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Hedgehog (Hh) signaling, an evolutionarily conserved pathway, plays an essential
role in development and tumorigenesis, making it a promising drug target. Multiple
negative regulators are known to govern Hh signaling; however, how activated
Smoothened (SMO) participates in the activation of downstream GLI2 and GLI3
remains unclear. Herein, we identified the ciliary kinase DYRK2 as a positive regula-
tor of the GLI2 and GLI3 transcription factors for Hh signaling. Transcriptome and
interactome analyses demonstrated that DYRK2 phosphorylates GLI2 and GLI3 on
evolutionarily conserved serine residues at the ciliary base, in response to activation of
the Hh pathway. This phosphorylation induces the dissociation of GLI2/GLI3 from
suppressor, SUFU, and their translocation into the nucleus. Loss of Dyrk2 in mice
causes skeletal malformation, but neural tube development remains normal. Notably,
DYRK2-mediated phosphorylation orchestrates limb development by controlling cell
proliferation. Taken together, the ciliary kinase DYRK2 governs the activation of Hh
signaling through the regulation of two processes: phosphorylation of GLI2 and GLI3
downstream of SMO and cilia formation. Thus, our findings of a unique regulatory
mechanism of Hh signaling expand understanding of the control of Hh-associated
diseases.

Hedgehog signaling | DYRK2 | GLI2 and GLI3 | primary cilia

Hedgehog (Hh) signaling is an evolutionarily conserved signaling pathway that plays a
crucial role in embryogenesis and tumorigenesis (1-4). Upon the binding of ligands (sonic
Hedgehog (SHH), indian hedgehog (IHH), and desert hedgehog (DHH)) to Patched1
(PTCH1), the essential transcription factors GLI2 and GLI3 are activated to induce the
expression of G/i1, a master amplifier of Hh signaling (5). GLI1, GLI2, and GLI3 regulate
the expression of specific and redundant target genes that are involved in cell proliferation,
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survival, and stemness (6, 7). Unlike other core developmental signaling pathways, ver-
tebrate Hh signaling is uniquely and completely dependent on primary cilia, which are
microtubule-based organelles protruding from the cell surface (8). Within primary cilia,
the trafficking of Hh components is mediated by the intraflagellar transport machinery
(9, 10). Therefore, the dysfunction and morphological abnormality of cilia, caused by
defects in intraflagellar transport, affect embryonic development and adult homeostasis,
resulting in a variety of human diseases, collectively referred to as ciliopathies (11).

Hh signaling is known to be an inhibitory regulation system controlled by the master
negative regulator, protein kinase A (PKA) (12-14). In the “Hh signaling OFF” state,
namely, in the absence of a Hh ligand, PTCH1 and GPR161 (a G protein-coupled receptor
(GPCR) that is coupled to Gs) are localized on the ciliary membrane (15). GPR161 triggers
the cyclic adenosine monophosphate ((AMP)-dependent PKA-mediated phosphorylation
of GLI2 and GLI3 at specific serine residues (S849, S865, S877, S907, S980, and S1006
in human GLI3; i.e., PKA sites P1-6) (16-18). This phosphorylation induces further
phosphorylation by GSK3, facilitating the interaction of GLI3 with pTrCP, resulting in
the generation of the N-terminal repressor form, GLI3R® (19). Another negative regulator,
SUFU, inhibits Hh signaling by retaining GLI2 and GLI3 in the cytoplasm and blocking
their nuclear translocation. Consequently, the loss of SUFU results in the maximal activa-
tion of Hh signaling, independently of the Hh ligand and primary cilia (20-23).

In the “Hh signaling ON” state, the binding of Hh ligands to PTCHI initiates the activation
and translocation into primary cilia of the class F GPCR Smoothened (SMO), concurrently
triggering the removal of GPR161 from cilia (24). This leads to a decrease in PKA activity,
and subsequently a reduction in the phosphorylation levels of GLI2 and GLI3 at the PKA
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the tissue-specific regulation of
cilium-generated signaling and
development of treatments for
Hh-associated diseases.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
saishu.yoshida@sci.toho-u.ac.jp, or kyoshida@jikei.ac.jp.
2Present address: Department of Biomolecular Science,
Toho University, Chiba 274-8510, Japan.

3Present address: Hiroshima University Genome Editing
Innovation Center, Higashi-Hiroshima, Hiroshima 739-
0046, Japan.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2320070121/-/DCSupplemental.

Published July 5, 2024.

PNAS 2024 Vol.121 No.28 2320070121 https://doi.org/10.1073/pnas.2320070121 1 of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:saishu.yoshida@sci.toho-u.ac.jp
mailto:kyoshida@jikei.ac.jp
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2320070121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2320070121/-/DCSupplemental
mailto:
https://orcid.org/0000-0002-2574-6410
https://orcid.org/0000-0002-9914-7306
https://orcid.org/0009-0008-3974-4783
https://orcid.org/0000-0001-7068-7969
https://orcid.org/0000-0002-3114-8513
https://orcid.org/0009-0001-6588-0905
https://orcid.org/0009-0007-8775-6298
https://orcid.org/0000-0003-1649-4917
https://orcid.org/0000-0002-7743-7898
https://orcid.org/0000-0002-1028-054X
https://orcid.org/0000-0001-9493-5269
https://orcid.org/0000-0001-7701-7183
mailto:
https://orcid.org/0000-0003-3108-7383
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2320070121&domain=pdf&date_stamp=2024-7-4

2 of 11

sites (15). Furthermore, upon Hh pathway stimulation, GLI2 and
GLI3 complexed with SUFU are rapidly recruited to primary cilia,
followed by rapid complex disassembly, resulting in the translocation
of their active forms, GLI2* and GLI3", into the nucleus (17, 25).

Notably, prevention of GLI3"? production by dephosphoryla-
tion of the PKA sites alone is not sufficient to fully illustrate Hh
signaling activation (17, 18), suggesting the presence of a crucial
unidentified component(s) linking SMO activation and GLI2%Y
GLI3" generation in cilia. Although posttranslational modifications
(PTMs) of GLI2 and GLI3 are assumed to be involved in this
process (18), the mechanism following SMO activation remains to
be elucidated; namely, how Hh pathway activation promotes the
dissociation of GLI2/GLI3 from SUFU, their conversion into
GLI2"/GLI3", and their subsequent translocation into the nucleus
remain key questions in Hh signaling. Clarifying the positive reg-
ulators of GLI2 and GLI3 will provide important insights into Hh
signaling and may contribute to the development of innovative
therapies targeting Hh-associated diseases, particularly cancer.

