method as generating Marcks knockout NIH3T3 cells.
The two guide RNAs are #1 (5° -GTCGCCGTAGAGCCATGGTG-3") and #2 (5'-
CCGCGGCTGCGCTGGCAGTG- 3).

TurbolD labeling experiments and subcellular fractionation: TurbolD labeling
experiments were performed as described previously.33 Briefly, the freshly dissected
neocortex (dorsal telencephalon) and ganglion eminences (ventral telencephalon) were
incubated in the Neurobasal medium in the presence of 50 pM biotin for 15 min. For
non-labelled brain tissues, water was added instead of biotin. After 15 min of incubation

at 37°C, the medium was removed quickly, and tissues were washed four times with 1x

PBS and kept on ice. For immunofluorescence microscopy, tissues were immediately fixed
in 4% PFA in PBS. For western blot and proteomic analysis, brain tissues were lysed by
subcellular fractionation buffer (20 mM HEPES, 10 mM KCI, 2 mM MgCl,, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, pH 7.5 and protease inhibitors) and passed through a 27-G needle
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15 times. Nuclei and mitochondria were separated from the supernatant by two sequential
centrifugations at 3,000 rpm (720 x g) and 8,000 rpm (10,000 x g). The supernatant was
then lysed in lysis buffer (0.5% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM
NaCl, 50 mM Triethylammonium bicarbonate (TEAB), pH 7.5, and protease inhibitors),
sonicated and finally clarified by centrifugation.

Enrichment of biotinylated proteins: For neutravidin capture, the lysates from the
TurbolD labeling experiments were measured to determine the protein concentrations and
were then adjusted to equal concentrations and volumes as starting material. The lysates
were added to washed and equilibrated neutravidin agarose resins, and biotinylated proteins
were allowed to bind for 1.5 h at room temperature. Neutravidin agarose resins with bound
proteins were washed 2 times with lysis buffer and 4 times with 1 x PBS. For Western blot
analysis, the beads were eluted with 2 x SDS sample buffer.

Streptavidin capture was performed as described previously.33 Briefly, the lysates were
added onto washed and equilibrated streptavidin magnetic beads, and biotinylated proteins
were then allowed to bind for 1.5 h at room temperature. Streptavidin beads with bound
proteins were washed extensively with a series of buffers: 2 times with lysis buffer, 1 time
with 1 M KClI, 1 time with 0.1 M NayCOs, 1 time with 2 M Urea in 10 mM Tris-HCI, pH
8.0, 2 times with lysis buffer, and finally 2 times with 1 x PBS. For Western blot analysis,
the beads were eluted with 2 x SDS sample buffer.

On-beads trypsin digestion and TMT labeling: Enriched proteins bound to beads
were denatured with 8 M urea in 100 mM TEAB, disulfide bonds reduced with 5 mM TCEP
and free cysteines alkylated with 2-Chloroacetamide. Denatured proteins bound to beads
were precipitated with methanol-chloroform and digested with trypsin in 1 M urea and 100
mM TEAB. Resulting peptides were dried by vacuum centrifugation and then labeled with
10-plex TMT as described in the manufacturer’s protocol. A reference TMT channel was
used for internal normalization using a tenth of all protein in other 9 channels. TMT-labeled
peptides were pooled, dried and reverse-phase fractionated into 4 parts at high pH using
12.5%, 17.5%, 22.5% and 50% acetonitrile, as per manufacturer’s protocol.

Mass spectrometry: The samples were analyzed on a Fusion Lumos mass spectrometer.
Samples were injected directly onto a 25 cm, 100 um ID column packed with BEH 1.7 pm
C18 resin. Samples were separated at a flow rate of 300 nL/min on a nLC 1200. Buffer A
and B were 0.1% formic acid in 5% and 80% acetonitrile, respectively. A gradient of 1-25%
B over 100 min, an increase to 40% B over 20 min, an increase to 90% B over another

10 min and held at 90% B for a final 10 min of washing was used for 140 min total run
time. Column was re-equilibrated with 15 pL of buffer A prior to the injection of sample.
Peptides were eluted directly from the tip of the column and nanosprayed directly into the
mass spectrometer by application of 2.8 kV voltage at the back of the column. The Lumos
was operated in a data dependent mode. Full MS1 scans were collected in the Orbitrap at
120k resolution. The cycle time was set to 3 s, and within this 3 s the most abundant ions per
scan were selected for CID MS/MS in the ion trap. MS3 analysis with multinotch isolation
(SPS3) was utilized for detection of TMT reporter ions at 7.5k resolution. Monoisotopic
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precursor selection was enabled and dynamic exclusion was used with exclusion duration of
10s.

MS data processing and analysis: Protein and peptide identification was done

with Integrated Proteomics Pipeline (IP2, Bruker Scientific LLC). Tandem mass spectra
were extracted from raw files using RawConverter,107 and searched with ProLuCID08
against a database comprising UniProt reviewed (Swiss-Prot) proteome for Mus musculus
(UP000000589) with modified Arl13b (UniProt, Q640N2; amino acids 1 and 19-356
deleted, EGFP-TurbolD fused at C terminus), Streptavidin (UniProt, P22629) added, and

a list of general protein contaminants. The search space included semitryptic peptide
specificity with unlimited missed cleavages. Carbamidomethylation (+57.02146 C) and
TMT (+229.1629 K and N terminus) were considered static modifications. Data was
searched with 50 ppm precursor ion tolerance and 500 ppm fragment ion tolerance.
Identified proteins were filtered using DTASelect2199 and utilizing a target-decoy database
search strategy110 to limit the false discovery rate to 1%, at the spectrum level. A minimum
of one peptide per protein and one tryptic end per peptide were required, and precursor delta
mass cutoff was fixed at 5 ppm. Statistical model for tryptic peptides (trypstat) was applied.
Census?2 isobaric-labeling analysis was performed based on the TMT reporter ion intensity
using default parameters, thresholding isobaric purity at 0.6 and normalizing to the internal
reference channel. 111

Statistical analysis of mass spectrometry data: The raw data of peak intensities
from mass spectrometry are provided in Table S1, worksheets “PeakIntensity_Dorsal” and
“PeaklIntensity_Ventral”. For data analysis, we calculated three values of fold-change ratio
for each protein by dividing the mass spectrometry intensity in Tg+B samples by that in

WT + B samples for each replicate. The three values of fold-change were used to compute
the standard deviation (SD) and the standard error of the mean (SEM). After that, we
calculated the absolute t-statistic as t = |(mean fold change — 1)|//SEM, where 1 represents

no change between conditions. The p-value was calculated as the two-tailed probability from
the Student’s t-distribution based on the calculated t-statistic and degrees of freedom. To
account for multiple hypothesis testing, Benjamini-Hochberg adjusted p-values and g-values
were subsequently computed.

