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Department of Pharmacology

Thousand and one amino acid kinases (TAOKs) are relatively understudied and functionally
pleiotropic protein kinases that have emerged as important regulators of neurodevelopment.
Through their conserved amino-terminal catalytic domain, TAOKs mediate phosphorylation at
serine/threonine residues in their substrates, but it is their divergent regulatory carboxyl-terminal
domains that confer both exquisite functional specification and cellular localization. In this work,
we focus specifically on diverse functions of TAOK?2 in the context of neurodevelopment and
neurodevelopmental disorders. TAOK2 is the only member of the TAOK family with two coiled
coiled domains instead of three, and the canonical isoform, TAOK?2a, has a unique endoplasmic
reticulum (ER) targeting domain and microtubule binding domain functioning to tether ER to
microtubules. Its spliced isoform, TAOK28, is less understood. The precise mechanisms
underlying the role of TAOK2 in neurodevelopment and neurodevelopmental disorders are not

clearly understood. Following up on previous work showing that TAOK2 phosphorylation of



cytoskeletal protein Septin 7 is critical for dendritic spine maturation, in Chapter 2, we identify
14-3-3 proteins as downstream interacting proteins important for maintaining this
phosphorylation. We have also identified changes in primary cilium length, trafficking, and
signaling as potential mechanisms underlying copy number variation of 16p11.2, a genomic
locus in which TAOK?2 resides, in Chapter 3. Further, in Chapter 4, we lay preliminary work
showing that autism associated TAOK?2 mutations differentially affect the catalytic activity and
localization. In summary, this work elucidates how TAOK2 contributes to neurodevelopment

and associated disorders through its pleiotropic functions.
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Chapter 1: Introduction

The thousand and one amino acid kinase (TAOK) family of protein kinases belong to the subfamily
of germinal center kinases (GCK) within the sterile-20-like (Ste20) kinase family (1).
Understudied for the most part, interest in TAOKSs has increased with the growing evidence for
their association with severe neurodevelopmental disorders (2-22). The TAOK family of kinases
have been established functionally as MAPKKKs (mitogen-activated protein kinase kinase
kinases), which phosphorylate MEKs [mitogen-activated protein/extracellular signal-regulated
kinase kinases (MAPKKSs)] that activate MAPK pathways, notably those mediated by p38 and c-
Jun N-terminal kinase (JNK) (23-34). TAOKSs regulate multiple cellular processes, including cell
proliferation (35-38), cytoskeleton organization (39-48), mitosis (35-38, 42, 49-52), apoptosis

(27, 33, 34), and immune responses (53-66).

The TAOK family is evolutionarily conserved, with three paralogous TAOKSs in vertebrates
(TAOK1/PSK2/MARKK, TAOK2/PSK1, and TAOK3/JIK) (23, 24, 67) and one TAOK ortholog in
invertebrates (Drosophila Tao and Caenorhabditis elegans Kin-18) (Fig. 1A) (46, 68, 69). There
has been much focus on the catalytic function of these kinases, and the crystal structure of the
isolated kinase domain of TAOK2 has been solved (26). In vitro kinase assays using purified
kinase domains of TAOK1 or TAOK2 show very similar substrate phosphorylation, consistent
with the high homology in the protein sequence of the kinase domain (23, 24). Because of the
indistinguishable catalytic function of the TAOKSs, it was only recently that major differences
between the functions of TAOK1 and TAOK2 have been revealed. This brings to light the
importance of investigating kinase functions in the context of their often more protein-specific and

structurally diverse regulatory domains (Fig. 1B). Relatively little is currently known about the
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direct downstream phosphorylation targets of TAOKSs, their interaction partners and upstream
activating kinases, or the signaling molecules that impinge upon TAOKs. Furthermore, how
mutations in TAOKSs affect their function at the molecular, cellular, and physiological level has
been difficult to assess, given that the full-length structure of these kinases has not been solved.
The main goal of this review is to highlight the functional pleiotropy that is intrinsic to TAOKs
and the evolutionary conservation as well as divergence in their functions, underscore the
importance of studying the TAOKSs to understand neurodevelopment and disease, and define some

of the main outstanding questions in the field.

A
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TAOK2« Kinase domain CC1 XCC2 @@@@@@ @ MEL

TAOK2B  {Kinase domain )—(CC1)(CC2)

TAOK3 Kinase domain CC1 X CC2 X CC3
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Model confidence:
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@ Very low (pLDDT < 50)

Kinase domain
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Figure 1.1. TAOKS are evolutionarily conserved kinases.

(A) Schematic representations of secondary structures of human TAOKI, alternatively spliced
isoforms of TAOK2, a and B, TAOK3, Drosophila Tao, and C. elegans KIN-18 with highly
conserved N-terminal kinase domain and variable C-terminal regulatory domains. CC, coiled-coil
domain; TM, transmembrane domain; AH, amphipathic helix; MBD, microtubule binding domain.
(B) AlphaFold2.0-predicted protein structures of human TAOKI1, TAOK2a, and TAOK3.
Structures are color coded on the basis of the confidence score of prediction. AlphaFold produces
a per-residue confidence score (pLDDT) between 0 and 100. Some regions below 50 pLDDT may

be unstructured in isolation. CREDIT: A. FISHER/SCIENCE SIGNALING

TAOK SIGNALING AND REGULATION

Identification of TAOKS, their expression, and their structure

The first mammalian TAOK, TAO1, was identified from rat in search of a mammalian ortholog
of the Saccharomyces cerevisiae (yeast) protein kinase Ste20p (24). It was named Taol for the
thousand and one amino acids that encoded it. The same study also isolated partial complementary
DNAs (cDNAs) encoding a closely related gene Tao2 (24). Northern blotting showed that
both Taol and Tao?2 transcripts are enriched in the brain and testis (24). The complete sequence of
rat Tao2 was identified shortly after (23), followed by the subsequent identification of the human
ortholog, PSK1 (prostate-derived STE20-like kinase 1)—called TAOK?2 hereafter—in a screen for
kinases expressed in human prostate carcinoma (43). Human TAOK3 was subsequently identified
as JIK [JNK/stress-activated protein kinase (SAPK)—inhibitory kinase] in a screen for proteins that
associate with a substrate of the epidermal growth factor receptor (EGFR) called EPS8 (67). The

sequence of the human ortholog of TAO1—TAOKI hereafter—was reported shortly afterward
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(70). Tissue-based mapping of the human proteome has shown that, in humans, TAOKI is
ubiquitously present, with the highest expression of TAOK1 in the brain, parathyroid gland, liver,
prostate, cervix, adipose tissue, and skin (71-73). The highest tissue expression of TAOK2 is in
the brain, parathyroid gland, liver, testis, pancreas, stomach, and colon (71, 72, 74). For TAOK3,
the highest tissue expression in humans is in the stomach and kidney followed by the brain
(71, 72, 75). Human brain transcriptome data show that within the brain, TAOK! is most highly
expressed, followed by TAOK2 and TAOK3 during development and across the life span in
humans (Fig. 2), consistent with the association of all three TAOKSs with neurological disorders
(76-78). Single-cell transcriptomics mapping of human tissues shows that within the brain, all
members of the TAOK family are expressed in both neuronal and nonneuronal cells (72, 79-82).
At the mRNA level, TAOKI is most highly expressed in oligodendrocytes, TAOK?2 in astrocytes,
and TAOK3 in oligodendrocyte precursor cells, suggesting unique roles that each may play in
different nonneuronal cells, in addition to neuronal cells, during development and in disease

(72, 79-82).
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Figure 1.2. TAOKSs are highly expressed in the human brain.
Gene expression level of human TAOKI1, TAOK2, and TAOK3 in different brain regions from

early human development to late adulthood. Images are from the Human Brain Transcriptome.



NCX, neocortex; STR, striatum; HIP, hippocampus; MD, mediodorsal nucleus of the thalamus;

AMY, amygdala; CBC: cerebellar cortex. CREDIT: A. FISHER/SCIENCE SIGNALING

At the structural level, all three mammalian TAOK paralogs share a highly conserved N-terminal
kinase domain, followed by regions predicted to form coiled coil domains (Fig. 1, Aand B)
(83, 84). In TAOKI, these coiled coil domains likely fold into a triple helix (85). This triple helix
has a crescent shape and shows surface amino acid charge separation similar to inverse
bin/amphiphysin/rvs (BAR) domain proteins, where the convex side is positively charged and can
thus bind the plasma membrane through electrostatic interactions with the negatively charged
plasma membrane (85). The purified TAOK1 triple helix directly interacts with negatively charged
phosphoinositides, including PI(4)P, PI(4,5)P2, and PI(3,4,5)P3, that are enriched in the plasma
membrane (85). Interestingly, membrane binding by the TAOKI triple helix is negatively
regulated by its kinase domain through phosphorylation at residues Thr440 and Thr443 that sit at
the interface of the kinase domain and the triple-helical bundle (85). The helical bundle of TAOK1
is evolutionarily conserved and is found in both Drosophila Tao and C. elegans KIN-18, implying
that the plasma membrane—binding ability might be a shared feature among vertebrate TAOK1
and invertebrate Tao proteins (85). This evolutionarily conserved triple-helical architecture is
shared by TAOK3, but whether it binds membranes has not been tested (Fig. 1, A and B). In
vertebrates, TAOK2 has evolved a unique hydrophobic domain not shared by TAOK1 or TAOK3
kinases. TAOK2 has at least two alternatively spliced isoforms, TAOK2a and TAOK2p (34, 43).
Instead of three distinct coiled-coiled domains that form a triple helix, TAOK2a contains two
coiled coils followed by a region of very high hydrophobicity predicted to form six transmembrane

domains followed by an amphipathic helix (Fig. 1, A and B) (42). Through its six transmembrane
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domains, TAOK?2a localizes to the endoplasmic reticulum (ER), and the amphipathic helix was
shown to be important for localizing TAOK2a to specific subdomains within the ER membrane
(42). After the ER targeting domain, TAOK2a harbors an SXIP motif that allows its association
with a microtubule plus-end binding protein, EB1, and a microtubule binding domain for direct
interaction with tubulin (Fig. 1, A and B) (42). Through these distinct domains, TAOK2a functions
to tether the ER to the microtubule cytoskeleton (42). It is important to note that none of the
mammalian TAOK1/2/3, the fly Tao, or C. elegans KIN-18 have domains that have been shown
to directly bind microtubules or contain the ER targeting domain. Hence, it appears that the
function of TAOK2a as an ER-microtubule tether is unique in the TAOK family and has been

acquired in vertebrates (42).