In the present study, we identified DYRK2 as a positive regu-
lator of Hh signaling, which acts via its phosphorylation of GLI2
and GLI3. Using knockout and knockdown approaches, we
demonstrated that DYRK2 is responsible for Hh signaling acti-
vation both in vitro and in vivo. Mechanistically, DYRK2 phos-
phorylates highly conserved serine residues (GLI2%*%/GLI3*"?)
by a mechanism that is dependent on the activation of SMO,
facilitating the dissociation of GLI2/GLI3 from SUFU, and their
subsequent nuclear translocation. Thus, the ciliary kinase DYRK2
governs activation of Hh signaling through the regulation of two
processes: phosphorylation of GLI2 and GLI3 downstream of
SMO and cilia formation.

Results

DYRK2, a Ciliary Kinase, Interacts with GLI2 and GLI3. The
activation of Hh signaling components in primary cilia (8) suggests
that ciliary kinases may function as posttranslational modifiers of
these components. Hence, we focused on ciliary kinases belonging
to the cyclin-dependent kinase/mitogen-activated protein kinase/
glycogen synthase kinase 3/CDXK-like kinase (CDK/MAPK/GSK3/
CLK) (CMGC) group, which are known to negatively regulate
ciliary length but have uncharacterized roles in Hh signaling
(81 Appendix, Fig. S14) (26-35). First, we transiently knocked down
CMGC kinases in primary mouse embryonic fibroblasts (MEFs),
and then stimulated the MEFs with the SMO agonist SAG, which
significantly increased G/i1 and PrchI expression in control MEFs,
indicating activation of Hh signaling (SI Appendix, Fig. S1B).
Consistent with previous reports, the transient knockdown of
individual CMGC kinases induced the elongation of primary
cilia (87 Appendix, Fig. S1 C-F), and suppressed the expression of
Glil and PrchI to varying degrees in response to SAG stimulation
(ST Appendix, Fig. S1 G and H). Notably, Dyrk2 knockdown resulted
in the strongest suppression of Hh signaling (87 Appendix, Fig. S1
G and H). Comprehensive whole-genome RNA sequencing of the
MEFs demonstrated consistent reductions in the expression of Hh
target genes following the transient knockdown and knockout of
Dyrk2 (Fig. 1 A and B and ST Appendix, Table S1). These findings
suggest that DYRK2 plays an important role in the regulation of
Hh signaling, as well as in ciliary length control.

Therefore, we next aimed to identify proteins that interact with
DYRK2 during Hh signaling using the BiolD proximity biotiny-
lation system (36, 37). For this purpose, we selected NIH3T3 cells
based on their ability to form primary cilia and their robust respon-
siveness to Hh ligands. We established NIH3T3 cells with a dox-
yeycline (Dox)-inducible DYRK2-BiolD2-HA fusion construct

https://doi.org/10.1073/pnas.2320070121

containing a modified promiscuous biotin ligase (BiolD2)
(SI Appendix, Fig. S2A). We confirmed the Dox-inducible expres-
sion of DYRK2, as well as its localization to the ciliary base (i.e.,
at y-tubulin-positive basal bodies, and at the proximal end of the
axoneme) (Fig. 1C), similar to that in previous analysis, which
involved transient overexpression of DYRK?2 using a partially trun-
cated low-activity CMV promoter (28), and the expression of G/i1
and Prch1 upon SAG treatment (SI Appendix, Fig. S2B). Proteomic
analysis of biotinylated proteins that were affinity-purified with
streptavidin (SAv) beads identified several candidates, including
proteins previously reported to interact with DYRK2, such as
UBRS5, VPRBP, and KATANIN, in the EDVP complex (38), and
NOTCHI1 (39) (Fig. 1D and data deposited in Japan ProteOme
Standard Repository ID: JPST002229). Reactome pathway and
STRING analysis showed that candidates for DYRK2-interacting
proteins were enriched in the “Signaling by Hh” term (S Appendix,
Fig. S2C and Table S2). Notably, GLI3 (Fig. 1£ and ST Appendix,
Fig. S2Cand Table S2) and GLI2 (Fig. 1E) were pulled down with

SAv beads under Dox-induced conditions.

Identification of Phosphorylation Sites on GLI2 and GLI3 by
DYRK2. As BiolD analysis identified GLI2 and GLI3 as unique
candidates that interact directly or indirectly with DYRK2, we
then investigated whether DYRK2 phosphorylates GLI2 and GLI3.
To this end, we analyzed whether the transient overexpression of
CMGC kinases causes electrophoretic mobility shifts in coexpressed
GLI2 and GLI3. In line with the reduction of SAG responsiveness
in Dyrk2-knockdown cells (S Appendix, Fig. S1 G and H), the
overexpression of DYRK2, but not that of any other kinase
analyzed, induced mobility shifts in coexpressed FLAG-GLI2 or
FLAG-GLI3 (Fig. 24 and ST Appendix, Fig. S3). These shifts were
detected by the overexpression of wild-type DYRK2, but not by the
overexpression of the DYRK2-K251R (KR) construct, which is a
kinase-dead mutant (28, 40) (Fig. 2 Band C). These band shifts were
eliminated by treatment with lambda protein phosphatase (Fig. 2
D and E). Furthermore, the results of coimmunoprecipitation
(IP) experiments demonstrated that DYRK2 forms complexes
with GLI2 and GLI3, consistent with the results from the BioIlD
analysis (Fig. 2 D and E).

Previously, by performing an in vitro kinase assay with purified
DYRK?2 protein and peptide fragments of GLI2, Varjosalo et al.
showed that DYRK2 phosphorylates human GLI2 at S388 and
S1011, a residue that is conserved in vertebrates but not in Drosophila
Ci and a residue that is not conserved in Danio rerio among
vertebrates, respectively (41) (S/ Appendix, Fig. S4). To identify the
phosphorylation sites of GLI2 and GLI3 by DYRK2 in the cellular
model, we investigated candidate sites that were conserved among

species using the DYRK2 consensus sequence [R-x-(x)-S/T-P]

(SI Appendix, Fig. S4) (42—44) in addition to GLI2*** and GLI2*""".
The mobility shift assay, conducted with serine/alanine (S/A) or
threonine/alanine (T/A) mutants of GLI2 and GLI3, demonstrated
that the GLI2"'**, GLI2***, and GLI3*"** mutations suppress

the shifts (Fig. 2 Fand G). Interestingly, the amino acid sequences of
GLI2*** and GLI3**" are highly conserved not only across vertebrate
species, ranging from D. rerio to Homo sapiens, but also between
GLI2 and GLI3 (S Appendix, Fig. S5A).