As some candidates were not detected in one or more replicates of TMT channels, we
calculated an aggregate ratio. For each candidate, the aggregate ratio was defined as
the sum of mass spectrometry intensities across all three Tg+B replicates divided by
the corresponding sum across WT + B replicates: Y (Tg+B)/Y(WT + B). This allowed
us to compute the fold-change ratios of all candidates excepts four - INPP5E, PALD1,
CKAP2L, DHX57. These four proteins are our highest-confidence candidates and were
listed separately in Figures 2C and 2D.

The results of the above statistical analysis are provided in Table S1, worksheet
“AnalysisDorsal_Tg+B_vd WT” and “AnalysisVentral _Tg+B_vd WT".

Candidates passing the filter of fold-change >1.2 are listed in Table S1 (worksheet
“Candidates FC > 1.2). Candidates passing the filter of p < 0.05 are listed in Table
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S1 (worksheet “Candidates p < 0.05). Mitochondrial proteins and histone proteins were
excluded from these lists due to their known high levels of endogenous biotinylation and
overall abundance.

GO analysis: Gene ontology (GO) enrichment analysis of biological processes was plotted
according to the rich factor in Metascape (https://metascape.org/gp/#/main/stepl). The top
20 enriched biological processes are represented in the scatterplot.

Whole-mount dissection and immunofluorescence: The E12.5 brains were
harvested and fixed in 4% (w/v) paraformaldehyde (PFA) in 1x PBS for 2-12 h at 4°C.
The brains were then rinsed 2 times with PBS and further dissected into dorsal and ventral
regions. Prior to staining, the brain tissues were permeabilized with 0.2% Triton X-100 in
PBS for 10min and blocked for 1 h in blocking buffer: 2% donkey serum in PBS. The brain
tissues were incubated with primary antibody overnight at 4°C, washed 3 times with PBS
and incubated with secondary antibody for 1h, followed by DAPI staining for 10 min at
room temperature. The brain tissues were then dissected into small pieces before mounting
with Fluoromount-G.

Cryostat sectioning and immunofluorescence: The dissected brains were fixed in
4% PFA in PBS overnight at 4°C and then incubated in 30% sucrose overnight or until

they sunk to the bottom. The brains were embedded in O.C.T. compound and sliced into 10—
20um thick sections with Leica CM1850-3-1 Cryostat Microtome. For immunofluorescence
on cryosections, brain slices were blocked for 1 h at room temperature in the blocking
solution (2% goat serum, 0.2% Triton X-100 in PBS). Subsequently, the sections were
incubated with primary antibodies for 2 h at room temperature or 12 h at 4°C, washed

3 times with PBS and incubated with secondary antibodies for 1h, followed by DAPI
staining for 10 min at room temperature. Last, sections were mounted in Fluoromount-G for
imaging.

SDS-PAGE and western blot: Cells were harvested and lysed in RIPA buffer (1%
NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 25 mM Tris/HCI, pH 7.5,
and protease inhibitors). Lysates were clarified by centrifugation (16,000 xg at 4°C for

15 min), and 20-30 pg protein was separated on SDS-PAGE gels and transferred onto

PVDF membranes. Membranes were blocked with 5% BSA, incubated and washed with
primary and secondary antibodies. The protein bands were detected with chemiluminescence
substrates, and images were captured by the Biorad ChemiDoc system.

Silver staining: The SDS-PAGE gel was washed in ultrapure water, fixed in 30%
ethanol:10% acetic acid solution, and washed with 10% ethanol solution and ultrapure water.
The gel was then incubated in a sensitizer working solution for exactly 1 min and washed
with ultrapure water, followed by incubating in a stain working solution for 30 min. The gel
was quickly washed with ultrapure water, immediately added developer working solution,
and incubated until protein bands appeared. Last, the gel was stopped by incubating the stop
solution (5% acetic acid).
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RNA-FISH-combined immunofluorescence (IF) staining: When RNA FISH is
combined with IF, we performed IF (under RNase-free conditions) before FISH. Briefly,
the freshly PFA-fixed samples were permeabilized for 5min in 0.2% v/v Triton X-100 in
PBS containing 2 mM ribonucleoside vanadyl complex (RVC), followed by proteinase K
treatment and mock RNA digestion. The samples were then blocked with the blocking
buffer, incubated with primary and secondary antibodies, and fixed again. Before RNA
FISH, the endogenous biotin or biotinylated proteins in the samples were blocked using
the Endogenous Biotin-Blocking Kit. The samples were pre-hybridized for 1-2 h at 42°C,
then hybridized overnight with the biotin-conjugated Oligo(dT)20 probe in hybridization
buffer and washed with SSC buffer. The samples then went through signal amplification
with the Alexa Fluor 488 Tyramide Super Boost Kit. Briefly, samples were incubated with
HRP-conjugated streptavidin for 30-60 min at room temperature and treated with tyramide
working solution for 3 min. Within this time, HRP converted Alexa Fluor 488-conjugated-
tyramide into a highly reactive form that covalently links to tyrosine residues on proteins
near HRP. The reaction was stopped by the reaction stop reagent. The tissues were then
mounted for imaging.