Expression analyses of TAOKSs in Xenopus laevis revealed that they are expressed during early
development before gastrulation (86). Taok1 and Taok3 are highly expressed in pre-gastrula and
gastrula stage embryos, whereas Taok2 expression is lower in the early embryo (86). C.
elegans TAOK ortholog, KIN-18, was shown to regulate cortex contractility through interaction
with Ras-like GTP binding protein (RHO-1) in the early embryo, contributing to establishment of
polarity (69). KIN-18 is highly expressed in pharynx, gut, anus, and excretory cell and was shown
to regulate feeding (68). This suggests that the TAOK family of kinases may be critical during
very early embryonic development in addition to neurodevelopment and immunity, with isoform-

specific differences in their distinct roles that may be consistent with their expression patterns.
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TAOKS regulate MAPK signaling

MAPK pathways are signaling cascades that mediate responses to a variety of extracellular stimuli.
The TAOK family of kinases mediate MAPK signaling by regulating the activity of MAPKKs
(Fig. 3A). TAOK1 and TAOK?2 selectively activate MEK3, MEK4, and MEK®6, but not MEK1 or
MEK2 of the classical MAPK cascades (23-26). TAOK1/2 activate the INK/SAPK pathway
through phosphorylation of MEK4, although direct binding has not been observed (23-25).
TAOK1/2 can bind and phosphorylate MEK3, thereby activating the stress-sensitive p38 MAPK
cascade (23-25). In addition to MEK3, TAOK2 also associates with and activates MEK6 on
residues Ser207 and Thr211 (23, 25, 26). TAOK?2 activity on MEK3 and MEKG6 is enhanced by
stress stimuli that activate JNK/SAPK or p38, such as sorbitol and, to a lesser extent, NaCl, Taxol,
and nocodazole (25). Sorbitol, NaCl, and staurosporine also increase TAOKI activity and
downstream JNK activity (27). Another study showed that TAOK2 associates with TAK1
(transforming growth factor-B—activated kinase 1), an essential MAPKKK for the activation of
JNK and p38 in signaling pathways mediated by tumor necrosis factor (TNF), interleukin 1 (IL-
1), and Toll-like receptors (TLRs), and together may mediate osmotic stress—induced activation of
JNK (32). Interestingly, this association was shown to be independent of kinase activity, as a
catalytically deficient TAOK2 mutant (D169A) can still bind TAK1 (32). TAOK1 was also shown
to bind TAKI, but it is unclear whether osmotic stress—induced JNK activation by TAOKI1 is
mediated through its interaction with TAK1 (32). TAOKI1/2-mediated activation of p38 is
increased by the muscarinic receptor agonist carbachol, which then activates transcription factors
(specifically ternary complex factors) in the nucleus (28). The role of TAOK3 in MAPK signaling,
on the other hand, has been perplexing. TAOK3 was shown to inhibit both basal JNK activity and

epidermal growth factor (EGF)—induced activation of JNK when transfected in CV-1 in Origin
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with SV40 genes (COS7) cells (67). TAOK3 also inhibits ethanol-elicited JNK activation in vivo
in mice (87). In contrast, when transfected in NIH3T3 cells, TAOK3 was shown to activate
ERK1/2 and JNK/SAPK pathway (29). TAOK3 also increases JNK phosphorylation in response
to ER stress induced by protein misfolding, by binding to and driving interaction between inositol-
requiring transmembrane kinase/endoribonuclease 1a (IREla), an ER stress sensor, and TNF
receptor—associated factor (TRAF2) (30). Intriguingly, all three TAOKs were shown to mediate
activation of p38 by genotoxic stimuli, such as ionizing radiation and ultraviolet radiation, thereby
regulating DNA damage—induced G2-M cell cycle checkpoint (31). DNA damage can occur as a
result of other cellular stressors mentioned earlier, such as NaCl (88, 89); therefore, TAOKSs may
be an important component of cell cycle checkpoints in response to DNA damage, with each
member exhibiting differential responsivity to distinct stressors. These studies suggest that the
TAOK family of kinases may mediate MAPK signaling in a context- and stimuli-dependent

manner.
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Figure 1.3. TAOKSs regulate the MAPK and Hippo signaling pathways.

(A) All three members of TAOK family are involved in MAPK signaling pathways. TAOK1/2/3
are activated by DNA damage, leading to MEK3/6-mediated p38 activation. Muscarinic receptor
agonist carbachol increases TAOK1/2 activity on p38. Osmotic stress increases TAOK?2 activity
on MEK3/6 and TAOKI activity on JNK. TAOK1/2 activate JNK through MEK4 activation,
whereas TAOK3 can both negatively and positively regulate JNK in a context-dependent manner.
Ethanol induces JNK activation through its effect on TAOK2 and TAOK3 through unclear
mechanisms. TAOK3 inhibits both ethanol- and EGF-induced JNK activation. EGF also inhibits
TAOKS3 activity. TAOK3 activates JNK pathway in response to ER stress. TAOK3 can uniquely
activate ERK1/2 through MEK1/2 activation. (B) Drosophila Tao and mammalian TAOKI1 and

TAOK3 activate Hippo signaling pathways. Tao phosphorylates Hippo kinase, which, in turn,
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phosphorylates Warts and Yorkie. Yorkie associates with 14-3-3 upon phosphorylation,
preventing Yorkie-mediated transcription in the nucleus. TAOK1 and TAOK3, but not TAOK2,
similarly activate Hippo pathway either through phosphorylation of MST1/2 (mammalian
homolog of Hippo) and MAP4K kinases, or direct phosphorylation of downstream LATS1/2
(mammalian homolog of Warts), inhibiting Y AP/TAZ (mammalian homolog of Y orkie)-mediated
transcription in the nucleus. Phosphorylation sites are labeled in teal. CREDIT: A.

FISHER/SCIENCE SIGNALING

TAOKS regulate Hippo signaling

TAOKSs are important regulators of Hippo signaling (Fig. 3B) (35-38). Drosophila Tao negatively
regulates cell proliferation through phosphorylation of Hippo kinase at the critical activating
residue (Thr195) that leads to down-regulation of Hippo-Salvador-Warts (HSW) pathway target
genes including Yorkie, a transcriptional coactivator that promotes cell growth (35, 36, 38).
Mammalian TAOK1 and TAOK3, but not TAOK2, can either phosphorylate mammalian sterile-
20-like kinase 1/2 (MST1/2) (mammalian homolog of Hippo) directly at residues Thr183 on
MST1 and Thr180 on MST2 (35-37), or bypass MST1/2 and phosphorylate large tumor
suppressor kinase 1/2 (LATS1/2) directly at residue Thr1079 on LATS1 and Thr1041 on LATS2
(37), which leads to phosphorylation of yes-associated protein (YAP) (at Serl127) and
transcriptional coactivator with PDZ-binding motif (TAZ) (mammalian homolog of Yorkie),
thereby inhibiting YAP/TAZ-mediated transcription in the nucleus and in turn limiting cell

proliferation.
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TAOKS regulate the organization of the cytoskeleton

The TAOK family of kinases can induce substantial changes in the cytoskeleton through their
ability to regulate three major cytoskeletal components: microtubules, actin, and septins (Fig. 4A).
In mammals, TAOKI regulates microtubule dynamics through phosphorylation of downstream
kinase MARK?2 (at Thr208) or polarity kinase 1 (PAR-1) (at Thr408), which then phosphorylates
the microtubule-associated protein, tau, at KXGS motifs causing its detachment from microtubules
and microtubule disassembly (39). This function of TAOK1 was shown to be regulated by TESK1
(testis-specific protein kinase), an actin-regulating kinase (40). TESKI1 inhibits TAOKI
independently of its kinase activity, preventing microtubule disassembly while increasing actin
stress fibers through phosphorylation and inactivation of cofilin (40). TESK1 activity is inhibited
by  Spredl [Sprouty-related  protein  with Drosophila enabled/vasodilator-stimulated
phosphoprotein homology 1 (EVH-1) domainl], a membrane-associated protein that negatively
regulates ERK/MAPK pathway and also associates with TAOK1 (40). Although TAOK 1 does not
affect Spredl inhibition of TESK1 and Spred1 does not affect TESK1 inhibition of TAOKI1, the
interaction of TAOK1 with TESK1 and Spred! could potentially coordinate a cross-talk between
actin and the microtubule cytoskeleton (40). In neuronal PC12 cells, increased microtubule
dynamics induced by TAOKI activity promotes the development of neurites (39). TAOKI1
colocalizes with MARK and phosphorylated tau at the plasma membrane and at neurite growth
cones (39). TAOK2a is the only member of the TAOK family that has been reported to directly
bind microtubules via its C-terminal tail region that is not present in TAOK1 or TAOK3 (41, 42).
Interestingly, microtubule binding by TAOK2a is negatively regulated by its kinase activity; a
kinase-deficient (K57A) mutant TAOK2a exhibits increased association with microtubules and

enhanced ER-microtubule tethering (42). Through the SXIP motif, TAOK2a also directly binds to
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the microtubule plus-end binding protein EBI, regulating ER movement along growing
microtubule plus tips (42). Moreover, TAOK2a can directly phosphorylate tubulin (41), but
whether TAOK1 or TAOK3 can directly phosphorylate tubulin remains to be determined. TAOK
signaling also regulates the actin cytoskeleton. TAOK2 expression disrupts actin filament
organization and reduces actin stress fibers, although it is not clear whether this is a direct role or
is mediated indirectly through other effectors (43). TAOK2p associates with RhoA, a guanosine
triphosphatase (GTPase) involved in modulating stability of F-actin, leading to actin stabilization
(18). Both TAOK1 and TAOK?2 also directly phosphorylate Septin 7, a member of the septin
family, at the Thr426 residue, regulating its localization (44, 45). The role of TAOK3 in

cytoskeleton organization awaits further investigation.
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Figure 1.4. TAOKS regulate cytoskeletal organization, mitosis, and apoptosis.

(A) TAOKI1 phosphorylates MARK2/PAR-1, which then phosphorylates tau, leading to its
dissociation from microtubules and microtubule disassembly. Drosophila Tao has been reported
to not only down-regulate MARK?2/PAR-1 phosphorylation and increase microtubule stability but

also negatively regulate microtubule stability similarly to mammalian TAOK1. TAOK1/2 can also
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directly phosphorylate Tau. TAOK?2a, an integral ER kinase, can directly bind both tubulin and
the microtubule plus tip binding protein, EBI, regulating microtubule dynamics and ER-
microtubule tethering. TAOK2[ activates RhoA GTPase, which leads to actin stabilization.
TAOKS3 function in cytoskeletal control is unknown. (B) TAOK1/2 activity is increased in mitosis.
TAOK1/2 phosphorylate GTPase Rnd3, leading to its dissociation from the plasma membrane,
which is required for proper spindle positioning and cell rounding. TAOKI1 is cytoplasmic,
whereas TAOK2a is enriched at the spindle poles, where it plays an important role in tethering of
ER membranes to the spindle pole ensuring proper mitotic segregation. TAOK1 depletion leads to
defects in chromosomal congression, likely through an effect on spindle microtubules. (C) TAOK1
and TAOK2a are both substrates of caspase-3 and regulate apoptosis. TAOKI1 induces cell
contraction and membrane blebbing through activation of JNK and caspase-mediated cleavage of
ROCK-1. TAOK?2a is translocated to nucleus once cleaved by caspase-3 and induces membrane
blebbing through JNK activation and cell contraction potentially through activation of downstream

caspase-9. Phosphorylation sites are labeled in teal. CREDIT: A. FISHER/SCIENCE SIGNALING
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Studies in Drosophila showed contrasting roles of Tao in regulation of microtubule dynamics. One
study showed that Drosophila Tao, similar to mammalian TAOKI, negatively regulates
microtubule stability (46). Loss of Tao activity prevents depolymerization of microtubule plus
ends, which then continue to grow and push against the actin cortex, ultimately causing
microtubule-based protrusions (46). Formation of abnormal membrane protrusions were also
observed in mammalian cells expressing neurodevelopmental disorder—associated mutations
in TAOKI that render it catalytically inactive (85). In contrast to mammalian
TAOKI1, Drosophila Tao was also shown to be a negative regulator of PAR-1, leading to reduced

phosphorylated tau and, thereby, increased microtubule stability (47, 48).