To monitor the phosphorylation states of GLI2***? and GLI3**"?,
we raised a phosphorylation-specific antibody, which we named
anti-phosGLI2***/GLI3**" (S Appendix, Fig, S5A). Overexpression
of DYRK2 together with wild-type GLI2 or GLI3, but not with
GLI2®®?A o1 GLI3Z®"A, resulted in a marked enhancement in the
band intensity detected by the anti-phosGLI2****/GLI3*" antibody
(ST Appendix, Fig. S5 B and C). In line with the mobility shift assay
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Fig. 1. DYRK2 interacts with GLI2 and GLI3. (A and B) Volcano plot representation (A) and KEGG pathways (B) of common differentially expressed genes (DEG) in
transient knockdown (siDyrk2 versus siNegative) and knockout (Dyrk2™" versus wild-type) MEFs. KEGG pathway analysis demonstrated that the 44 commonly down-
regulated genes after knockdown and knockout of Dyrk2 were enriched in the “Hh signaling pathway” term (Term ID: mmu04340, FDR = 1.21E-05). (C) Localization
of DYRK2 in Dox-inducible NIH3T3 cells expressing DYRK2-BiolD2-HA. Cells were cultured in the absence or presence of 1 ug/mL Dox and immunostained with
antibodies against HA (red), ARL13B (white), and y-tubulin (green). The solid line boxes on the Right are enlarged images of the area in the dotted line box. (Scale
bar, 5 um.) (D and E) IB of biotinylated proteins purified using SAv beads from NIH3T3 cells expressing DYRK2-BiolD2-HA. The expression of DYRK2-BiolD2-HA
was induced by the treatment of the cells with 1 pg/mL Dox for 24 h. Cell lysates were subjected to pull-down using SAv beads. After SDS-PAGE and blotting,
biotinylated proteins and DYRK2-BiolD2-HA were detected with SAv and anti-HA antibody, respectively (D). (E) IB analysis of GLI2 and GLI3 in biotinylated proteins
purified using SAv beads from NIH3T3 cell lysates expressing DYRK2-BiolD2-HA. GAPDH was used as a loading control.

(Fig. 24), the band of phosGLI2**** or phosGLI3*"? was significantly
induced by the overexpression of DYRK2, but not by that of any
other CMGC kinase (Fig. 2H). Furthermore, an in vitro kinase assay
using His tag-hGLI3, |, 343 demonstrated that recombinant DYRK2
causes GLI3>"? phosphorylation (Fig. 21). Altogether, these findings
showed that DYRK?2 interacts or forms complexes with GLI2 and
GLI3, and specifically phos]ghorylates the highly conserved serine
residues, GLI2*** and GLI3*",

Dynamic Regulation of GLI2 and GLI3 Phosphorylation by DYRK2
at the Ciliary Base in Response to Hh Pathway Activation. As
GLI2 and GLI3 are not functionally regulated by the Hh ligand
when they are overexpressed (17, 18), we compared the processing
and phosphorylation states of endogenous GLI2 and GLI3 in
wild-type and Dyrk2”~ MEFs. Under basal conditions, full-
length GLI3 proteins (GLI3™) are truncated to their N-terminal
repressor forms (GLI3™) (5). Immunoblotting (IB) analysis of
GLI3 in subcellular fractions of wild-type MEFs revealed that
SAG stimulation suppresses the formation of GLI3"®, resulting
in a decrease in the ratio of GLI3"?/GLI3"" speciﬁcall)r in the
nuclear fraction (Fig. 3 A and B) (5). However, in Dyrk2"~ MEFs,
the GLI3"? level in the nucleus remained unchanged compared
with that in wild-type MEFs under SAG-stimulated conditions
(Fig. 3 A and B). Considering the suppression of Hh signaling
in Dyrk2-knockdown and -knockout cells (Fig. 1A4), these data

PNAS 2024 Vol.121 No.28 2320070121

indicate that DYRK2 plays a crucial role in the activation of Hh
signaling via suppressing GLI3"®” formation.

Hence, using the anti-phosGLI2****/GLI3**" antibody, we
then analyzed the phosphorylation state of endogenous GLI3
immunoprecipitated with a polyclonal antibody that recognizes
both GLI3"" and GLI3"®. Specifically, after 3 h of SAG stimula-
tion, GLI3*" phosphorylation was significantly induced in
GLI3" but not in GLI3*? (Fig. 3 Cand D). More importantly,
the band of phosGLI3**'® was absent in Dyrk2”~ MEFs (Fig. 3 C
and D). Similarly, phosGLI3*"® was induced by SHH-N treat-
ment for 3 h in wild-type but not Dyr%2"~ MEFs (SI Appendix,
Fig. S6 A and B). Taken together with the findings from the over-
expression analysis of CMGC kinases (Fig. 2H), these data show
that the phosphorylation of GLI3"™ after the activation of SMO
was induced by DYRK2.

In mammals, GLI2 and GLI3 accumulate in cilia and are
assumed to be activated (GLI®) at the ciliary tip upon Hh pathway
stimulation (21, 25, 45, 46). In our previous study, GLI2, GLI3,
and SUFU showed abnormal localization in Dyr/eZ’/’ MEFs,
whereas SMO localization remained unaffected (28). We therefore
analyzed the localization of endogenous phosGLI2**** and phos-
GLI3%" as well as total GLI2 and GLI3 using immunocytostain-
ing (Fig. 3E). In response to SAG stimulation, immunopositive
signals for both GLI2 and GLI3 were observed at the ciliary tip
(Fig. 3E and SI Appendix, Fig. S6C). Consistent with the results
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Fig. 2. Identification of phosphorylation sites for GLI2 and GLI3 by DYRK2. (A) Electrophoretic mobility shift of GLI2 and GLI3 induced by DYRK2 overexpression.
Lysates from Lenti-X 293T cells overexpressing EGFP or EGFP-tagged CMGC kinase (DYRK2, CCRK, CILK1, MAK, MOK, or CDKL5) together with FLAG-GLI2 or FLAG-
GLI3 were subjected to SDS-PAGE and IB analysis with anti-GLI2 and anti-GLI3 antibodies. (B and C) The electrophoretic mobility shift of GLI2 and GLI3 depends
on DYRK2 kinase activity. Lysates from Lenti-X 293T cells overexpressing EGFP, EGFP-DYRK2 (wild-type), or EGFP-DYRK2-KR (kinase dead; K251R) together with
FLAG-GLI2 (B) or FLAG-GLI3 (C) were analyzed by IB. (D and E) Effect of phosphatase treatment on the mobility of GLI2 and GLI3 following overexpression of DYRK2.
Lysates from Lenti-X 293T cells overexpressing EGFP or EGFP-DYRK2 together with FLAG-GLI2 (D) or FLAG-GLI3 (E) were treated with or without lambda protein
phosphatase followed by IP with anti-GFP agarose and subsequent IB. (Fand G) Identification of phosphorylation sites on GLI2 and GLI3 by DYRK2 using S/A and
T/A mutants. Lysates from Lenti-X293T cells overexpressing EGFP or EGFP-DYRK2 together with the FLAG-GLI2 (F) or FLAG-GLI3 (G) construct as indicated were
analyzed by IB. Asterisks indicate lanes with a reduction in the mobility shift compared with the wild-type (wild) construct. In all panels, arrowheads indicate the
positions of the shifted bands. (H) IB with the anti-phosGLI2°?°%/GLI3*3'® antibody. Lysates from Lenti-X 293T cells overexpressing EGFP or EGFP-tagged CMGC
kinase (DYRK2, CCRK, CILK1, MAK, MOK, or CDKL5) together with FLAG-GLI2 or FLAG-GLI3 were subjected to SDS-PAGE and IB analysis with anti-GLI2, anti-GLI3,
and anti-phosGLI2*%%*/GLI3*'® antibodies. GAPDH was used as a loading control. (/) DYRK2 phosphorylates GLI3 on $313 in vitro. Recombinant GST-DYRK2 or
GST was incubated with recombinant His-tagged human GLI3,,; 343 and ATP. Reaction products were analyzed by IB with anti-phosGLI2***%/GLI3*'3, anti-GLI3,