Lentivirus preparation: To generate lentivirus, HEK293T cells were seeded into a 10 cm
dish and later these cells should be >90% confluent at the time of transfection. The cells
were transfected with 15 ug lentiviral plasmid, 10 pg psPAX2 plasmid and 5 ug pMD2.G
plasmid. 48 h after transfection, the supernatant containing lentivirus was harvested and
concentrated with the concentrator solution. The aliquoted virus was then frozen at —80°C.

Immunofluorescence staining on cells: Cells were fixed in 4% PFA for 10 min,
permeabilized and blocked with blocking buffer (2% donkey serum, 0.2% triton X-100, in
PBS) for 1 h at room temperature. Cells were then incubated with primary antibodies for 1
h at room temperature or 4°C overnight and incubated with secondary antibodies for 1 h,
followed by staining in DAPI for 10 min. Finally, cells were mounted on glass slides using
Fluoromount G.

Expansion microscopy: Fixed cells with 4% PFA were incubated in primary antibodies
and then were fixed in 4% PFA for 20 min. After fixation, cells were incubated in the AcX
(Acryloyl-X SE) solution for 2 to 3 h and then polymerized in the gelling solution. The gel
was digested with proteinase K for 12 h at room temperature. After digestion, the gel was
incubated in the secondary antibody for 2 h at room temperature. The gel was then washed,
expanded by four washes with excessive water and mounted on glass slides with superglue.

Quantitative real-time PCR: Total RNAs were extracted using the Trizol reagent.
Quantitative PCR was performed in Quantstudio 3 System (Applied Biosystems) with
100 ng total RNA per reaction and gPCR reagents (qScript XLT One-Step RT-qPCR
ToughMix, Low ROX). The TagMan gene expression probes used were Hs05030235_g1
(MARCKS), Hs02786624_g1 (GAPDH), Mm01210070_g1 (CKAP2), Mm00494645_m1
(GL11), Mm00436026_m1 (PTCHI) and Mm99999915 g1 (GAPDH) to normalize the
samples.
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For the genotyping analysis of the detlaARL13B-GFP-TurbolD transgenic mice,
quantitative PCR was performed in Quantstudio 3 System with the gPCR

reagents (PerfeCTa SYBR Green FastMix Low ROX). The following primers were

used for gqRT-PCR: transgene (F: 5 -GAATCGGCGAGCTGAAGAGT-3" and R: 5'-
CATTGGGCCATTTGACTCGC-3"), GAPDH (F: 5'-AGCCATCAGCTATGCACGTA-3’
and R: 5"-GCCTCGGCTGCTCAAAGAAT-3’). Transcript levels were calculated relative
to GAPDH using the AACt method.

Image acquisition: Confocal images were acquired on an LSM880 confocal microscope
(Zeiss) and an Olympus 1X83 microscope (Evident) equipped with a spinning disk confocal
unit (CSU-WZ1; Andor). Immunofluorescence images of cell lines were imaged on a Leica
DMi8 (LAS X software) with Plan Apochromat oil objectives (63x, 1.4 NA). For expansion
microscopy, imaging was performed by an AiryScan LSM880 confocal microscope (Zeiss)
with a 63x lens. Images related to protein co-localization are from one focal plan. Widefield
fluorescence images were acquired on a Leica Mica confocal microscope with a 10x lens.
Western blot and silver staining images were acquired on a ChemiDoc MP Imaging System
(Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification: For all analyses, the number of replicates is listed in the figure legends.
ImageJ software was used for the measurement of brain width, cortex length, axis length,
area of cerebella, and cell number. For quantification on cultured cells, 5-10 images for each
condition were randomly taken from the coverslips. For cilium quantification, 50-100 cilia
from the 5-10 images were counted. Cilium length and protein intensity were measured in
Leica LAS X software. For mutant mice, 10 adult mice were used for the measurement of
brain size. For quantification of embryonic and postnatal cortex thickness, 6—7 brains were
used for each condition. For western blot, quantitation of bands was performed in ImageJ.

Statistical analysis: All statistical tests were performed using GraphPad Prism, and

data are presented as means + SD. All statistical methods are listed in the figure legends.
Statistical tests were performed using two—way analysis of variance (ANOVA) with Tukey’s
multiple comparisons for quantification of ciliary Smo and Gli2 intensity in the cilia

and quantitative real-time PCR, and using one-way ANOVA followed by the multiple
comparisons (Tukey test) for the analysis of adult mouse brains and quantification of

the percentage of ciliated cells, cilia length, MARCKS and CKAP2RNA levels. For all
analyses, statistically significant data are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001,
**** 1< 0.0001. Non-significant data is indicated as ns.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

In vivo proteomics with TurbolD transgenic mice maps radial glial ciliary
proteins

Radial glial primary cilia contain translation machinery proteins

Ciliary components exhibit region-specific variations in the dorsal and ventral
telencephalon

Mechanistic studies on MARCKS and CKAP2L reveal new ciliary roles in
neurodevelopment
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Figure 1. Construction of the mouse model for in vivo biotinylation of ciliary proteins in RG in
the developing telencephalon

(A) The schematic of the transgenic construct used for the generation of the Cilium-TurbolD
mouse model. The transgene is expressed as one fused protein of AARL13B-GFP-TurbolD.
AARL13B is a truncated form of ARL13B, containing only the N+RVEP+PR domain of
ARL13B.

(B) The schematic of the embryonic brain section. Ncx, neocortex; LGE, lateral ganglionic
eminence; MGE, medial ganglionic eminence.

(C) Immunofluorescence of cortical sections from dorsal and ventral telencephalon of E12.5
Cilium-TurbolD transgenic embryos. The transgene was detected by immunostaining for
GFP (green); cilia are labeled by ARL13B (red); DNA is visualized by Hoechst staining
(blue). Areas highlighted by gray dashed boxes in different regions are magnified and
displayed on the right side.
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(D) Diagram illustrating the whole-mount preparation of the embryonic cortex. The two
hemispheres are separated, and the hemispheres are cut radially around the ventral opening.
The inner surface of the cortex was imaged directly from an en face perspective.