TAOKS regulate mitosis

TAOKI1 and TAOK?2? are activated during mitosis with increased levels of phosphorylation at the
regulatory TAOK 1/2 site Ser'®!'; however, the upstream kinase or trigger that leads to its mitotic
activation is unknown. Mitotically activated TAOK1 and TAOK2 localize to the cytoplasm and
the spindle poles, respectively, and regulate mitotic cell rounding and spindle positioning (Fig. 4B)
(49). Rnd3, a constitutively guanosine 5'-triphosphate (GTP)-bound member of the Rho family,
has been proposed to be one of the potential downstream substrates of TAOK1/2 in their role in
mitosis, specifically mitotic cell rounding, spindle centralization, and cytokinesis (50). TAOKI
and TAOK2 interact with and phosphorylate Rnd3 at residues Ser?!'?, Ser?!8, and Ser?*° on the C
terminus, causing Rnd3 to translocate from the active site at the plasma membrane to the cytosol
(50). An initial study in which TAOKI1 was identified as a spindle checkpoint protein that
interacted with the checkpoint kinase BubR1 and recruited checkpoint protein Mad?2 to sites of

defective kinetochore attachment has been refuted, and the results were likely off-target effects of
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small-interfering RNA (siRNA) (51). Further studies have demonstrated that down-regulation of
TAOKI1 with a more specific siRNA did not affect the spindle checkpoint and that TAOK1 did
not interact with BubR1, questioning its role in the spindle checkpoint (90, 91). Nevertheless, the
initial study also implicated the role of TAOK1 in chromosome congression (51), which was
further corroborated in a subsequent study using a different siRNA (52). Down-regulation of
TAOKI1 was shown to increase missegregated lagging chromosomes and concurrently led to a
delay in anaphase, potentially through impaired microtubule stability and kinetochore-microtubule
attachment, although the exact molecular mechanism is not yet known (52). Further studies in both
fly and mammalian system have shown that knockdown of Tao/TAOKI1 has a proliferative effect
on cells through its role in Hippo signaling, as discussed above (35-38). Last, as an ER-
microtubule tether, TAOK2a kinase activity is required for the dissociation of ER from mitotic
spindles, failure of which leads to mitotic defects (42). The downstream substrates or upstream

kinases mediating these roles of TAOKSs in mitosis remain to be identified.

TAOK:S regulate apoptosis

TAOKI1 regulates apoptotic morphological alterations, specifically cell contraction and plasma
membrane blebbing, through activation of JNK and ROCK-1 (Rho kinase-1), which, in turn, leads
to reorganization of cortical actin (Fig. 4C) (27). TAOKI1 is cleaved by caspase-3 that is activated
during apoptosis, and caspase 3 is required for TAOK1-mediated membrane blebbing (27). Active
TAOKI further enhances caspase-3 activation (27). However, the kinase activity of TAOK1 has
not been universally required to induce apoptosis despite the involvement of both caspase-3 and
JNK activity (33). Similar to TAOK1, the a isoform of TAOK2 also induces apoptosis-associated

morphological changes, including cell contraction, membrane blebbing, and apoptotic body
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formation, whereas the 3 isoform does not (34). TAOK2a-mediated apoptosis is dependent on its
catalytic activity and JNK activation, which, in turn, may potentially lead to activation of caspase-
3 and caspase-9, causing C-terminal cleavage of TAOK2a and its translocation to the nucleus (Fig.

4C) (34).

TAOKS regulate the host immune response

There is emerging evidence that the TAOK family of kinases play a critical role in immune
response against viral infection (Fig. 5A). Screens to identify evolutionarily conserved proteins
that interact with viral genetic material—double-stranded DNA or RNA—revealed TAOKSs as the
strongest hit with evolutionarily conserved antiviral activity in humans, mice, and flies (53). In
human cells, each TAOK exhibited specificity in the response to distinct viruses: All three TAOKSs
mediate the response to influenza A virus (IAV), whereas TAOK2 also mediates that against
herpes simplex virus 1 (HSV1) and Semliki Forest virus (SFV) (53). Drosophila Tao promotes the
antiviral response against Drosophila C virus (DCV) and vesicular stomatitis virus (VSV) (53).
The TAOKSs directly bind viral double-stranded RNA; however, the domain responsible for
nucleotide binding is yet unidentified. Furthermore, each TAOK differentially modulates

interferon induction in a cell type— and stimulus-specific manner.
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Figure 1.5. TAOKSs mediate various modes of immune signaling.

(A) All members of TAOK family can directly bind viral double-stranded RNA and either inhibit
or promote viral replication in a stimulus-dependent manner. TAOK1/2/3 inhibit the replication of
IAV, whereas TAOK?2 also inhibits that of HSV1, SFV, and CVB3. TAOKI1 interaction with
TBK1 and IRF3 inhibits replication of VSV. TAOKI1 interacts with a component of DENV but
whether it regulates viral replication is unclear. TAOK2 promotes viral replication in response to
influenza A strain WSN. Drosophila Tao is antiviral against DCV and VSV. (B) TAOK2 can bind
and rupture L. monocytogenes—containing vacuoles, enabling their cytoplasmic access. (C)
TAOKI1 promotes inflammatory responses to LPS through interaction with TRAF6 and activation
of ERK1/2, whereas it inhibits IL-17-mediated responses through interaction with IL-17RA and

inhibition of MAPKs and NF-kB. (D) Upon TCR signaling, LCK induces phosphorylation of
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TAOK3, and TAOK3 promotes T cell activation by inhibiting interaction of LCK with Src
homology region 2 domain—containing phosphatase-1 (SHP-1) and activating ERK1/2. TAOK3
regulates house dust mite—induced asthma by affecting dendritic cell migration and innate ILC2
function, which also mediates ERK1/2 phosphorylation. Last, TAOK3 mediates B cell and
potentially dendritic cell maturation by regulating the surface expression of ADAMI0 and the

signaling activity of NOTCH2. CREDIT: A. FISHER/SCIENCE SIGNALING

TAOK?2 was unexpectedly shown to localize to nuclear speckles, regulating splicing and nuclear
export of M mRNA of [AV strain WSN (56). Accordingly, depletion of TAOK2 in host cells
decreases influenza viral protein levels and influenza viral replication (Fig. 5A) (56). In contrast,
TAOK?2 inhibits replication of Coxsackie virus B3 (CVB3) (57), consistent with its antiviral
activity against HSV1, SFV, and IAV (Fig. 5A) (53). An initial study linking the TAOK2
homozygous variant R700C with generalized verrucosis caused by human papillomavirus (HPV)
has since been retracted; therefore, no conclusions can yet be made on the role of TAOK?2 in HPV
infection or on the functional consequence of the R700C TAOK2 variant. In addition, TAOK2
appears to directly function in response to internalized bacterial pathogens, specifically Listeria

monocytogenes, aiding in their escape from host-cell vacuoles (Fig. 5B) (58).

TAOKI negatively regulates IL-17-mediated proinflammatory cytokine production in a kinase
activity—independent manner via interaction with IL-17RA through its C-terminal domain and
inhibition of MAPKSs and nuclear factor kB (NF-«kB) (Fig. 5C) (59). In contrast, TLR4-mediated
LPS (lipopolysaccharide)-induced proinflammatory cytokine production is positively regulated

by TAOKI, also in a kinase activity—independent manner via interaction with TRAF6 through its
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C-terminal domain and activation of ERK1/2 (Fig. 5C) (60). Moreover, TAOK1 positively
regulates VSV-induced interferon production but in a kinase activity—dependent manner through
its interaction with TBK1 kinase and IRF3 (Fig. 5A) (61). TAOK1 may also be potentially
involved in immune response to dengue virus (DENV) infection, as it was shown to interact with
DENV nonstructural protein 1; however, further studies are required to determine the role of

TAOKI1 in DENV infection (Fig. 5A) (62).

In the spleen, TAOK3 regulates differentiation of neurogenic locus notch homolog protein 2
(NOTCH2)—dependent transitional B cells into MZB (marginal zone B) cells by inducing surface
expression of a metalloprotease ADAMI10 (a disintegrin and metalloprotease 10) (Fig. 5D) (63).
TAOK3 also regulates differentiation of conventional dendritic cells in the spleen and, in turn,
CD4" T cell priming in response to allogeneic red blood cells (Fig. 5D) (64). Moreover, TAOK3
mediates canonical TCR (T cell receptor) signaling in T cells by regulating interaction between an
Src family tyrosine kinase, LCK (lymphocyte-specific protein tyrosine kinase), and SHP-1, a
phosphatase that terminates TCR signaling (Fig. 5D) (65). TAOK3 was also shown to modulate
LCK-dependent ERK 1/2 activation (65). In addition, TAOK3 was shown to mediate development
of house dust mite—induced asthma in mice through both adaptive and innate type 2 immunity in
the lungs, by promoting CD4" Tu2 (T helper cell 2) lymphocyte—mediated cytokine production
and epithelium-derived alarmin IL-33—dependent type 2 innate lymphoid cells (ILC2) proliferation
and function, respectively (Fig. 5D) (66). Interestingly, loss of Taok3 in hematopoietic cells, but
not in lung epithelial cells, failed to develop asthma features, suggesting that TAOK3 may play a
critical role in immune cells (66). The immune function of TAOK3 in asthma is dependent on its

kinase activity, as an inactivating K53 A mutation also leads to reduced asthma and ILC2 activation
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(66). Furthermore, TAOK3 modulated IL-33—induced ERK1/2 activation (66). These studies
suggest that the role of TAOK3 in immune response may potentially be mediated through its role
as an MAPKKK, specifically regulating ERK1/2 signaling, in a stimuli-dependent manner;
however, further studies are required to test this hypothesis and elucidate the exact molecular
mechanism underlying the immune function of TAOK3. Mechanistically, at which step distinct
TAOKSs regulate viral entry, replication, signaling, and host gene expression in response to
infection remains to be determined. Given the distinct structure and cellular localization of TAOKs
and their splice isoforms, it is highly probable that each member of the TAOK family plays very

specific and distinct roles.