and anti-GST antibodies.
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Fig.3. Phosphorylation of GLI2 and GLI3 by DYRK2 upon SMO activation. (A and B) Protein levels of endogenous GLI3 in subcellular fractions. Nuclear and cytoplasmic
fractions of wild-type and Dyrk2”~ MEFs cultured in the absence or presence of 100 nM SAG for 3 h were analyzed by IB with an anti-GLI3 antibody. GAPDH and
histone H3 (HH3) are loading controls for the cytoplasmic and nuclear fractions, respectively. Closed and open arrowheads indicate the positions of GLI3™ and GLI3®¢,
respectively. The ratio of GLI3®**/GLI3™ in the nuclear fraction was calculated directly from the intensity of the individual bands in (B). (C and D) Phosphorylation
levels of endogenous GLI3*'>, Lysates from wild-type and Dyrk2”~ MEFs cultured in the absence or presence of 100 nM SAG for 3 h were immunoprecipitated with
an anti-GLI3 antibody followed by IB analysis using anti-phosGLI2°**/GLI3**' and anti-GLI3 antibodies. Gray, closed, and open arrowheads indicate the positions of
phos-GLI3**'%, GLI3™, and GLI3"P, respectively. Ratios of phosGLI3**'*/GLI3™ were calculated directly from the intensity of individual bands in (D). (E-G) Localization of
phosGLI2%%°%/GLI3**"® in MEFs. Wild-type and Dyrk2”"MEFs cultured in the absence or presence of 100 nM SAG for 3 h were immunostained with antibodies against
phosGLI2%2°%/GLI3%" (red), ARL13B and FOP (white), and either GLI2 or GLI3 (green). Nuclei were stained with DAPI (blue). The boxes on the Right are single-color
images of the area in the dotted line box. (Scale bar, 3 um.) Fluorescence staining intensities of phosGLI2**°?/GLI3**'* at the ciliary tips were compared to those of
GLI2 (F) and GLI3 (G). Data were pooled from three independent MEFs. Statistical significance between wild-type and Dyrk2”" cells was determined using the Student
t test. **P < 0.01. (H) Localization of DYRK2 in Dox-inducible NIH3T3 cells expressing DYRK2-BiolD2-HA. Cells cultured in the absence or presence of 200 nM SAG
with 1 ug/mL Dox for 24 h were immunostained with antibodies against HA (red), GLI2 and GLI3 (green), and ARL13B and FOP (white). Nuclei were stained with DAPI
(blue). The boxes on the Right are single-color images of the area in the dotted line box. (Scale bar, 5 um.) (/) IB of biotinylated proteins purified with SAv beads from
NIH3T3 cell lysates expressing DYRK2-BiolD2-HA. Lysates from the cells cultured in the absence or presence of 200 nM SAG and 1 pg/mL Dox for 24 h were pulled
down with SAv beads, followed by IB analysis with anti-GLI2 and anti-GLI3 antibodies. (/) Effect of FSK on the phosphorylation level of GLI3%*'3, Lysates from wild-type
MEFs cultured in the absence or presence of 100 nM SAG and 20 uM FSK for 3 h were immunoprecipitated using the anti-GLI3 antibody, followed by IB analysis
using anti-phosGLI2°**?/GLI3**'® and anti-GLI3 antibodies. (K and L) Effect of phosphorylation site mutations on the phosphorylation level of GLI3**', Lysates from
Lenti-X 293T cells overexpressing EGFP or EGFP-DYRK2 together with FLAG-GLI3 (wild-type), FLAG-GLI3 (S/A mutants at six PKA sites, P1-6A), or FLAG-GLI3*'** were
immunoprecipitated with an anti-FLAG antibody followed by IB using anti-GLI3 and anti-phosGLI2°2*%/GLI3**'® antibodies. The ratio of phosGLI3**'* to total GLI3 was
calculated directly from the intensity of individual bands, and the fold change was calculated by comparing the levels with that of the wild-type in (L). Data are presented
as means + SEM (n = 3 and 4 biological replicates, and three technical replicates per condition in B, D, and L, respectively). Statistical significance in B, D, and L was
determined using one-way ANOVA, followed by the Tukey multiple comparison test. *P < 0.05 and **P < 0.01. In C, /, J, and K, GAPDH was used as a loading control.
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of IB analysis (Fig. 3 C'and D), immunopositive signals for phos-
GLI2*?*/GLI3*" at the ciliary tip were significantly increased
by SAG stimulation in wild-type but not Dyrk2”~ MEFs (Fig. 3
E-G and SI Appendix, Fig. S6C). Taken altogether, we conclude
that the phosphorylation of GLI2**** and GLI3*" is triggered
by DYRK2 upon the activation of SMO, and is an essential event
for Hh pathway activation.