(E) Whole-mount staining of transgenic mouse neocortex expressing Cilium-TurbolD or
WT mouse neocortex before and after biotin labeling. E12.5 brains were incubated with

50 pM biotin for 15 min at 37°C and fixed for immunostaining. The cilium is labeled by
ARL13B (green), and the biotinylated proteins were labeled by streptavidin-Alexa Fluor 647
(magenta).

Scale bars, 5 pum in (C) and (E).
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Figure 2. In vivo ciliary proteomics of the mouse embryonic telencephalon
(A) Workflow of /n vivo ciliary proteomic study in the mouse embryonic telencephalon. For

each brain, one hemisphere was used for biotin labeling, and the other for vehicle control.
The dorsal and ventral regions are separated and processed in parallel. See also Figure S1.
(B) Heatmap of the relative abundance of ciliary candidates in the dorsal and ventral
telencephalon. Clustering of the relative abundances of each identified protein (rows) in
individual samples (columns) was performed based on Ward’s minimum variance method.
The relative abundance was calculated within one set of samples that contains all three
conditions. The image on the right side indicates the color scheme of relative abundances
(percentage).

(C and D) VWolcano plot depicting statistical significance versus the fold-change of ciliary
candidates from the dorsal (C) and ventral (D) telencephalon. The enrichment ratio was
determined by comparing the integrated intensity of proteins in the biotin-labeled transgenic
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brain to that in the WT brain. Candidates in the red square next to the yaxis (INPP5E,
PALD1, CKAP2L, and DHX57) were exclusively detected in the transgenic brain and absent
in the WT brain. See also Figure S2 and Table S1.

(E) GO enrichment analysis of biological processes was plotted according to the rich factor
in Metascape. The top 20 enriched biological processes are represented in the bubble plot.
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Figure 3. Brain proteomics reveals components of translation machinery in the cilia of radial glia
(A) Venn diagram showing the overlapping of translation machinery components identified

in three previous ciliary proteomic studies and our current study. See also Figure S3 and
Table S2.

(B-F) En face view of the dorsal cortex in the whole-mount E12.5 wild-type (WT)

mouse brain. The brain tissues were immuno-stained with antibodies against the indicated
translation machinery proteins. Primary cilia are labeled with ARL13B (red). Regions within
the white dashed boxes are magnified and shown in the images below. See also Figure S4.
(G) Diagram illustrating fluorescence /n situ hybridization (FISH) of ciliary mRNA using
oligo-d (T) probes conjugated with biotin. The signaling was detected via tyramide signal
amplification (TSA).
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(H) Representative images of FISH on whole-mount E12.5 WT mouse cortices. Cilia were
imaged from an en face perspective. Immunostaining with ARL13B was performed to
highlight the cilium (magenta). Regions within the white dashed boxes are magnified and
shown in the images below. Scale bars, 5 um (main images) and 1 um (enlarged insets).

Cell Rep. Author manuscript; available in PMC 2026 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 36

En face view of the embryonic cortex
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Figure 4. In vivo ciliary proteomics identifies a ciliary mechanism of MARCKS, a protein
associated with neurodevelopmental disorders

(A) Venndiagram showing common proteins shared in our brain ciliary proteomic datasets
and the other three curated databases. See also Table S3.

(B) Representative images showing that endogenous MARCKS proteins are present in the
primary cilia of E12.5 WT mouse cortex in both the dorsal and ventral regions. Scale bars, 5
pm.

(C) A schematic of the full-length MARCKS protein, with the myristoylation site and PKC
phosphorylation sites highlighted.

(D) Myristoylation is required for the cilium localization of MARCKS in NIH3T3 cells.
YFP-tagged WT or mutated MARCKS were expressed in NIH3T3, and their subcellular
localization was determined by immunofluorescence staining. The cilium pointed by the
white arrow is magnified and displayed on the right side. Scale bars, 5 um.

(E) Quantification of cilium localization for WT and mutant MARCKS. The total number of
cells quantified for each condition is listed in the histogram. The experiment was performed
3 times with similar results.
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(F) Representative images of cilium staining with ARL13B antibody in WT or Marcks KO
cells. The cilium pointed by the white arrow is magnified and displayed at the bottom. Scale
bars, 10 pm.

(G and H) Quantification of ciliation rate (G) and cilium length (F) in WT or Marcks

KO cells. At least 100 cilia were quantified for each condition from three replicates.
Experiments were performed 3 times with similar results. Data are presented as mean +

SD. Statistics: One-way ANOVA with multiple comparisons (Tukey test). **p < 0.01; ***p
< 0.001; ****p< 0.0001.

(1) Representative images showing ciliary CDC42 levels in control and Marcks knockdown
ARPE-19 cells. Cells were infected with lentiviruses expressing ShRNA targeting Marcks.
Three days post-infection, cells were serum-starved for 48 h to induce ciliogenesis, followed
by immunofluorescence staining. The displayed images were captured from a single focal
plane in confocal microscopy. Scale bars, 5 um.

(J) Quantification of cilia that are positive for CDC42 immunofluorescence signal in WT or
Marcks knockdown ARPE-19 cells.

(K) Quantification of ciliary length in WT or Marcks knockdown ARPE-19 cells. In (J-K),
at least 100 cilia were quantified for each condition from three replicates. The experiment
was performed 3 times with similar results. Data are presented as mean * SD. Statistics:
One-way ANOVA with multiple comparisons (Tukey test). ****p < 0.0001. See also Figure
S5.