THE TAOK FAMILY OF KINASES IN NEUROLOGICAL DISORDERS

TAOK:S in neurodevelopment

The TAOKS play an important role in neuronal development. Drosophila Tao was shown to affect
brain size as well as branching of axon and dendrites and synapse formation (6, 8, 38, 48, 92, 93).
Knockdown of Drosophila Tao, an ortholog of human TAOK, in larval neuroblasts results in
increased brain volume by modulating neuroblast division and proliferative and differentiating
capacity via downstream transcription coactivator Yorkie (38). Tao controls axon guidance within
the mushroom body, one of the major neuropil structures of the Drosophila central brain, during
metamorphosis via negative regulation of the downstream Par-1 kinase, which, in turn, regulates
phosphorylation of tau (Fig. 6A, top left) (48). Depletion of Tao also leads to a decrease in ventral
nerve cord size, number of axons originating in the ventral nerve cord, and number of larval
neuromuscular junctions (6). Tao negatively regulates dendritic arborization in a kinase activity—

dependent manner by regulating microtubule dynamics and F-actin levels and distribution, both
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during development and in adults (93). Moreover, Tao negatively regulates synapse formation
(92, 93). Loss of Tao leads to increased postsynaptic connectivity and, further, ectopic synapse
formation in a kinase activity—dependent manner, altering behavioral responses during larval
development (92). Similar to Drosophila Tao, TAOKI in mouse primary hippocampal neurons
was also shown to negatively regulate dendritic branching (8). In addition, changes in levels of
TAOKI1 expression, either up-regulation or down-regulation, leads to impaired neuronal migration

both in vitro and in vivo in mice (8).
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Figure 1.6. TAOKSs are important for neurodevelopment.

TAOKI induces neurite initiation (top left) through phosphorylation of MARK2/PAR-1 and
downstream tau, which, in turn, leads to increased microtubule dynamics,
whereas Drosophila Tao regulates axon guidance by inhibiting MARK2/PAR-1 and tau
phosphorylation. Axon growth and dendritic branching (bottom left) are mediated in a JNK-

dependent manner by TAOK2 upon activation by the Sema3A-Neuropilinl complex. During
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dendritic spine development (top right), phosphorylation of TAOK 1 at Thr#4° and of TAOK?2
at Thr*®® by MST3 kinase induces their interaction with myosin Va and its recruitment to
dendrites, promoting spine and synapse formation. TAOKI1 can also autophosphorylate at both
Thr**® and Thr*#3 residues. Myosin Va recruitment to ER is likely mediated by Rab proteins.
Spine density and synaptic activity (bottom right) are regulated by TAOKI1 and TAOK2
through various mechanisms. Phosphorylation of septin 7 (gray), a cytoskeletal GTPase, at
Thr#?¢ by TAOK1/2 translocates septin 7 from the base of dendritic protrusions to dendritic
spine heads, promoting spine synapse maturation through stabilization of PSD95 and
interaction with 14-3-3. TAOK2p also regulates spine number through association with RhoA
(orange) and subsequent stabilization of F-actin. TAOK2B can negatively regulate spine
number in response to synaptic activity. Synaptic activity increases expression of arcadlin in
excitatory synapses. Arcadlin dimerizes and activates TAOK2B, which constitutively
associates with the intracellular domain of arcadlin. TAOK2B phosphorylates downstream
MEK3 and in turn p38 (purple), which then phosphorylates TAOK2p at Ser!?® leading to
endocytosis of N-cadherin and arcadlin at the synapse. CREDIT: A. FISHER/SCIENCE

SIGNALING

Depletion of TAOK2 leads to an overall increase in total brain volume in mice (18). TAOK2
activation by neuropilin 1 in complex with semaphorin 3A (Sema3A), a secreted guidance cue, is
important for the downstream activation of JNK through dual phosphorylation at Thr!'®3 and
Tyr!® residues that mediates axon projection and basal dendrite arborization in mouse cortical

neurons both in vitro and in vivo (Fig. 6, bottom left) (94). Phosphorylation of TAOK1 and
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TAOK2 at the conserved residue (Thr#*? and Thr*®8, respectively) by MST3 mediates dendritic
spine and synapse formation through association with and recruitment of myosin Va, an actin-
based motor protein, to dendrites in rat hippocampal neurons (Fig. 6, top right) (95). Myosin Va
was shown to colocalize with Rabl1, which is associated with recycling endosomes (95). In a
chemical-genetic screen of direct TAOK?2 substrates, the cytoskeletal GTPase, septin 7, was
identified (44). TAOK?2 phosphorylated septin 7 at the residue Thr#?®, which causes septin 7 to
translocate to the dendritic spine head and stabilize the postsynaptic scaffolding protein, PSD95,
facilitating spine and synapse maturation in rat hippocampal neurons (Fig. 6, bottom right) (44).
Using a phosphopeptide pulldown and biochemical assays, septin 7 function in dendritic spine
development was shown to be mediated through its association with 14-3-3y protein upon
phosphorylation at the Thr*?¢ residue by TAOK1/2 (Fig. 6, bottom right) (45). In contrast, another
study using Taok2 heterozygous (Het) and complete knockout (KO) mice did not find defects in
dendritic branching and synapse formation in hippocampal neurons but only in cortical neurons,
predominantly of the prefrontal cortex (18). Taok2 Het and KO mice exhibit dosage-dependent
changes in brain development and behavioral changes related to cognition, anxiety, and social
interaction similar to behaviors observed in autism spectrum disorder (ASD) (18). A kinase dead
de novo ASD-associated mutation identified in this study, A135P variant of both TAOK2a and
TAOKZ2p, could not rescue the defects in dendritic branching and dendritic spine maturation
in Taok2 Het mouse cortical neurons, whereas the wild-type TAOK20/B could, suggesting that
TAOK2-mediated regulation of dendritic and spine development is dependent on its catalytic
activity (18). The same study also revealed that TAOK?2 function in dendritic spine formation is
mediated through activation of RhoA (Fig. 6, bottom right) (18). Interestingly, the RhoA-mediated

effect may be specifically through its interaction with the TAOK2 isoform, because it was shown
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to preferentially bind the B compared with the o isoform by immunoprecipitation (Fig. 6, bottom
right) (18). In both cortical neurons from 7Taok2 KO mice and stem cell-derived human neurons
with disruption of TAOK2, neurons exhibited altered cellular respiration and mitochondrial
activity, size, and number (96). The isoform-specific contribution of TAOK2 in mitochondrial
function and its underlying mechanism would be an important area of future investigation. Loss
of TAOK2 function, either through knockdown or expression of catalytically inactive variant, also
led to delayed neuronal migration in mice (97). Intriguingly, impaired neuronal migration was
observed only in the a isoform harboring the kinase dead ASD—-associated variant, A135P, but not
in the B isoform, suggesting an isoform-specific role in migration (97). Furthermore, another study
has identified a B isoform—specific contribution of TAOK?2 in neurodevelopment. TAOK2f3
isoform regulates activity-induced dendritic spine formation in rat and mouse hippocampal
neurons through endocytosis of cell adhesion protein complex of N-cadherin and arcadlin (Fig. 6,
bottom right) (98). Upon synaptic activity, homophilic interactions of arcadlin on the cell surface
activate TAOK2[, which then activates downstream MEK3 and p38 MAPK (98). Activated p38
phosphorylates TAOK2p at Ser!%8 residue, causing internalization of N-cadherin and arcadlin,
which then leads to decreased spine density (98). Whereas the importance of TAOK1 and TAOK2
in neurodevelopment has been clearly demonstrated through these studies, the role of TAOK3 in

neurodevelopment is yet to be determined.

TAOK:S in neurodevelopmental disorders
The initial identification of a de novo codon deletion variant in TAOK! in a single patient from the
Autism Sequencing Consortium suggested TAOKI1 as a potential autism-associated gene (Fig.

7 and Table 1) (2). Subsequent identification of a novel de novo microdeletion at chromosome
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17q11.2, which encompasses TAOK1, in a patient with a developmental delay and microcephaly
further posited TAOK1 as a potential candidate gene for neurodevelopmental disorders (NDDs)
(3). Two microdeletions at this chromosomal region were previously reported in the morbidity
map of developmental delay (nsv1062993) (4) and in the Decipher database (decipher no. 250045)
(5). A patient with TAOK deletion (case no. 250045) exhibited microcephaly and seizures (3, 5).
Both deletions included part of TAOKI gene without affecting other genes, suggesting the
importance of TAOK1 in NDDs (3). Further support came from analysis of the diagnostic exome
sequencing data and GeneMatcher, identifying eight de novo variants in TAOK1 in patients with
NDDs (Table 1) (6). When compared between NDD and non-NDD trios, the difference in the
frequency of de novo changes was the highest in TAOK/ among the genes with high intolerance
to loss-of-function variants (6). The eight variant carriers exhibited developmental delay with
varying phenotypes, including seizures, intellectual disability, muscular hypotonia, attention
deficit hyperactivity disorder (ADHD), autism, macrocephaly, and facial abnormalities (Fig. 7) (6).
A variant of TAOKI1 that causes a frameshift in the protein at Leu’® (L790Ffs*3) led to reduced
TAOKI1 expression at the cDNA, mRNA, and protein levels as well as reduced phosphorylation
of a downstream substrate, tau (6). A large-scale, whole-exome sequencing (WES) analysis further
identified TAOKI as one of the 102 ASD-associated genes (7). Nineteen additional NDD-
associated variants in TAOK, including two inherited mutations, have been identified through a
collaboration with GeneMatcher (Table 1) (8). These included five missense variants, seven
premature stop variants, four indels, and three canonical splice site variants (8). The individuals
with these variants exhibited overlapping facial features, varying degrees of developmental delay
and intellectual disability, neonatal feeding difficulties, muscular hypotonia, joint hypermobility,

and recurrent ear and airway infections (8). Two individuals were diagnosed with autism, and
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seven of them exhibited macrocephaly (Fig. 7) (8). The same study also identified three additional
individuals with a chromosomal microdeletion (8). One of them was diagnosed with autism (8).
Functional assessment of the five missense variants revealed changes in TAOKI protein
expression, neurite length, dendrite arborization, and neuronal migration (8). Five additional novel
variants in TAOK1 were identified in recent case studies (Table 1) (9—11). A study identified one
maternally inherited mutation using whole-genome sequencing (WGS) in a sibling pair and two
de novo mutations, one missense, and one splice site variant using WES in unrelated individuals
(9). Consistent with previously reported phenotypes in TAOK1-associated neurodevelopmental
disorders, common features included global developmental delay, hypotonia, joint hypermobility,
motor delay, speech delay, macrocephaly, autistic behavior, and neonatal feeding difficulties (Fig.
7) (9). The study reported additional consistent features including ventriculomegaly, increased
body mass index, and GERD (gastroesophageal reflux disease) (9). A separate case report of a
fetus with an expanded left lateral ventricle identified a de novo variant (E76G) through trio WES
(Table 1) (10). Another de novo frameshift variant of TAOK1 (P422Lfs*50) was identified as the

candidate gene associated with childhood-onset tremor through trio WES (Fig. 7 and Table 1) (11).
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+ Childhood apraxia of » Schizophrenia A
onset tremor speech H

+ Schizophrenia

|

TAOK1 TAOK2 TAOK3
1 |
l Alzheimer's ___________. E Depression
disease (PD)

Figure 1.7. Dysfunction in TAOKS leads to neurological diseases.
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Neurological disorders associated with the TAOK family are shown. The dotted line indicates
connections that are not yet defined or tested and need further exploration. CREDIT: A.