We further investigated the mechanism underlying the
DYRK2-dependent phosphorylation of GLI2 and GLI3 in the
Hh signaling pathway. The ciliary tip has been repeatedly proposed
as a site for the activation of GLI2 and GLI3 (21, 25, 45, 46). To
identify the subcellular site of DYRK2-mediated phosphorylation,
we investigated the localization of DYRK2 using Dox-inducible
NIH3T3 cells expressing DYRK2-BiolD2-HA. Despite the repo-
sitioning of GLI2 and GLI3 to the ciliary tip in response to SAG
treatment, there was no obvious difference in the localization of
DYRK2-BiolD2-HA between the absence and presence of SAG
treatment; it was predominantly found at the ciliary base in both
conditions (Fig. 3A). In line with the unchanged DYRK2 local-
ization, pull-down of the cell lysates with SAv beads demonstrated
that DYRK2-BioID2-HA interacts with GLI2 and GLI3 inde-
pendently of SAG treatment (Fig. 3/). These findings show that
DYRK?2 has the potential to interact with GLI2 and GLI3 at the
ciliary base, rather than at the ciliary tip, irrespective of Hh path-
way stimulation.

We then focused on the phosphorylation substrates GLI2 and
GLI3, which have been reported to undergo strict negative regula-
tion by proteasome-mediated degradation downstream of the
GPR161-cAMP-PKA axis (15). Under basal conditions, GPR161
induces PKA activation, leading to the phosphorylation of GLI3
at six distinct PKA sites (8 Appendix, Fig. S7A). Upon treatment
with SAG, GPR161 is removed from cilia, resulting in a reduction
in the cCAMP level and PKA activity (SI Appendix, Fig. S7B). To
verify the effect of PKA on DYRK2-mediated phosphorylation, we
subjected lysates of cells treated with forskolin (FSK), an activator
of adenylyl cyclase (S Appendix, Fig. S7C), to IP with an anti-GLI3
antibody followed by IB with the anti-phosGLI2****/GLI3*" anti-
body. Intriguingly, FSK abolished the phosphorylation of GLI3*"?
upon SAG treatment (Fig. 3/). Based on these findings, we then
investigated whether the phosphorylation of PKA sites in GLI2 and
GLI3 affects their DYRK2-mediated phosphorylation. The levels
of phosphorylation at GLI2*** and GLI3**"* were significantly
increased in the S/A-mutants of six PKA sites (P1-6A) compared
with those in wild-type GLI2 and GLI3 (Fig. 3 K and L and
SI Appendix, Fig. S7 F and G). On the other hand, knockout of
Gprl61 (SI Appendix, Figs. S8 A and B and S9 A and B), which
reduces PKA activity, or treatment of cells with a PKA inhibitor
(H-89) (81 Appendix, Fig. S8 C-E) did notinduce DYRK2-mediated
phosphorylation on GLI3**"®. Therefore, although dephosphoryl-
ation of the PKA sites enhances the efficiency of phosphorylation
by DYRK?2, inactivation of PKA is neither a prerequisite nor a
sufficient condition for DYRK2-mediated phosphorylation. These
results together suggest that the activation of GLI2 and GLI3 in
the Hh signaling pathway occurs in a stepwise manner, as follows:
i) decreased phosphorylation of PKA sites owing to inactivation of
the GPR161-cAMP-PKA axis; ii) upon SMO activation, DYRK2-
mediated phosphorylation of GLI2**** and GLI3**" at the ciliary
base but not at the tip; and iii) transport of phosphorylated GLI2
and GLI3 to the ciliary tip.

DYRK2-Dependent Phosphorylation of GLI2 and GLI3 Triggers
Their Dissociation from SUFU and Translocation into the Nucleus.
In response to SAG stimulation, the GLI2/GLI3—-SUFU complex
enters the cilia, and the components rapidly dissociate from each

https://doi.org/10.1073/pnas.2320070121

other, enabling GLI2* and GLI3" to translocate into the nucleus
(17, 25). However, the mechanism by which SAG stimulation
triggers GLI2/GLI3 dissociation from SUFU, and their conversion
to GLI2"/GLI3" remains unclear. Previous crystallographic studies
have identified that the “SYGHLS” motif in GLI proteins is crucial
for SUFU binding (47, 48). Interestingly, the DYRK2-mediated
phosphorylation sites GLI2**** and GLI3**"? are included in the
SUFU-binding region and in proximity to SYGHLS (Fig. 4 A4
and B). These data suggest that DYRK2-mediated phosphorylation
of GLI2 and GLI3 facilitates SUFU dissociation.

To address this possibility, we compared the interaction between
endogenous GLI3 and SUFU in wild-type and Dyr/e2'/_MEFs under
basal and SAG-stimulated conditions. As previously reported
(17, 25), the level of SUFU coimmunoprecipitated with GLI3 in
wild-type MEFs was substantially decreased by SAG treatment,
inversely to the increase in the phosGLB5313 level (Fig. 4 Cand D).
By contrast, SAG treatment did not change the level of coimmuno-
precipitated SUFU in Dyr/eZ'/'MEFs (Fig. 4 C and D). To further
investigate whether the DYRK2-dependent phosphorylation sites
(GLI2>? and GLI3®") are directly involved in their interaction
with SUFU, we assessed the binding strength of a nonphosphoryl-
ated (GLI3309_34§) ;)eptide and a GLI3**"-phosphorylated peptide
(phospho-GLI3™", ¢ 55) to SUFU by surface plasmon resonance
(SPR) analysis (Fig. 4E). Consistent with a prior study (48), SUFU
bound to GLI3;y, 345 with a dissociation constant (Kp,) of 2.64 x
10 M (Fig, 4E). In contrast, the phospho-GLI3**"%, .5 peptide
demonstrated reduced binding to SUFU, with a Kj, of 5.08 x 10°M
(Fig. 4E). Furthermore, a phosphomimetic mutant (GLI2%%5)
demonstrated distinct nuclear localization in contrast to the predom-
inant cytoplasmic distribution of wild-type GLI2 and the alanine
mutant (GLI2») (Fig. 4 Fand G). Consistently, overexpression
of GLI2***" significantly induced the expression of Glil and
Prchl compared to the wild-type GLI2 or GLI2SP#A (Fig. 4H).
Additionally, the efficient activation of Hh signaling by overexpres-
sion of GLI2***** was also observed in {}‘280_ “and If#52”" primary
cilia-deficient cells, as well as in Dyrk27 cells that exhibit morpho-
logical abnormalities of primary cilia (S/ Appendix, Figs. S9 C and
D and S10).