(L) Schematic of the role of MARCKS in targeting CDC42 during ciliogenesis and

ciliary growth. MARCKS anchors to the ciliary membrane via a myristoylation site, which
then recruits CDC42. The ciliary targeted CDC42 is essential for maintaining the vesicle
trafficking required for ciliogenesis and ciliary extension. In the absence of MARCKS, cells
either fail to form a cilium or exhibit shortened cilia.
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Figure 5. Brain cilium proteomics uncovers region-specific variations in radial glial ciliary
composition

(A) Scatterplot of ciliary candidates in dorsal versus ventral regions. The dorsal-specific,
ventral-specific, and common ciliary candidates in both regions are listed in Table S4.

(B) Representative images of immunofluorescence staining showing that CKAP2L and
DHX57 are present in the primary cilia of NIH3T3 cells. The cilium pointed by the white
arrow is magnified and displayed on the right side.

(C) En face views of whole-mount WT embryonic mouse brain following
immunofluorescence staining with an anti-CKAP2L antibody. White arrows indicate
representative cilia positive for CKAP2L in the dorsal region; white arrowheads denote
cilia lacking CKAP2L immunoreactivity in the ventral region.

(D) Quantification of CKAP2L-positive cilia in (C). 7= 10 areas in each region from three
mice were quantified and pooled.

(E) Western blotting results of CKAP2L expression levels in the dorsal and ventral regions
of E12.5 mouse telencephalon.
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(F) En face views of whole-mount embryonic WT mouse brain following
immunofluorescence staining with an anti-DHX57 antibody. White arrows indicate
representative cilia positive for DHX57 in the ventral region; white arrowheads denote cilia
lacking DHX57 immunoreactivity in the dorsal region.

(G) Quantification of DHX57-positive cilia in (F). n= 10 areas in each region from three
mice were quantified and pooled.

(H) Western blotting results of DHX57 expression levels in the dorsal and ventral brain
regions of E12.5 mouse.

Data in (D) and (G) are presented as mean + SD. Statistics: two-tailed Student’s ftest. ****p
< 0.0001. Scale bars, 5 um.
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Figure 6. CKAP2L regulates cilium-dependent cell signaling
(A) Western blot analysis showing the absence of CKAP2L protein in the Ckap2/ CRISPR/

Cas9 knockout NIH3T3 cell clones. Asterisk indicates a non-specific band.

(B and C) Hh signaling levels in WT or Ckap2/ KO NIH3T3 cells were assessed by the
transcript levels of the Hh-target genes, G/iZ and Ptchl, via qPCR. n= 3 technical replicates;
experiments were performed 3 times with similar results. Data are shown as mean + SD.
Statistics: two-way ANOVA with multiple comparisons (Tukey test), ****p < 0.0001.

(D) Immunofluorescence of SMO in the cilia in WT and Ckap2/ KO NIH3T3 cells. Cells
were treated with vehicle or Shh for 24 h before being fixed for staining. The cilium pointed
by the white arrow is magnified and displayed on the right side.

(E) Quantification of SMO fluorescence intensity in the cilium. For each experimental
condition, 62-65 cilia were quantified from three replicates. A.U., arbitrary unit. Data are
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shown as mean + SD. Statistics: two-way ANOVA with multiple comparisons (Tukey test),
***x n < 0.0001.

(F) Immunofluorescence staining of endogenous GLI2 in the cilia of WT or Ckap2/ KO
NIH3T3 cells. Cells were treated with vehicle or Shh for 24 h before being fixed for
staining. The cilium pointed by the white arrow is magnified and displayed on the right side.
(G) Quantification of GLI2 fluorescence intensity at the cilium tips. For each experimental
condition, 62-65 cilia were quantified from three replicates. A.U., arbitrary unit. Data are
shown as mean + SD. Statistics: two-way ANOVA with multiple comparisons (Tukey test),
**** < 0.0001.

(H) Diagram showing the CKAP2L protein structure.

(1) Representative images showing localization of CKAP2L full length (FL), N-and C
terminus in NIH3T3 cells.

(J) Percentage of cells expressing the indicated construct localized to the cilium or nucleus.
(K) Hh signaling levels in WT cells and Ckap2/ KO NIH3T3 cells that express full-length
CKAP2L, N-terminal form, or the blank vector. Hh activity was assessed by GL /I transcript
levels. 7= 3 technical replicates. Experiments were performed 3 times with similar results.
Data are shown as mean + SD. Statistics: two-way ANOVA with multiple comparisons
(Tukey test), ****p < 0.0001. Scale bars, 10 pm.

See also Figure S6.
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Figure 7. CKAP2L ™"~ mouse exhibits reduced neurogenesis
(A) Representative images of E13.5 brain sections stained with SOX2 and TBR2. Areas in

white dashed boxes are magnified and displayed at the bottom. White brackets demarcate
the thickness of the indicated layer. Scale bars, 500 pm (top) and 100 um (bottom).

(B) Quantification of the thickness of the indicated layers in (A). Coronal sections at the
same rostral-caudal level indicated in (A) were used for quantification.

(C) Representative images of E16.5 brain sections stained with CTIP2. Areas in white
dashed boxes are magnified and displayed at the bottom. Scale bars, 500 pm (top) and 100
um (bottom).

(D) Quantification of the thickness of the indicated layers in (C). Coronal sections at the
same rostral-caudal level indicated in (C) were used for quantification.

(E) Representative images of P7 brain sections stained with CTIP2 and CUX1. Areas in
white dashed boxes are magnified and displayed at the bottom. Scale bars, 1 mm (top) and
100 pm (bottom).
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(F) Quantification of the thickness of the indicated layers in (E). Coronal sections at the
same rostral-caudal level indicated in (E) were used for quantification. For (B), (D), and
(F), n=6-7 brains were quantified for each genotype. Data are presented as mean + SD.
Statistics: two-tailed Student’s ftest. ****p < 0.0001; **p < 0.01; *p < 0.05.

(G) Sagittal sections of cerebellum at the same medio-lateral levels from P7 WT and
Ckap2I '~ mice. Sections were immuno-stained with anti-pH3 antibody. White dashed
boxes are magnified and displayed at the bottom. Lobes are indicated by Roman numbers.
Scale bars, 1 mm (top) and 100 um (bottom).