FISHER/SCIENCE SIGNALING

30



Table 1.1.Neurodevelopmental disorder—associated missense and truncation mutations
within the TAOK family.
The table shows a list of the missense and truncation mutations in TAOK1, TAOK2, and

TAOKS3 that are associated with NDDs, noting their mode of inheritance.

Gene Amino acid change Inheritance Reference
TAOK1 R82del De novo (2)
v ' p24T Denovo (118)
L167R De novo (118)
A219V Denovo (118)
V289M De novo S (118)
E17G De novo (6)
K298E De novo (6)
E781*% De novo 6)
D30sA " penowo w9
........................................................... o Rl e
S11F De novo (6)
L790Ffs*3 Denovo 6)
L790Ffs*3, L642Ffs*3 De novo (119)
E830* De novo . 6)

Ls4gP . D& ROVO o @

Q607* De novo ()]
"""""""" K277+ Denovo 8
E220* Ma(ernai,.faﬁrilvivavl NDD 8) s
R709* Paternal (8)
R1501 De novo 8)
s SR s e ;
R702* Unknown (8)
L315F De novo (8)
K429Nfs*42 De novo (8,119)
K78Vfs*20 De novo 8)
- M231v - Unknown i 8
“Reos* " Unknown ®
e e Maternal P
RaW "De novo ©
s T e R
11575 De novo i (119)
R46* Denovo (119
K166T De novo o (119)
P186L De novo (119)
Y235C " Denovo : (119)
R9Q Denovo G
947  ‘Demovo a9
K314_F317de_!_iq_s_MC o De novo o (fl19)
E558.R"fsv'§ De novo (119)
Q201R De novo (119
p.Arg472* De novo (119)
F280Lfs*11 De novo (119)
ey
R P S
P422Lfs*50 De novo (11)

continued on next page
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Gene Amino acid change Inheritance Reference
TAOK2 A522T Undetermined (120)
P935S De novo (118)
R1126C De novo (118)
E388* De novo (17)
A135P De novo (18)
T6045fs*45 Unknown (18)
Q622* Unknown (18)
L1030Wfs*3 (a) Paternal, present in unaffected and (18)

affected sibling
A335V Paternal (18)
R489Q Paternal from paternal grandmother, (18)
not present in affected sibling
P826S (a) Paternal (18)
D836N () Paternal (18)
C938Y (a) Paternal (18)
L9511 (o) Paternal, not present in unaffected (18)
sibling

R1109Q (@) Maternal (18)
L1114V (a) Maternal, present in affected sibiling (18)
V1129 () Maternal, present in affected sibiling (18)
R1226C () Maternal, present in affected sibiling (18)
P1232T () Maternal, present in affected sibiling (18)
H781R () Maternal (18)
L833H (p) Unknown (18)
AB67V () Paternal (18)
R870Q () Maternal (18)
S889A (p) Maternal (18)
A908E () Not maternal, no paternal DNA (18)
N980Y () Maternal (18)
R499Q De novo (19)
N229H, N56H De novo (119
TAOK3 T499A De novo (#2)]
R632W De novo @n
H348Y De novo (119
M101Gfs*1 De novo (119
Yi6* De novo (119)
P893L,P88L,P433L De novo (119)
T240M De novo (119
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TAOK2 has been extensively studied in the context of neurodevelopment and associated disorders
because of its location within the 16p11.2 genomic region, the duplication or deletion of which are
associated with neurodevelopmental disorders, including ASD (12, 13) and schizophrenia (Fig. 7)
(14). Among the genes within this locus, TAOK2 gene expression has the highest correlation with
head circumference in ASD patients with 16p11.2 copy number variations (15). WGS analyses of
families with ASD identified a de novo loss-of-function, frameshift deletion variant (P1022%)
in TAOK?2 (16), followed by identification of another de novo nonsense variant (E388%*) (Table 1)
(17). Another 23 variants, both de novo and inherited, were revealed through WGS and WES of
more than 2600 families with ASD (Table 1) (18). Six individuals were diagnosed with autism
(18). Two de novo mutations (A135P and P1022*) and two rare inherited variants (A335V and
H781R) were further characterized (18). The A135P mutation, located in the kinase domain,
reduces both TAOK2 autophosphorylation and the protein expression (18). The P1022* variant
also reduces TAOK2 protein expression but does not affect autophosphorylation, whereas the two
rare inherited mutations affect neither (18). Moreover, the A135P mutation significantly decreases
phosphorylation of downstream substrate JNK1, whereas the opposite is seen with the P1022*
mutation (18). Interestingly, the effect of the A135P variant on JNK1 phosphorylation was specific
to the a isoform (18). These variants also impair dendrite and synaptic development (18). More
recently, another variant in TAOK2 (R499Q) was identified in WGS analyses of families with

childhood apraxia of speech, a rare neurodevelopmental speech disorder (Fig. 7 and Table 1) (19).

Although TAOKS3 has not been extensively studied as TAOK1 and TAOK2, several studies have

implicated TAOK3 in neurodevelopmental disorders (20-22). WGS of families with

schizophrenia identified a de novo deletion at chromosome 12q24.23, which contains TAOK3,
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potentially suggesting its role in schizophrenia (Fig. 7) (20). Moreover, WES of more than 2500
families with ASD revealed two de novo variants in TAOK3 (T499A and R632W) (Fig.
7 and Table 1) (21). Recently, a de novo mutation in TAOK3 (c.1357-11A>G) was identified
through WES and chromosomal microarray in a patient diagnosed with cerebral palsy from infancy

who also exhibits spastic paraplegia and microcephaly (Fig. 7) (22).

TAOKS in addiction, pain, and depression

Both Drosophila Tao and mammalian TAOKSs regulate ethanol-induced behaviors in a species-
specific yet overlapping manner, suggesting an evolutionarily conserved role of the TAOK family
(48, 87, 99, 100). Drosophila Tao mediates the ethanol-induced hyperactivity, potentially through
its role in the development of the mushroom body via negative regulation of the downstream Par-
1 kinase and tau phosphorylation (48). In contrast, in mice, Taok2 and Taok3 are important for
ethanol-induced sedative effects but not hyperactivity (87, 99). Down-regulation of JNK pathway
signaling was also shown to confer ethanol-induced locomotor and sedative effects mediated
by Drosophila Tao and mouse Taok3, respectively, independent of the role of Tao in mushroom
body structure (87). Suppression of EGFR signaling upstream of JNK pathway may contribute to
these behaviors as well (100). In addition, Taok2 mediates ethanol-induced conditional place
preference in mice (99). Last, the study on the mushroom body development suggested
that Drosophila Tao may also potentially regulate behavioral responses to other types of drugs of

abuse, such as cocaine and nicotine, the mechanisms for which are currently unclear (48).

TAOKS3 is also associated with responses to the opioid morphine, an analgesic drug of abuse (101—

104). A genome-wide association approach to identify genetic variants linked with opioid
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analgesic response variability demonstrated that TAOK3 is associated with total morphine
requirement and postoperative pain in a retrospective pediatric population who had undergone day
surgery of tonsillectomy and adenoidectomy (101, 102). Interestingly, whereas the association
with pain sensitivity was present in children of both European Caucasian and African American
ancestry, the association with morphine dose was observed only in the former (101, 102).
Moreover, TAOK3 was reported to be associated with opioid requirement in a retrospective adult
patient population with advanced cancer pain (103). In contrast, no significant association was
found between TAOK3 and thermal pain sensitivity in a pediatric population (104). These studies
suggest that TAOK3 may modulate pain sensitivity in a modality-specific manner or rather
regulate opioid responsiveness similarly to the way it regulates ethanol sensitivity, or it may be
involved in both processes. Further studies are required to test these and understand the exact
function of TAOK3 in pain sensation. Last, a recent study identified TAOK3 as a potential
druggable protein candidate for depression through Mendelian randomization, which showed that

the altered TAOK3 protein expression potentially contributes to depression (Fig. 7) (105).

TAOKS in neurodegenerative disorders

Although there is no genetic evidence for a direct involvement of TAOKSs in neurodegeneration,
they may play indirect roles (106—-109). One of the major pathological hallmarks of Alzheimer’s
disease (AD) and frontotemporal lobar degeneration (FTLD) is the formation of neurofibrillary
tangles resulting from aggregates of hyperphosphorylated tau that can no longer bind to
microtubules (110, 111). TAOK1 and both isoforms of TAOK2 phosphorylate tau on multiple
sites in the tau microtubule-binding domain and in the regions flanking this domain, including

several disease-associated sites (Fig. 4A) (106). Moreover, TAOK1/2 activity was enhanced in the
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brain regions susceptible to AD, and activated TAOK /2 (phosphorylated Ser!8! as a readout) was
found in pretangles and tangles in human postmortem brain tissues of AD and FTLD patients (Fig.
7) (106, 107). A study using a machine learning approach also identified association between
TAOK3 methylation and AD (Fig. 7) (108). TAOK3 was found to be differentially methylated in
AD (108). In addition, TAOK3 is a downstream substrate for the kinase leucine rich repeat kinase
2 (LRRK2), mutations in which are the most common genetic cause of Parkinson’s disease (PD)
(Fig. 7) (109). Tau hyperphosphorylation has been observed in PD patients with LRRK?2 mutations,
and LRRK?2 has been reported to promote tau phosphorylation and aggregation (112, 113).
Consistent with TAOK1/2, TAOK3 may also regulate tau phosphorylation. These findings suggest
that TAOKs may contribute to neurodegenerative disorders through phosphorylation-dependent

regulation of microtubule dynamics and potentially through epigenetic modifications.