Considering the action of DYRK2-mediated phosphorylation
of GLI2 and GLI3 upstream of SUFU, we examined the effect of
Dyrk2 knockdown on the activation of Hh signaling in Sufiscells
(Fig. 47 and SI Appendix, Fig. S11). Suﬁ[/_cells exhibited extremely
high levels of G/i1 expression even in the absence of SAG treatment
as previously reported (SI Appendix, Fig. S11B) (20-23). 'The
knockdown of Dyrk2 resulted in a significant reduction with
induced G/iI expression in wild-type, but not Sufi"cells (Fig. 47
and SI Appendix, Fig. S11C). Overall, these results indicate that
the DYRK2-dependent phosphorylation of GLI2 and GLI3
facilitates their dissociation from SUFU and their subsequent
nuclear translocation at a step downstream of SMO, resulting in
the activation of Hh signaling.

DYRK2-Mediated Phosphorylation of GLI2 Promotes Limb
Development via Proliferation. We further investigated the
potential role of DYRK2-mediated phosphorylation of GLI2
and GLI3 in tissue development. Analysis of Dyr%2”'™ mice at
embryonic day (E)18.5 and E16.5 demonstrated abnormalities in
limb development, such as a noticeable reduction in bone length
and ossification (Fig. 5 A-E), while neural tube development
remained normal (28). In situ hybridization chain reaction (HCR)
utilizing fluorophore-conjugated short hairpin DNAs (49-51)
revealed that Dyrk2 mRNA was localized in the limb buds as well
as the neural tube at E10.5 (S Appendix, Fig. S12). Consistent
with the results of analysis using MEFs, the expression of Glil
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Fig. 4. Phosphorylation of GLI2 and GLI3 by DYRK2 promotes their dissociation from SUFU and their nuclear translocation. (4) Schematic representation of the
domain organization of human GLI2 and GLI3. RD, repressor domain; SB, SUFU-binding region; DB, DNA-binding domain. The red arrowhead in GLI3 indicates
the cleavage site to generate GLI3™P. (B) Sequence alignment of the SB in Drosophila Ci, and human and mouse GLI1, GLI2, and GLI3. The phosphorylation
sites by DYRK2 (human GLI2°%? and GLI3**'®) are indicated in magenta. The SUFU binding “SYGHLS" motif and conserved amino acids between GLI2 and GLI3
are highlighted in green and gray, respectively. (C and D) Interaction of endogenous GLI3 with SUFU. Lysates from wild-type and Dyrk2”~ MEFs cultured in the
absence or presence of 100 nM SAG for 3 h were immunoprecipitated with an anti-GLI3 antibody, followed by IB analysis using anti-GLI3, anti-phosGLI2**%/
GLI3*"3, and anti-SUFU antibodies. GAPDH was used as a loading control. The ratio of SUFU to GLI3™ in the IP fraction was calculated directly from the intensity
of individual bands, and the fold change was calculated by comparing the levels relative to those of wild-type cultured in the absence of SAG in (D). Data are
presented as means + SEM (n = 3 biological replicates per condition). (E) SPR analysis of the binding strength of the GLI3 peptide to SUFU. SPR single-cycle analysis
was performed using the nonphosphorylated GLI3 peptide (GLI3304 345) and phosphorylated GLI3 peptide (phospho-GLI3**'3,, .,:) and specific concentrations
of recombinant SUFU as analytes. Analytes were loaded during the periods shaded in gray. The dissociation constant (Kp) was calculated by curve fitting for the
interaction between SUFU and GLI3349_345 with a 2:1 binding mode. (F and G) Localization analysis of GLI2 mutants. NIH3T3 cells infected with a lentiviral vector
for wild-type or the indicated GLI2 construct were immunostained with antibodies against anti-GLI2. (Scale bar, 5 um.) Quantification of the ratio of nuclear to
cytoplasmic fluorescence is shown in (G). Data are presented as pooled from three independent experiments and as means + SEM (n = 3 technical replicates per
condition; >20 cells were scored for each experiment). (H) Effects of GLI2 expression on the activation of Hh signaling in NIH3T3 cells. NIH3T3 cells infected with
a lentiviral vector for wild-type or the indicated GLI2 construct were subjected to RT-qPCR analysis for expression of G/iT and Ptch1 3 d after infection. Data are
shown as the relative expression to Hprt and presented as means + SEM (n = 3 technical replicates per condition). (/) Effects of knockdown of Dyrk2 on activation
of Hh signaling in Sufu™ cells. Expression levels of Gli1 and Ptch1 in wild-type and Sufu™ NIH3T3 cells cultured in the presence or absence of 100 nM SAG,
respectively, and treated with two independent siRNAs for Dyrk2 were measured by RT-qPCR. Hprt was used as an internal standard, and the fold change was
calculated by comparing the expression levels relative to those of siNeg. Data are presented as means + SEM (n = 3 technical replicates per condition). Statistical
significance for each siNeg was determined by one-way ANOVA followed by the Tukey multiple comparison test. *P < 0.05 and **P < 0.01.
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Fig. 5. DYRK2-triggered phosphorylation of GLI2 promotes limb development via proliferation. (4-D) Skeletal development in wild-type and Dyrk2™~ embryos.
Gross images (A) and Alizarin Red and Alcian Blue staining (B) of whole embryos at E16.5 and forelimbs (FL) and hind limbs (HL) from embryos at E18.5 (C) and
E16.5 (D) are shown. Fe, femur; fi, fibula; h, humerus; r, radius; s, scapula; t, tibia; u, ulna. (£ and F) Analysis of chondrogenic differentiation in developing tibias
of wild-type and Dyrk2”~ embryos at E16.5. Hematoxylin and eosin (HE), Alcian Blue, and von Kossa (calcium) staining in (£); and immunohistochemistry of SOX9,
COL2A1, and RUNX2; and in situ hybridization of /hh, Col10a1, Gli1, and Ptch1 in (F). (G) Immunohistochemical analysis of proliferation in the periarticular and
columnar proliferating regions of the tibia of wild-type and Dyrk2”~ embryos at E16.5. Measurement of the proportions of Ki67-positive cells. (H) RT-gPCR analysis
of Gli1, Ptch1, Runx2, Mki67, and Pcna in the limb bud tissues from wild-type and Dyrk2” embryos at E11.5. Hprt was used as an internal standard for RT-qPCR,
and the fold changes were calculated by comparing the expression levels relative to those of wild-type. (/ and J) Effect of GLI2 expression on the proliferative
potential of limb bud mesenchymal cells. Limb bud mesenchymal cells prepared from wild-type and Dyrk2”~ embryos at E11.5 were infected with a lentiviral
vector encoding EGFP or the indicated GLI2 construct and immunostained with a Ki67 antibody (red). Nuclei were stained with DAPI (blue). Measurement of the
proportions of Ki67-positive cells in wild-type and Dyrk2™" limb bud mesenchymal cells 4 d after infection in (J). (K) Effects of DYRK2-mediated phosphorylation of
GLI2°%°? on the activation of Hh signaling. Limb bud mesenchymal cells prepared from Dyrk2”~ embryos at E11.5 were infected with a lentiviral vector encoding
EGFP or the indicated GLI2 construct and subjected to RT-qPCR analysis for expression of G/i7 and Ptch1 3 d after infection. Data are presented as means + SEM
(n = 3 biological replicates in G, H, J, and K). Statistical significance was determined by the Student ¢ test in G, H, and J for wild-type and Dyrk2”~ and one-way
ANOVA followed by the Tukey multiple comparison test in / and K. *P < 0.05 and **P < 0.01. Scale bar: 5 mm (A-D), 100 um (E-H), and 50 um ()).
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and Prch1 was decreased in Dyrk2”~ mice compared with wild-
type mice, whereas 7hh expression remained unaffected (Fig. 5F).
Additionally, immunostaining for the chondrocyte marker
COL2ALI and the osteoblast precursor marker RUNX2, a target
gene of Hh signaling in the perichondrial region demonstrated
that their signals were decreased in DyrkZ_/_ embryos (Fig. 5F).
Because limb formation involves endochondral ossification,
defects in cartilage differentiation and proliferation lead to
bone shortening (52, 53). Hence, we conducted an in vitro
chondrogenic differentiation assay using limb bud mesenchymal
cells from Dyrk2”~ embryos at E11.5. Unexpectedly, Dyrk2”""
cells differentiated into Alcian Blue-positive chondrocytes,
similar to wild-type cells, in vitro (87 Appendix, Fig. S13A). We
subsequently focused on assessing the proliferative capacity of
Dyrk2”" cells. Inmunohistochemical analysis of the developing
tibiae from Dyr%2”~ embryos at E16.5 demonstrated a significant
decrease in the population of cells positive for the proliferation
markers Ki67 and phospho-histone H3 (PHH3) (Fig. 5G and
SI Appendix, Fig. S13B). Reverse transcription-qPCR (RT-
qPCR) analysis showed a significant decrease in the expression
of proliferation-associated genes (Mki67 and Pena) (Fig. 5G
and S7 Appendix, Fig. S13B), as well as GliI and Prchl, in the
limb buds of Dyrk2”~ embryos at E11.5 (Fig. 5H). To clarify
the involvement of DYRK2-mediated phosphorylation in this
phenotype, we cultured primary E11.5 limb bud mesenchymal
cells and found that the proportion of Ki67-positive cells was
decreased in Dyrka/f mesenchymal cells (Fig. 5 7and /). Infection
of Dyrk2 " cells with a lentivirus vector for a phossghomimetic
GLI2»% mutant but not an alanine mutant (GLI2***Y) caused
markedly increased proliferation compared with that for wild-
type GLI2 (Fig. 5 7 and /). Importantly, the expression of G/l
and Prch1 was significantly induced by GLI2***" compared to
the wild-type GLI2 or GLI2**** (Fig. 5K). Collectively, these
data indicate that DYRK2-mediated phosphorylation of GLI2**
contributes to limb bud development through the increased
proliferation of limb bud mesenchymal cells and chondrocytes.