(H) Quantification of the number of pH3-positive cells in the EGL in lobe 1X in the sections
of the same medio-lateral levels.

(I and J) Quantification of the IGL area and cerebellar area in P7 mice measured at the same
medio-lateral level.

For (H-J), n= 4 or 5 cerebella were quantified for each genotype. Data are presented as
mean + SD. Statistics: two-tailed Student’s ftest. ***p < 0.001; *p < 0.05.

See also Figures S7, S8, S9, and S10.

Cell Rep. Author manuscript; available in PMC 2026 June 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

KEY RESOURCES TABLE

Page 44

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse anti-ARL13B (1:1000 for IF) NeuroMab Cat#: N295B/66 RRID: AB_2895580

Rabbit anti-ARL13B (1:500 for IF, 1:2000 for WB)

Rat anti-ARL13B (1:200 for IF)
Rabbit anti-SMO (1:500 for IF)

Mouse anti-acetylated tubulin (1:1000 for IF)
Chicken anti-GFP (1:500 for IF)
Rabbit anti-GFP (1:200 for IF)

Goat anti-GLI12 (1:200 for IF)
Rabbit anti-GLI3 (1:1000 for WB)
Goat anti-GLI13 (1:1000 for WB)
Mouse anti-V5 (1:500 for IF)

Rabbit anti-V5 (1:500 for IF, 1:2000 for WB)
Mouse anti-y-tubulin (1:500 for IF)
Mouse anti-y-tubulin (1:200 for IF)
Mouse anti-GAPDH (1:2000 for WB)
Goat anti-SOX2 (1:500 for IF)
Rabbit anti-TBR2 (1:500 for IF)
Mouse anti-NeuN (1:200 for IF)
Mouse anti-NeuN (1:500 for IF)
Rabbit anti-CTIP2 (1:200 for IF)
Rat anti-CTIP2 (1:500 for IF)
Rabbit anti-CUX1 (1:200 for IF)
Rabbit anti-pH3 (1:500 for IF)
Rabbit anti-RPS3 (1:100 for IF)
Rabbit anti-RPL4 (1:100 for IF)
Rabbit anti-RPL10A (1:100 for IF)
Rabbit anti-RPL11 (1:100 for IF)
Mouse anti-RPL19 (1:100 for IF)
Rabbit anti-RPL19 (1:100 for IF)
Mouse anti-RPS23 (1:100 for IF)
Rabbit anti-RPL23A (1:100 for IF)
Mouse anti-EIF3C (1:100 for IF)
Rabbit anti-EIF3C (1:100 for IF)
Mouse anti-EEF1G (1:100 for IF)
Rabbit anti-EEF2 (1:100 for IF)
Mouse anti-EIF4A2 (1:100 for IF)
Rabbit anti-EIF4A2 (1:100 for IF)
Rabbit anti-MARCKS (1:100 for IF)

Rabbit anti-MARCKS (1:200 for IF, 1:1000 for WB)
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Proteintech
BiCell Scientific

Matthew Scott lab, Stanford
University

Sigma

Aves labs

Thermo Fisher Scientific
R&D Systems

Novus Biologicals

R&D Systems

Thermo Fisher Scientific
Cell Signaling Technology
Proteintech

Sigma

Santa Cruz Biotechnology
R&D Systems

Abcam

Sigma

Abcam

Abcam

Abcam

Proteintech

Cell Signaling Technology
Proteintech

Proteintech

Proteintech

Proteintech

Santa Cruz Biotechnology
Proteintech

Santa Cruz Biotechnology
Proteintech

Santa Cruz Biotechnology
Proteintech

Proteintech

Proteintech

Santa Cruz Biotechnology
Proteintech

Proteintech

Proteintech

Cat#:
Cat#:

17711-1-AP RRID: AB_2060867
90413 RRID: AB_3170226

https://doi.org/10.1126/science.1139740

Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:

T6793 RRID: AB_477585
GFP-1020 RRID: AB_10000240
A-11122 RRID: AB_221569
AF3635 RRID: AB_2111902
NBP2-16665 RRID: AB_3263717
AF3690 RRID: AB_2232499
R960-25 RRID: AB_2556564
13202S RRID: AB_2687461
66320-1-1g RRID: AB_2857350
T6557 RRID: AB_477584
sc-32233 RRID: AB_627679
AF2018-SP RRID: AB_355110
ab23345 RRID: AB_778267
MAB377 RRID: AB_2298772
ab104224 RRID: AB_10711040
ab28448 RRID: AB_1140055
ah18465 RRID: AB_2064130
11733-1-AP RRID: AB_2086995
9701S RRID: AB_331535
11990-1-AP RRID: AB_2180758
11302-1-AP RRID: AB_2181909
16681-1-AP RRID: AB_2181281
16277-1-AP RRID: AB_2181292
sc-100830 RRID: AB_2181588
14701-1-AP RRID: AB_2181587
sc-100837 RRID: AB_2180354
16386-1-AP RRID: AB_2269755
sc-74507 RRID: AB_1122487
12733-1-AP RRID: AB_2096747
68148-1-1g RRID: AB_2923672
20107-1-AP RRID: AB_10950401
sc-137148 RRID: AB_2097384
11280-1-AP RRID: AB_2097378
20661-1-AP RRID: AB_2878719
10004-2-1g RRID: AB_2140311
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse anti-MARCKS (1:100 for IF, 1:500 for WB)
Mouse anti-CDC42 (1:100 for IF)

Rabbit anti-mouse CKAP2L (1:200 for IF, 1:2000 for
WB)

Rabbit anti-human CKAP2L (1:200 for IF)
Rabbit anti-mouse CKAP2 (1:200 for IF)
Mouse anti-human CKAP2 (1:200 for IF)
Rabbit anti-DHX57 (1:200 for IF, 1:1000 for WB)
Alexa Fluor 647 Streptavidin