CONCLUSIONS AND PERSPECTIVES

The TAOK family of kinases are relatively understudied serine/threonine kinases that play
important roles in broad cellular functions, immunity, and particularly neuronal development.
Strong evidence associating TAOK1/2 mutations with NDDs has increased the focus toward
understanding the basic molecular functions and precise roles of TAOKSs in brain development.
Much still remains to be uncovered, including the cell-type expression profiles of TAOKI, 2, and
3 and their alternatively spliced isoforms. Because of the conserved nature of their kinase domains,
identifying specific direct substrates of each TAOK will be extremely challenging. Nevertheless,
recent advances in the field will guide future efforts in identifying direct substrates. An analysis of
the entire human Ser/Thr kinome suggests that TAOKs have a preference to phosphorylate

threonine compared with serine in substrates, and there is a clear selection of basic residues at the
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+2 and +3 amino acid to the phospho-threonine (pT) site (114). This is consistent with a previous
study that used a chemical-genetics approach to find the minimum consensus sequence for TAOK2
kinase targets, pT-X-X-R/H/K (44), and another study that used peptide arrays to define the
phosphorylation site specificity for Thr followed by basic residues at the +2 and +3 positions (115).
Amino acid selectivity in the phosphorylation consensus sequence for TAOK1, TAOK2, and
TAOK3, identified using peptide arrays, shows no identifiable differences in the motifs (114),
indicating that physiological substrates of each are likely determined by differential localization
and expression of each kinase in distinct cell types. Mass spectrometry—based phosphoproteomic
analysis of TAOK1/2/3-KO cells or immunoprecipitation—mass spectrometry strategies in distinct
cell types will aid future discovery of new physiologically relevant substrates. Relevant to the point
above, the extent of redundancy versus distinct functions among the TAOKs might be directly
explored using small-molecule inhibitors, although current compounds may be hampered by
selectivity issues (55, 116). The association of TAOKSs with disease—neurological, immune, and
cancer—may spur renewed interest in identifying and developing TAOK1-, TAOK2-, and

TAOK3-specific allosteric modulators that could advance this field in leaps and bounds.

Furthermore, the molecular functions of the TAOKSs in neurodevelopment versus those in the adult
brain are not yet known. Is the contribution of TAOK mutations in NDDs due to their known
roles—including Hippo/MAPK signaling, cytoskeletal organization, mitosis, and apoptosis—or
due to those that are yet unknown? Functional binning of TAOK1 and TAOK2 variants associated
with disease could shed light on whether loss-of-function or gain-of-function mechanisms (or both)
underlie the pathology. Emerging data on the role of the TAOK family of kinases in immunity are

fascinating for understanding both the immune system and neurophysiology, given their emerging
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interconnectedness (117), but how distinct TAOKSs sense viral nucleotides and mediate signaling
in response to various pathogens are key questions to be answered. In addition to their pleiotropic
cellular functions, the regulatory C-terminal regions make TAOKs molecularly pleiotropic,
endowing distinct functional domains that include ER-targeting, microtubule binding, nucleotide
binding, or plasma membrane—tubulating properties. Modern structural analysis tools, such as
cryo—electron microscopy, will yield further molecular insights into their autoregulation and the
conformational changes regulating TAOK activity during neurological development, aging, and
states in between. Integration of comprehensive structural, molecular, and functional
investigations of the TAOKSs will reveal much-needed insight into how these fascinating kinases

contribute to development and disease in the brain and beyond.
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Abstract

Septins are a family of cytoskeletal proteins that regulate several important aspects of neuronal
development. Septin 7 (Sept7) is enriched at the base of dendritic spines in excitatory neurons and
mediates both spine formation and spine and synapse maturation. Phosphorylation at a conserved
C-terminal tail residue of Sept7 mediates its translocation into the dendritic spine head to allow
spine and synapse maturation. The mechanistic basis for postsynaptic stability and
compartmentalization conferred by phosphorylated Sept7, however, is unclear. We report herein
the proteomic identification of Sept7 phosphorylation-dependent neuronal interactors. Using Sept7
C-terminal phosphopeptide pulldown and biochemical assays, we show that the 14-3-3 family of
proteins specifically interacts with Sept7 when phosphorylated at the T426 residue. Biochemically,
we validate the interaction between Sept7 and 14-3-3 isoform gamma and show that 14-3-3 gamma
is also enriched in the mature dendritic spine head. Furthermore, we demonstrate that interaction
of phosphorylated Sept7 with 14-3-3 protects it from dephosphorylation, as expression of a 14-3-
3 antagonist significantly decreases phosphorylated Sept7 in neurons. This study identifies 14-3-3

proteins as an important physiological regulator of Sept7 function in neuronal development.

Introduction

Septins are evolutionarily conserved cytoskeletal proteins important for diverse cellular processes
including cell division, regulation of actin and microtubule dynamics, localization of scaffolding
proteins, and membrane trafficking (Mostowy and Cossart, 2012). Septins structurally contain a
GTP-binding domain and a variable N- and C-terminal domain, which oligomerize with each other
to form symmetric filaments and higher order structures such as rings (Sirajuddin et al.,

2007; Mendonga et al., 2021). In humans, there are 13 septin genes within four homology
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groups: SEPT2 (SEPTI, SEPT2, SEPT4, and SEPTY), SEPT3 (SEPTS3,
SEPTY9, and SEPT12), SEPT6(SEPT®, SEPTS, SEPTI0, SEPTI1, and SEPT14),
and SEPT7 (SEPT7) (Kinoshita, 2003a). Within these septin oligomers, septins from the same
group are interchangeable, suggesting potential redundancy in their function. Notably, forming its

own group, Septin7 (Sept7) is a unique and non-redundant core component of the septin complexes

(Kinoshita, 2003b).

Several members of the septin family were found to be enriched in postsynaptic density (PSD)
fractions in the mouse brain, by a mass spectrometry analysis, with Sept7 suggested to be the most
abundant (Walikonis et al., 2000). Sept7 is expressed throughout all stages of neuronal
differentiation and localizes at axonal and dendritic branching points as well as at the base of
dendritic protrusions (Tada et al., 2007; Xie et al., 2007). Depletion of Sept7 leads to decreased
branching of axon and dendrites both in vitro and in vivo (Tada et al., 2007; Xie et al., 2007; Hu
et al.,, 2012; Ageta-Ishihara et al., 2013). Moreover, an increase in the number of immature
dendritic filopodia was observed when Sept7 was knocked down (Tada et al., 2007). Sept7
localizes at the base of dendritic spines to create an important diffusion barrier for membrane
protein entry into the dendritic spine head (Ewers et al., 2014). Furthermore, Sept7 was found to
be a phosphorylation target of thousand-and-one amino acid kinase 2 (TAOK?2), a serine/threonine
kinase encoded by the autism risk gene TAOK?2 (de Anda et al., 2012; Yadav et al., 2017; Richter
et al., 2018; Nourbakhsh et al., 2021). Phosphorylation of Sept7 by TAOK2 at an evolutionarily
conserved C-terminal tail residue T426 was shown to be essential for spine maturation. While in
its unphosphorylated state Sept7 localizes to the base of dendritic spines and filopodia, when

phosphorylated at T426, Sept7 relocates to the dendritic spine head (Yadav et al., 2017). Although
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mechanisms through which phosphorylation induces Sept7 translocation are unclear, it was found
that preventing this phosphorylation leads to increased dendritic filopodia as well as
mislocalization of synaptic scaffold proteins to the dendritic shaft instead of the spine. This
eventually led to formation of mislocalized synapses on the dendritic shafts (Yadav et al., 2017).
How phosphorylation at the conserved T426 residue on the C-terminal tail of Sept7 regulates its
function is unknown. The C-terminal tail extends perpendicularly out to the axis of the oligomeric
septin filament (Sirajuddin et al., 2007). This is thought to facilitate protein—protein interactions
in addition to lateral associations between septin filaments (Marques et al., 2012; Finnigan et al.,

2015; Finnigan et al., 2016).

Herein, we show that phosphorylation of Sept7 C-terminal tail at the T426 residue can be mediated
by several members of the TAO kinase family, including TAOKI1 and two distinct isoforms of
TAOK2 kinase. Furthermore, Sept7 phosphorylation at T426 was found to increase during
development in rat embryonic hippocampal neurons. Sept7 phosphorylation was found to be
important for spine maturation, as expression of phosphomimetic Sept7 T426D in early stages of
neuronal development (DIV9) leads to precocious maturation of dendritic spines. Using live
confocal imaging, we show that phosphorylated Sept7 is stably associated with the dendritic spine
head over time in contrast with the wild-type and phosphomutant Sept7. To identify potential
mechanisms through which phosphorylated Sept7 contributes to dendritic spine maturation, we
performed an unbiased proteomic screening to identify phosphorylation-dependent binding
partners of Sept7. Among the identified candidate interactors were several isoforms of 14-3-3
proteins and actin-binding proteins. Since 14-3-3 proteins bind and modulate functions of

phosphorylated proteins, we tested whether phosphorylated Sept7 associates with 14-3-3 proteins.
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Using biochemical assays, we demonstrate that phosphorylated Sept7 interacts with the 14-3-3
gamma (14-3-3y) isoform. Furthermore, we found that 14-3-3y is enriched in dendritic spines
compared to other 14-3-3 isoforms. Finally, we found that disrupting 14-3-3 and Sept7 interaction
perturbs the level of phosphorylated Sept7 and maturation of dendritic spines in neurons, revealing

an important role of this interaction in regulating neuronal development.

Materials and Methods

Antibodies and Plasmids

Antibodies used for these experiments include: anti-HA-tag (Mouse, ProteinTech, Thermo Fisher
Scientific, 50-173-6,449), phospho-TAOK2 (S181) (Rabbit, R&D Systems, PPS037), GFP
(Mouse, Roche, 11,814,460,001), GST (Mouse, Invitrogen, MA4-004), 14-3-3 pan isoform
(Rabbit, CST, #8312), and 14-3-3 gamma (Mouse, Sigma, MA1-16587). Rabbit phospho-Septin7
(pT426) antibody was generated, as described previously (Yadav et al., 2017). Human TAOK2a
was PCR amplified from pCMV-Sp6-TAOK?2 plasmid (Ultanir et al., 2014) and cloned into
sfGFP-C1 vector (Addgene #54579) using restriction sites HindIII and Mfel. Human TAOK2p
cDNA was obtained from Transomics (#BC152413) and cloned into the sfGFP-C1 vector using
the same restriction sites. Similarly, TAOK1 ¢cDNA from Transomics (#BC144067) was inserted
into the sftGFP-C1 vector using restriction enzymes. Addgene plasmids used for these experiments
include: HA-14-3-3 zeta (#116888) and pcDNA3-HA-14-3-3 gamma (#13274). EYFP-Difopein

and EYFP-Control were gifts from Dr. Yi Zhou (Florida State University).