Discussion

The conventional understanding of Hh signaling regulation via
GLI2 and GLI3 is that the inhibitory regulation system is orches-
trated by the negative regulators PKA and SUFU. However, the
mechanisms controlling the activation of Hh signaling downstream
of SMO remain unclear, i.e., the processes by which activated SMO
triggers the dissociation of GLI2/GLI3 from SUFU, their conver-
sion into GLI2*/GLI3", and their subsequent translocation into
the nucleus. This intriguing and unidentified mechanism led us to
speculate the potential presence of a positive posttranslational mod-
ifier for GLI2 and GLI3, distinct from the conventional negative
regulator PKA. In this study, we identified DYRK2 as the kinase
responsible for the activation of GLI2 and GLI3, in addition to
regulating ciliary length. Loss of Dyr£2 in mice causes skeletal mal-
formation, but neural tube development remains normal. DYRK2-
mediated phosphorylation of highly conserved serine residues of
GLI2 and GLI3 (GLI2%*? and GLI3**") was strictly triggered in
a SMO activation-dependent manner, facilitating their dissociation
from SUFU and their subsequent nuclear translocation, as illus-

trated in S7 Appendix, Fig. S14.

DYRK2 Is a Positive Regulator of Hh Signaling upon SMO
Activation. A major unsolved issue in Hh signaling is how
activated SMO ' participates in the activation of downstream
GLI2 and GLI3. Whereas a few kinases, including ULK3 (54)
and MRCKa/p (55), have been proposed as candidates for GLI2
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activation, their in vivo roles remain elusive owing to a lack of
comprehensive animal knockout or endogenous-level studies. Our
findings demonstrated a robust increase in the phosphorylation
of GLI2**? and GLI3**" by DYRK2 following SMO activation.
Interestingly, the phosphorylation site of human GLI2**
corresponds to that of mouse GLIZSMS, which may be a potential
phosphorylation site in response to SAG stimulation, according to
mass spectrometry-based selected reaction monitoring assays (18).
Considering that the efficiency of phosphorylation by DYRK2
was improved by dephosphorylating the PKA sites of GLI2
and GLI3 (Fig. 3 K and L and SI Appendix, Fig. S7 F and G),
our findings demonstrate that the mechanism that activates GLI2
and GLI3 downstream of SMO is a stepwise process, i.e., the
activation of GLI2"/GLI3" by the positive regulator DYRK2
following inactivation of the negative regulator PKA. Taken
together with the observed inhibition of G/i1 and Prch1 expression
in Dyrk2”" embryos and MEFs, we conclude that DYRK2 is
a positive regulator of Hh signaling through Hh component
modification. Although the dephosphorylation of the PKA sites
enhances the efficiency of DYRK2-mediated phosphorylation
of GLI2 and GLI3, analysis using Gprl61 7 cells or the PKA
inhibitor revealed that the inactivation of PKA is not prerequisite
or sufficient for phosphorylation by DYRK2. How DYRK2-
mediated phosphorylation is induced downstream of SMO as
well as how DYRK2 is recruited to the ciliary base is an important
issue to be addressed in the future.