Donkey anti-Mouse Alexa Fluor 488
Donkey anti-Mouse Rhodamine

Donkey anti-Mouse Alexa Fluor 647
Donkey anti-Rabbit Alexa Fluor 488
Donkey anti-Rabbit Rhodamine

Donkey anti-Rabbit AlexaFluror 647
Donkey anti- Rat Alexa Fluor 488
Donkey anti- Rat Rhodamine

Donkey anti- Rat AlexaFluror 647
Donkey anti-Chicken Alexa Fluor 488
Donkey anti-Goat Alexa Fluor 488
Donkey anti-Goat 594

HRP-Conjugated Donkey anti-Mouse 1gG
HRP-Conjugated Donkey anti-Rabbit 1gG
HRP-Conjugated Goat anti-Rabbit 19G
HRP-Conjugated Neutravidin
HRP-Conjugated Streptavidin

Bacterial strains

TOP10

Stbl3

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Dr. Shin-ichi Sakakibara, Waseda
University

Proteintech

LifeSpan BioSciences

Sigma

Proteintech

Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Cell Signaling Technology
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#: sc-100777 RRID: AB_1125958
Cat#: sc-8401 RRID: AB_627233

https://doi.org/10.1371/journal.pone.0079895

Cat#: 17143-1-AP RRID: AB_2080720

Cat#: LS-C663998-200

Cat#: SAB1402567 RRID: AB_10637333
Cat#: 24525-1-AP RRID: AB_2879590

Cat#: 016-600-084 RRID: AB_2341101

Cat#: 715-545-151 RRID: AB_2341099

Cat#: 715-025-151 RRID: AB_2340767

Cat#: 715-605-151 RRID: AB_2340863

Cat#: 711-545-152 RRID: AB_2313584

Cat#: 711-025-152 RRID: AB_2340588

Cat#: 711-605-152 RRID: AB_2492288

Cat#: 712-545-153 RRID: AB_2340684

Cat#: 712-025-153 RRID: AB_2340636

Cat#: 712-605-153 RRID: AB_2340694

Cat#: 703-545-155 RRID: AB_2340375

Cat#: 705-545-147 RRID: AB_2336933

Cat#: 705-585-147 RRID: AB_2340433

Cat#: 715-035-151 RRID: AB_2340771

Cat#: 711-035-152 RRID: AB_10015282

Cat#: 7074S RRID: AB_2099233
Cat#: A2664
Cat#: N100

Cat#: C404010
Cat#: C737303

Biological samples

Cilium-TurbolD transgenic mouse brains This paper N/A

CKAP2L™~ mouse cerebella and brains This paper N/A

Chemicals, peptides, and recombinant proteins

Biotin Sigma Cat#: B4501
Protease Inhibitor Cocktail Sigma Cat#: 11836170001

Recombinant mouse Shh,N terminus
bFGF

DMEM medium

DMEM/F12 medium

Neurobasal medium
N-2supplement

GlutaMAX supplement

Cell Rep. Author manuscript; available in PMC 2026 June 15.

R&D Systems

Sigma

Fisher Scientific

Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#: 461-SH-025
Cat#: GF44610UG
Cat#: MT10013CM
Cat#: 11-320-033
Cat#: 21103-049
Cat#: 17502001
Cat#: 35-050-061
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REAGENT or RESOURCE SOURCE IDENTIFIER
Penicillin-Streptomycin Thermo Fisher Scientific Cat#: 15140122
Neutravidin agarose resin Thermo Fisher Scientific Cat#: 29201
Streptavidin magnetic beads Thermo Fisher Scientific Cat#: 88817
Lipofectamine 2000 Thermo Fisher Scientific Cat#: 11668019
CalPhos Transfection kit Thermo Fisher Scientific Cat#: NC9567834
MmO00494645_m1 (GL/1) Tagman probe Thermo Fisher Scientific Cat#: 4331182
MmO00436026_m1 (PTCHI) Tagman probe Thermo Fisher Scientific Cat#: 4331182
Mm99999915_g1 (GAPDH) Tagman probe Thermo Fisher Scientific Cat#: 4331182
Mm01210070_g1 (CKAP2) Tagman probe Thermo Fisher Scientific Cat#: 4331182
Hs05030235_gl (MARCKS) Tagman probe Thermo Fisher Scientific Cat#: 4331182
Hs02786624_g1 (DAPDH) Tagman probe Thermo Fisher Scientific Cat#: 4331182
Fluoromount-G SouthernBiotech Cat#: 0100-01
O.C.T. compound Fisher Scientific Cat#: 23-730-571
DAPI Thermo Fisher Scientific Cat#: D21490
Hoechst 33342 Thermo Fisher Scientific Cat#: 62249
Chemiluminescence substrates Thermo Fisher Scientific Cati#: 34577
Pierce Silver Stain Kit Thermo Fisher Scientific Cati: 24612
Ribonucleoside vanadyl complex New England Biolabs Cat#: S1402S
Proteinase K Fisher Scientific Cat#: 25530049
Proteinase K New England Biolabs Cat#: P8107S
RNase A Fisher Scientific Cat#: 12091021
Endogenous Biotin-Blocking Kit Fisher Scientific Cat#: E-21390
SSC buffer Fisher Scientific Cati#: 15557044
Alexa Fluor 488 Tyramide SuperBoost Kit Fisher Scientific Cat#: B40932
Acryloyl-X SE Thermo Fisher Scientific Cat#: A20770
gScript XLT One-Step RT-gPCR ToughMix, Low ROX QuantaBio Cat#: 76047-136
PerfeCTa SYBR Green FastMix Low ROX QuantaBio Cat#: 95074-250
Pierce TCEP HCI Thermo Scientific Cat#: 20490
2-Chloroacetamide =98% Sigma-Aldrich Cat#: 22790
Trypsin Promega Cat#: V5111
Calcium chloride Sigma-Aldrich Cat#: C5670
Resin, Acquity UPLC® BEH 1.7 um C18 Waters Cat#: 186004690
Water (Optima LC-MS grade) Fisher Scientific Cat#: W6-4
Acetonitrile Honeywell Cat#: AH015-4
Methanol J.T. Baker Cat#: 9093-33
Chloroform Fisher Scientific Cat#: C298-4
Formic acid 90% J.T.Baker Cat#: 0129-01
TFA Sigma-Aldrich Cat#: T6508-10AMP
Polymicro fused silica capillary tubing 100 pm Molex Cat#: 1068150023
11 PP Vial Crimp/Snap 250 pL Thermo Scientific Cat#: C4011-13
Snap-it Seal Thermo Scientific Cat#: C4011-53
Protein LoBind Tube 1.5 mL Eppendorf Cat#: 022431081
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REAGENT or RESOURCE SOURCE IDENTIFIER
Protein LoBind Tube 2.0 mL Eppendorf Cat#: 022431102
Pierce HeLa protein digest standard Thermo Scientific Cat#: 88329