Immunoprecipitation Kinase Assays
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HEK293T cells were grown in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin (Thermo Fisher Scientific). Expression
constructs sfGFP-tagged TAOKI1, TAOK2a, and TAOK2B (3 ng) were transfected with
JetOptimus, following the manufacturer’s instructions. After 24 h post-transfection, cells were
collected and incubated in HKT lysis buffer (25 mM HEPES pH 7.2, 150mM KClI, 1% Triton X-
100, 2 mM DTT, and 1X protease inhibitor (Roche, cOmplete™ EDTA free)) for 30 min on ice
prior to homogenization with a 25-gauge syringe needle. Pierce™ Protein G Agarose beads
(Thermo Fisher Scientific) were washed with HKT buffer thrice. The supernatant was collected
from cell lysates through centrifugation at 800g for 5 min, precleared with Protein G Agarose
beads for 30 min, and immunoprecipitated with the GFP antibody overnight at 4°C. Beads were
washed with HKT buffer twice, incubated with high salt HKT buffer (25 mM HEPES pH 7.2, IM
NaCl, 1% Triton X-100,2 mM DTT, and 1X protease inhibitor (Roche, cOmplete™ EDTA free))
for 10 min, and washed with HK buffer (25 mM HEPES, 150mM KCIl, 2 mM DTT, and 1X
protease inhibitor (Roche, cOmplete™ EDTA free)) twice and then with kinase buffer (20 mM
Tris HC1 pH 7.5, 10 mM MgCI2, 1 mM DTT, 1X protease inhibitor (Roche, cOmplete™ EDTA
free)) twice at 4°C. Kinase assay was performed by incubating the beads with the kinase buffer,
I mM ATP, and 10X phosphatase inhibitor (Thermo Fisher Scientific, Halt) at 30°C for 45 min at
920 rpm. To assay for phosphorylation of Septin7 by TAO kinases, purified GST-tagged Sept7 C-
terminal tail (321438 amino acids) was also added to the reaction. Samples were prepared by
adding NuPAGE™ LDS sample buffer (Thermo Fisher Scientific) containing 125 mM DTT,
heating for 10 min at 95°C, and centrifuging at 5,000g for 5 min. Samples were run on NuPAGE™
4-12% bis-tris polyacrylamide gels (Thermo Fisher Scientific) with NuPAGE™ MOPS running

buffer (Thermo Fisher Scientific) at 165 V for 20 min and then at 175 V for 50 min. Gels were
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transferred to Immobilon-P membrane at 100 V for 1 h. The blots were blocked with 5% BSA
blocking buffer and probed with phospho-TAO2 (S181) and phospho-Sept7 (T426) antibodies at
1:500 dilution overnight at 4°C followed by 3 h incubation with HRP-conjugated secondary
antibody at 1:5,000 dilution at room temperature. The kinase activity was quantified by
normalizing phospho-TAOK2 signal intensity to that of the GFP signal and phospho-Sept7 signal

intensity to that of the GST signal.

Protein Purification

Septin 7 C-terminal tail (321438 amino acids) was cloned into pGEX4T1 vector using restriction
sites BamHI and Xhol and transformed into the BL21 E. coli bacterial strain to bacterially express
GST-tagged Sept7C-WT (Yadav et al., 2017). A 25 ml starter culture grown from a single colony
overnight was used to inoculate 1 L culture, which was allowed to grow at 37°C until OD600
reached 0.6. Protein expression was induced by adding IPTG at the final concentration of 0.3 mM
and growing the culture for additional 5 h at 30°C. Cells were harvested by centrifugation at 4500 g
for 15 min at 4°C, washed with ice-cold PBS, and then resuspended in lysis buffer (50 mM Tris
pH 8.0, 5 mM EDTA, 150 mM NaCl, 10% glycerol, 5 mM DTT, 1X protease inhibitor (Roche,
cOmplete™ EDTA free), and 2 mM PMSF). To further lyse the cells, they were incubated with
4 mg of lysozyme on ice for 30 min followed by addition of 0.5% Triton X-100 and sonication.
The supernatant was collected after a 30-min spin at 25,000 g and incubated with prewashed GST
beads (Thermo Fisher Scientific) for 2 h. Beads were washed with wash buffer (PBS +1 mM DTT
+0.1% Tween 20) and then with wash buffer without detergent. Bound protein were eluted and
collected in fractions by glutathione elution buffer at pH 8.0 (50 mM Tris pH 8.0, 250 mM KCl,

I mM DTT, and 25 mM glutathione).

57


https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2022.836746/full#B38

Co-Immunoprecipitation

Co-immunoprecipitation assays were performed in HEK293T cells grown in DMEM media
(Thermo Fisher Scientific, Gibco) with 10% fetal bovine serum (Axenia) and 1% penicillin—
streptomycin (Invitrogen). Cells were grown to confluence in a flat-bottom plate with 35-mm deep
wells at 5% CO2 and 37°C and transfected with 2.0 pg of HA-14-3-3 gamma, HA-14-3-3 zeta, or
1.5 pg of both gamma and zeta using JetOptimus, following the manufacturer’s instructions. Cells
were co-transfected with 1.0 ug of GFP-tagged Sept7-WT. Approximately 36 h post-transfection,
cells were treated with 0.1 uM okadaic acid for 10 min and lysed with 1 ml HKT buffer (25 mM
HEPES pH7.2, 100 mM KCl, 1% Triton X-100, I mM DTT, 1 mM EDTA, phosphatase inhibitor
(Thermo Fisher Scientific, Halt), and protease inhibitor (Roche, cOmplete™ EDTA free)) per 2-
well construct. Lysate was incubated on ice for 20 min prior to homogenization with a 25-gauge
syringe needle. Homogenate was pelleted via centrifugation at 6,000 g and 4°C for 5 min. Pierce™
Protein G Agarose (Thermo Fisher Scientific) beads and EZview™ Red Anti-HA Affinity Gel
(Millipore-Sigma) beads were washed twice for 5 min at 4°C and re-suspended in 150 uL HKT
per sample tube. Pellet supernatant was pre-cleared with 20 uL. Pierce™ Protein G Agarose
(Thermo Fisher Scientific) beads, and pre-cleared supernatant was collected for input samples.
Remaining volume of pre-cleared supernatant was immunoprecipitated with 20 pL EZview™ Red
Anti-HA Affinity Gel (Millipore-Sigma) beads. Beads were washed three times with HKT and
twice with HK buffer (25 mM HEPES pH 7.2, 100mM KCI, 1 mM DTT, and 1 mM EDTA). Both
immunoprecipitation and input samples were prepared with 4X LDS sample buffer (Thermo Fisher
Scientific) and 125 mM DTT followed by heat treatment at 95°C for 10 min. Samples were

centrifuged at 14,000g for 5 min at 4°C and electrophoresed on NuPAGE™ 4-12% bis-tris
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polyacrylamide gels (Thermo Fisher Scientific) with NuPAGE™ MOPS running buffer (Thermo

Fisher Scientific) for 40 min at 160 V.

Neuronal lysates were prepared at DIV 18 with HKT buffer (25 mM HEPES pH7.2, 100 mM KCl,
1% Triton X-100, 1 mM DTT, 1 mM EDTA, and protease inhibitor (Roche, cOmplete). Lysates
were precleared with agarose beads and then incubated with 14-3-3 gamma (mouse) or 14-3-3 pan
(Rabbit)-bound sepharose beads overnight. Beads were washed thrice with HKT buffer and twice
with buffer without detergent. In experiments where phosphospecific interaction was probed,
Protein G beads with immunoprecipitated 14-3-3y were incubated overnight with neuronal lysates
that were prepared in 500 pL of lysis buffer (50 mM HEPES, 100 mM NaCl, 2 mM DTT, 1%
TritonX100, and 1 mM MnCl2) and pretreated with or without 10 pL of lambda protein
phosphatase (NEB, Cat#P0753) at 30°C for an hour. Beads were then washed thrice with lysis

buffer and twice with buffer without detergent before running on SDS-PAGE gels.

Western Blot

For Western blot analysis, gels were transferred to Immobilon-P PVDF membrane (Millipore-
Sigma) with transfer buffer (25 mM Tris, 192 mM glycine, and 20% (v/v) Methanol) for 60 min
at 100 V. Blots were cut below the 50 kDa mark to produce one half-membrane consisting of high
molecular weights to detect phosphorylated Septin 7 and one half-membrane consisting of low
molecular weights to detect 14-3-3 isoforms (endogenous or HA-tagged). Blots were blocked in
5% milk (5% milk powder (Carnation), 50 mM Tris-Cl, 150 mM NaCl, and 0.1% Tween™ 20
(Thermo Fisher Scientific)) or 2% BSA (2% bovine serum albumin (VWR), 50 mM Tris-Cl,

150 mM NaCl, and 0.1% Tween™ 20 (Thermo Fisher Scientific)) blocking buffer for 1 hour at
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room temperature and incubated in primary antibody overnight at 4°C. Primary rabbit antibody to
detect phosphorylated Septin 7 (T426) was diluted to 1:250 and applied to high molecular weight
half-membrane, and primary mouse antibody to detect HA-tag or endogenous 14-3-3 was diluted
to 1:1,000 and applied to low molecular weight half-membrane. Blots were washed with blocking
buffer at room temperature before secondary antibody incubation. Blots were incubated in HRP-
conjugated secondary antibody at 1:1,000 dilution for 3 hours at room temperature. Blots were
washed successively with blocking buffer, TBST (50 mM Tris-Cl, 150 mM NacCl, and 0.1%
Tween™ 20 (Thermo Fisher Scientific)), and TBS (50 mM and 150 mM NaCl). Western blot
images were visualized with Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific)

and captured with the ChemiDoc Imager (Bio-Rad).