Another question is where the active modifications of GLI2
and GLI3 occur. The ciliary tip is often considered to be the site
of such modifications (21, 25, 45, 46). Humke et al. found that
the conversion to GLIs™" and their nuclear translocation were
inhibited in Kz’fBa'/— mice, suggesting the importance of intrafla-
gellar transport in the activation of GLI2 and GLI3 (25). However,
DYRK2 was located at the ciliary base regardless of SAG treatment
(Fig. 3 Hand 1), implying that DYRK2 initiates active modifica-
tions of GLI2 and GLI3 at the ciliary base rather than at the tip.
Additionally, inhibitory kinases, such as PKA (14), GSK3 (56),
and CK1 (57), are localized to the ciliary base. Hence, we postulate
that the ciliary base acts as the site responsible for the early phos-
phorylation of GLI2 and GLI3, according to the following pro-
posed model (S Appendix, Fig. S14): i) Before ciliary translocation,
SMO activation induces the phosphorylation of GLI2 and GLI3
at the ciliary base by DYRK2 following inactivation of PKA; ii)
GLI2 and GLI3, phosphorylated by DYRK2, enter the cilia and
may undergo additional modifications; and iii) the fully activated
forms of GLI2 and GLI3 migrate from the cilia to the nucleus.

Molecular Mechanisms of DYRK2-Mediated Phosphorylation of
GLI2 and GLI3. The mechanism underlying the dissociation of
GLI2 and GLI3 from SUFU following SMO activation remains
unclear. Although PKA inactivation appears to be required for the
dissociation of GLI2/GLI3 from SUFU, the dephosphorylation
of PKA sites (P1-6A) in GLI2 and GLI3 is insufficient to explain
this mechanism for full activation of Hh signaling (17, 18). The
present data show that DYRK2-mediated phosphorylation of
GLI3*" drives SUFU dissociation upon SMO activation in
the cellular model (Fig. 4 C and D) and through biochemical
techniques (Fig. 4E).

Interestingly, all sites phosphorylated by PKA and GSK3p, and
binding sites of PTrCP are fully conserved in mice and humans (58).
Recently, biochemical analyses have shown that the phosphorylation
0f $102, S116, and S130 in proximity to the SUFU-binding domain
of GLI1, which is primarily induced at the transcriptional level
(81 Appendix, Fig. S1B), cooperatively promotes SUFU dissociation
(59). Notably, among these three sites in GLI1, only GLITS'2,
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corresponding  to GLI2**? and GLI3™", was conserved in
Drosophila Ci as well as in mammalian GLI2 and GLI3 (Fig. 4B).
Given that GLI2 and GLI3 are thought to be phosphorylated at
multiple sites upon SMO activation (17, 18), it is plausible that
other sites must undergo PTMs in a coordinated and sequential
manner to achieve complete SUFU dissociation (87 Appendix;
Fig. S14). Further studies are essential to identify proteins involved
in the PTMs of GLI2 and GLI3 upon SMO activation, as well as
to clarify the role of DYRK2 in the hierarchical phosphorylation of
GLI2 and GLI3.

Roles of DYRK2-Mediated Phosphorylation of GLI2 during
Development. Bone length is defined by cartilage length through
the proliferation of chondrocytes and progenitor cells (52, 53).
During endochondral ossification, the IHH-SMO-PTHIP axis
orchestrates the proliferation and maturation of chondrocytes through
a negative feedback mechanism (60). Ihh™"" mice demonstrate
extremely shortened limbs owing to decreased cell proliferation and
accelerated chondrocyte hypertrophy with loss of Prhrp expression
(4). Dyrk2”~ embryos demonstrate short-limb phenotypes similar
to those of G/i2”"~ mice (6) and chondrocyte-specific Smo™'~ mice
(61). The significance of GLI2 in chondrocyte proliferation has
been demonstrated in vitro (61) and in vivo (62) models. Notably,
skeletal anomalies in 754~ embryos were completely reversed by
the exogenous expression of constitutively active GLI2 in the 755
Gli3'~ background (63). In the present study, the ectopic expression of
a phosphomimetic mutant (GLI2%%) promoted the proliferation of
Dyrk2"primary cells, at least in vitro (Fig. 5 /-K). These data suggest
that the DYRK2-mediated phosphorylation of GLI2*** contributes
to tissue development by fostering the proliferation and aggregation of
cartilage progenitor cells. However, given the multistage development
of the limb, further in vivo studies in transgenic animals are required
to confirm the function of DYRK2 via the phosphorylation of GLI2
and to determine whether the exogenous expression of GLI2**” or
DYRK2 ameliorates the symptoms of malformations caused by
abnormal Hh signaling.

From another perspective, despite the expression of Dyrk2 in
the neural tube as well as limb buds (S Appendix, Fig. S12), abnor-
malities are not generally observed in the neural tube of Dyrka/f
mice (28). Among the CMGC kinase family, Cerk™™ mice exhibit
developmental defects in both the neural tube and limb (30). On
the other hand, Cilkl™" mice also show abnormalities in limb
formation but not neural tube patterning (29). It is therefore pos-
sible that other unidentified molecules tissue-selectively compen-
sate for the functions of DYRK2 and CILK1 in the neural tube.
Alternatively, variations in SMO-independent ANKMY2-adenylyl
cyclase signaling (64) or in the length of primary cilia (65) among
different cell types may influence the activation level of the Hh
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signaling pathway. Identifying these compensatory molecules or
regulatory mechanisms unique to each cell type will lead to an
understanding of the tissue-specific regulation of cilium-generated
signaling including Hh signaling.

Materials and Methods

The information of plasmid constructs, animal care, animals, cell culture and
transfection, generation of Dox-inducible DYRK2-BiolD2-expressing cell lines,
siRNAknockdown, RNA-seq, RT-qPCR, immunocytochemistry, pull-down of bioti-
nylated proteins, proximity labeling coupled with affinity purification and mass
spectrometry, STRING, KEGG, and reactome pathway analysis, IB, cell fractionation,
IP, in vitro kinase assay, lentiviral preparation and infection, quantification of the
ratio of nuclear to cytoplasmic fluorescence, peptides, antibody generation, SPR
analysis, immunohistochemistry, DIG-in situ hybridization, in situ HCR, Alcian
Blue and Alizarin Red double staining, HE, Alcian Blue, and von Kossa staining,
primary cell culture and differentiation assay, CRISPR/Cas9-mediated knockout
experiments, and statistical analysis are in S/ Appendix.

Data, Materials, and Software Availability. Raw data of proteomics and
RNA-seq data have been deposited in Japan ProteOme Standard Repository
(ID: JPST002229) (66) and Gene Expression Omnibus (ID: GSE267749) (67),
respectively. All other data are included in the manuscript and/or S Appendix.
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