Urea Sigma-Aldrich Cat#: U5128-110G
1M TEAB Thermo Scientific Cat#: 90114

TMT 10-plex Thermo Scientific Cat#: 90110 (Lot#: WI1319139)
50% Hydroxylamine Thermo Scientific Cat#: 90115

Pierce High pH RP peptide fractionation kit Thermo Scientific Cat#: 84868
Experimental models: Cell lines

NIH3T3cells ATCC Cat#: CRL-1658
HEK293T cell ATCC Cat#: CRL-3216
SH-SY5Y cells ATCC Cat#: CRL-2266
ARPE-19 cells ATCC Cat#: CRL-2302

293 EcR-Shh-N cell line

Rajat Rohatgi lab, Stanford
University

https://doi.org/10.1083/jcb.200907126

Marcks CRISPR/Cas9 knockout NIH3T3cells This paper N/A

Ckap2/ CRISPR/Cas9 knockout NIH3T3cells This paper N/A

CkapZ2l CRISPR/Cas9 knockout MEF cells This paper N/A

Experimental models: Organisms/strains

Cilium-TurbolD transgenic mouse This paper N/A

Ckap2l'~ mouse This paper N/A

Oligonucleotides

Marcks sgRNA-1 5’AGGGAGAAGCCACCGCCG N/A
AG3’

Marcks sgRNA-2 ?3 ?TTTGCTTTGGAAGGCGAC N/A

Ckap2l sgRNA-1 gSTCGCCGTAGAGCCATGGT N/A

Ckap2l sgRNA-2 ggCGCGGCTGCGCTGGCAGT N/A

Genotyping for Ckap2l~~ mice (Forward) 5’AGGAAGCTTCTTTACAAGG  N/A
CAGT3’

Genotyping for Ckap2l~~ mice (Reverse-1) 5" TCTGGCTACCAAAATTACTC N/A
AGAGG3’

Genotyping for Ckap2l~~ mice (Reverse-2) 5’GGGGCAGATATTCTTGGCT N/A
TTTAG3’

Genotyping for Cilia-TurbolD mice (GAPDH-Forward) Z’?GCCATCAGCTATGCACGT N/A

Genotyping for Cilia-TurbolD mice (GAPDH-Reverse) ?_’:S(ZECCTCGGCTGCTCAAAGAA N/A

Genotyping for Cilia-TurbolD mice (Transgene- 5’GAATCGGCGAGCTGAAGAG N/A

Forward) T3’

Genotyping for Cilia-TurbolD mice (Transgene-Reverse) !(3: ?SATTGGGCCATTTGACTCG N/A

Recombinant DNA

pFUGW-MARCKS-YFP This paper N/A

pFUGW-MARCKS-Myri-Mut-YFP This paper N/A

pFUGW-MARCKS-Phos-Mut-YFP This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pFUGW-CKAP2L-GFP This paper N/A
pFUGW-CKAP2L-V5 This paper N/A
pFUGW-CKAP2L-N-term-V5 This paper N/A
pFUGW-CKAP2L-C-term-V5 This paper N/A
pFUGW-CKAP2-YFP This paper N/A

SshRNA Control This paper N/A

Marcks shRNA-1 This paper N/A

Marck shRNA-2 This paper N/A

Ckap2 shRNA-1 This paper N/A

Ckap2 shRNA-2 This paper N/A
PX330-GFP-Marcks sgNRA-1 This paper N/A
PX330-GFP-Marcks sgNRA-2 This paper N/A
PX330-GFP-Ckap2l sgNRA-1 This paper N/A
PX330-GFP-Ckap2l sgNRA-2 This paper N/A
Instruments

Orbitrap Fusion Lumos Thermo Scientific N/A
EASY-nLC 1200 Thermo Scientific Cat#: LC140
Laser-based micropipette puller system Sutter Instrument Cat#: P-2000

Pressure bomb
Thermomixer F1.5

Microfugel8 centrifuge

customized with Swagelok
Eppendorf

Beckman Coulter

https://www.swagelok.com/
Cat#: 5384000020
Cati: 367160

Vacuum Centrifuge Labconco Cat#: 7810016

Software and algorithms

Prism 9 software GraphPad https://www.graphpad.com/scientific-
software/prism/

LAS X Life Science Microscope software Leica https://www.leica-microsystems.com/
products/microscope-software/p/leica-las-x-
Is/

ImageJ NIH https://imagej.nih.gov/ij/

Image Lab BioRad http://www.bio-rad.com/ja-jp/product/
imagelab-software

OriginLab OriginLab Corporation https://www.originlab.com/

ProLuCID 1P2, Bruker Scientific LLC http://fields.scripps.edu/yates/wp/?

DTASelect2.0

Census2.0

RAWConverter

XCalibur

IP2, Bruker Scientific LLC
IP2, Bruker Scientific LLC
John R. Yates I, Scripps

Research, La Jolla

Thermo Scientific

page_id=821

http://fields.scripps.edu/yates/wp/?
page_id=816

http://fields.scripps.edu/yates/wp/?
page_id=824

http://fields.scripps.edu/rawconv/

Cat#: OPTON-30965-7
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