Peptide Pulldown and Mass Spectrometry

Synthetic peptide corresponding to Sept7 C-terminal tail residues 416—438 were commercially
synthesized with an N-terminal cysteine residue and T426 in either phosphorylated or
unphosphorylated forms (Elim Biopharmaceuticals). Peptides were coupled to SulfoLink beads
(Invitrogen), according to manufacturer’s protocol. In brief, 0.5 mg of peptide was dissolved in
1 ml of coupling buffer (50 mM Tris and 5 mM EDTA, pHS.5) and then TCEP was added to a
final concentration of 25 mM. Beads (50 ul for each peptide) were washed four times in the
coupling buffer, quenched with I-cysteine-HCI and then incubated with 100 ul of 0.5 mg/ml P15
mouse brain lysate. Beads were washed four times with lysis buffer, containing 20 mM Tris pH
7.5, 100 mM NacCl, 10 mM MgCl2, 0.5 mM DTT, 1% Triton X-100, 0.1% deoxycholic acid, and
protease inhibitors (Roche), and thrice with lysis buffer without detergent. Proteins bound to beads

were then denatured by adding 3x bead volumes of 8M urea/10 mM Tris pH 8.0 to resuspend
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beads. TCEP was added to a final concentration of 1 mM and incubated at room temperature for
30 min with thermomixer/slow vortex. Chloroacetamide (CAM) was added to final concentration
of 3 mM and incubated at room temperature for 10 min with thermomixer/slow vortex. TCEP was
added to quench excess CAM after alkylation is complete. The pH was then adjusted to 8. For
protein digestion, LysC (Mass Spec Grade) at 1:100 enzyme:substrate ratio was added and
incubated at 37°C for 2 h on a thermomixer with gentle agitation. Then 3x reaction volumes of
TEAB was added to dilute urea to less than or equal to 2M urea. Then pH was adjusted to 8.0.
Trypsin (MS grade, Promega) was added at 1:100 enzyme:substrate ratio and incubated at 37°C
for 12—-16 h with gentle agitation. Digestion was stopped by adding TFA to a final concentration
of 1%. Peptide samples were desalted on C18 StageTips. Peptide samples were separated on an
Thermo Dionex UltiMate 3000 RSLCnano System (Thermo Fisher Scientific) using 20-cm long
fused silica capillary columns (100 um ID, laser pulled in-house with Sutter P-2000, Novato CA)
packed with 3 um 120 A reversed phase C18 beads (Dr. Maisch, Ammerbuch, DE). Liquid
chromatography (LC) solvent A was 0.1% (v/v) aq. Acetic acid and LC solvent B was 20% of 0.1%
(v/v) acetic acid and 80% acetonitrile. The LC gradient was 100-min long with 5-35% B at
300 nL/min. MS data was collected using an Orbitrap Elite mass spectrometer (Thermo Fisher

Scientific).

Mass Spectrometry Data Analyses

Data-dependent analysis was applied using top15 selection with CID fragmentation. Data raw files
were analyzed by MaxQuant/Andromeda (Cox et al., 2011) version 1.6.2.8 using protein, peptide,
and site FDRs 0f 0.01, a score minimum of 40 for modified peptides and 0 for unmodified peptides,

and a delta score minimum of 17 for modified peptides and 0 for unmodified peptides. MS/MS
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spectra were searched against the UniProt mouse database (updated July 2016). MaxQuant search
parameters are as follows: variable modifications included Oxidation (M) and Phospho (S/T/Y).
Carbamidomethyl (C) was a fixed modification. Maximum missed cleavages were 2, enzyme was
trypsin/P, and maximum charge was 7. The initial search tolerance for FTMS scans was 20 ppm
and 0.5 Da for ITMS MS/MS scans. Label-free quantification (LFQ) of MS intensities from five
process replicates/condition was processed with Perseus. Protein groups were filtered to remove
proteins ‘only identified by site’ as well as reverse and potential contaminants. MS intensities were
log2 transformed, and missing values were imputed by randomly selecting from a distribution
downshifted by 1.8 and a width of 0.3. Significance was calculated by a two-sample Student’s t-

test.

MS raw data (ID MSV000088699) is publicly available at repository UCSD Massive database and

can be accessed freely at https://massive.ucsd.edu.

Immunofluorescence

Rat embryonic hippocampal neurons were grown on coverslips coated with 0.1M borate buffer
(50 mM boric acid and 12.5 mM sodium tetraborate in water, pH 8.5), 60 ug/mL poly-d-Lysine
(Sigma), and 2.5 ug/mL laminin (Sigma) in 12-well plates. For immunofluorescence, neurons were
fixed with warm 4% paraformaldehyde + 4% sucrose in PBS, followed by 60-min incubation in
blocking buffer (0.2% Triton X-100, 10% normal goat serum (Jackson Labs), and 0.2M glycine
pH 7.2) at room temperature. Primary antibody was incubated overnight at 4°C followed by
secondary antibody for 3 hours at room temperature. Coverslips were mounted on slides using

Fluoromount-G.
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Neuronal Culture

Hippocampi were obtained from E17-E18 Sprague Dawley rat embryos (Envigo), trypsin
dissociated, and plated at a density of 150,000 cells per 18 mm coverslip (Fisher Scientific) and
50,000-500,000 cells per 35 mm glass bottom dish (MatTek). Dishes were coated as previously
described. Neurons were seeded in plating media (10% fetal bovine serum heat inactivated, 20%
dextrose, 1x Glutamax (Invitrogen), 1x penicillin/streptomycin (Thermo Fisher Scientific),
Eagle’s MEM with Earle’s BBS (Lonza)) for 4 hours. Media was changed to maintenance media
(B27 (Invitrogen), 1x penicillin/streptomycin, 1x Glutamax, and neurobasal media (Invitrogen)).
Half of the media was replaced with new maintenance media every 3—4 days. Transfection of
mammalian expression constructs in neurons was performed using Lipofectamine 2000, following
the manufacturer’s instructions. Neurons were either fixed for 48 h after transfection using 4%

PFA+ 4% sucrose, or imaged live 48 h after transfection.

Microscopy and Image Analyses

All live and fixed cell imaging was performed using a Nikon Ti2 Eclipse-CSU-X1 confocal
spinning disk microscope equipped with four laser lines 405, 488, 561, and 670 nm and a sCMOS
Andor camera for imaging. The microscope was caged within the OkoLab environmental control
setup enabling temperature and CO2 control during live imaging. Imaging was performed using
Nikon 1.49 x100 Apo, x60, or x40 oil objectives. All image analyses were done using the open

access Fiji software.

Statistics
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All statistics except for the mass spectrometry data were performed in GraphPad software Prism
9.0. Two group comparisons were made using unpaired t-test, unless otherwise stated. Statistically,
p-value less than 0.05 was considered significant. All experiments were done in triplicate, unless
stated otherwise, and experimental sample size and p-values are indicated with the corresponding

figures.

Results

Conserved C-Terminal Tail in Septin 7 is Phosphorylated by TAO Kinases During Neuronal
Development

Sept7 was identified through an unbiased chemical and genetic screening as a phosphorylation
target of TAOK2 (Yadav et al., 2017). The site of phosphorylation residue T426 lies in the
extended C-terminal coiled coil tail of Sept7. This threonine residue which harbors the consensus
site for TAO kinases p[S/T]-X-X[R/H/K] is evolutionarily highly conserved (Figure 1A).
Members of thousand-and-one amino acid kinase (TAOK) family contain a highly conserved N-
terminal kinase domain, while their C-terminal domains considerably vary (Supplementary Figure
S1A). TAO kinases, TAOK1 and spliced isoforms of TAOK2, o and 3, are highly expressed in the
brain (de Anda et al., 2012 and Allen Brain Atlas), and both TAOK1 and TAOK2 have been
associated with neurodevelopmental disorders (Richter et al., 2018; Dulovic-Mahlow et al.,
2019; van Woerden et al., 2021). TAOK2, both a and B, as well as TAOK1 have been shown to
be important for several aspects of neuronal development including dendritic spine formation
(Yasuda et al., 2007; Ultanir et al., 2014; Yadav et al., 2017; van Woerden et al., 2021). Recently,
we discovered that TAOK2a is an endoplasmic reticulum—associated kinase with a transmembrane

C-terminal region (Nourbakhsh et al., 2021). Given the structural conservation among the kinase
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domain of TAO kinases and their high expression in the brain (Hu et al., 2021), we tested whether
closely related kinase TAOK1 and the alternatively spliced isoforms of TAOK2, TAOK2a, and
TAOK2p could also phosphorylate Sept7 at T426. GFP-tagged TAOK 1, TAOK2a, and TAOK?2f
were expressed independently in HEK293T cells, immuno-precipitated using GFP antibody and
then incubated with purified GST-Septin7 protein (Supplementary Figure S1B) in an in
vitro kinase reaction. Using a phosphospecific antibody (pT426) against the Sept7 T426 residue,
we found that TAOK1, TAOK2a, and TAOK2p could each phosphorylate purified GST-Sept7
(Figures 1B,C). All of the immunoprecipitated TAO kinases were active as they could
autophosphorylate themselves on the conserved residue S181 (TAOK1-2) in the kinase domain.
Level of Sept7 phosphorylation by TAOK2a was significantly higher than that by TAOK2p, while
phosphorylation by TAOK1 was not statistically different from TAOK2a. Furthermore, by
immunostaining cultured hippocampal neurons at different stages of development, we found that
phosphorylated Sept7 (T426) levels increased in neurons as it matured from DIV3 and DIV10 to
DIV16 (Figures 1D,E). This is consistent with the increase in TAOK 1, TAOK2a, and B expression
in the mouse cortex from embryonic stages to the perinatal stage which then persists throughout
adulthood (de Anda et al., 2012 and Allen Brain Atlas). These data suggest that the conserved
family of TAO kinases show redundancy in Septin7 phosphorylation, where depending on the
cellular context potentially multiple kinases of the TAO family can phosphorylate Sept7 C-

terminal tail.
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Figure 2.1. TAO kinases phosphorylate the C-terminal tail of Sept7 during neuronal
development.

(A) Top: multiple sequence alignment of the C-terminal tail of Sept7 demonstrating its
evolutionarily conserved sequence including the phosphorylation site. The phosphorylated residue
T426 is shown in orange. Bottom: AlphaFold2.0 predicted protein structure of Sept7. Magnified
inset depicts the T426 phosphorylation site (red) in the C terminal tail of Sept7. (B) Western blot
shows kinase activity of sfGFP-TAOK2a, sfGFP-TAOKI, or sfGFP-TAOK2B expressed in
HEK293T cells, immunoprecipitated with GFP antibody, and incubated with purified GST-Sept7
C-terminal tail (321-438 amino acids) for an in vitro kinase reaction. Substrate phosphorylation

was determined by probing for phosphorylated Sept7 using the pT426 antibody. Total Sept7 was
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detected by antibody against GST tag. TAO kinase autophosphorylation was determined by
probing for phosphorylated S181 residue. (C) Quantification of protein band intensity of Western
blot in (B). Bar graph displays the ratio of phosphorylated Sept7 band intensity to GST band
intensity for each TAO kinase construct in which no significant difference was observed between
TAOK20 and TAOKI kinases. Error bars represent standard error of mean fromn= 4
experiments. (D) Rat hippocampal neurons at DIV3, 10, and 16 were fixed and immunostained for
endogenous phosphorylated Sept7 T426 and dendritic protein Map2. Scale bar represents
10 um. (E) Mean fluorescence intensity of phosphorylated Sept7 T426 at distinct stages of
neuronal development DIV3, 10, and 16 are plotted. Error bars represent standard error of mean
for n = 20 neurons from three different experiments. Dunnett’s multiple comparison shows

significant changes in pSept7 levels between each stage.
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Figure 2S.1. TAO kinases phosphorylate the C-terminal tail of Sept7 during neuronal

development (related to main Figure 1)
(A) Members of the TAO family of kinases comprise a conserved N-terminal kinase domain and

variable C-terminal region. TAOK2 has two isoforms where the longer alpha isoform has
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hydrophobic transmembrane domains that anchor it to the endoplasmic reticulum. TAOK?2 beta
and TAOK1 are cytosolic kinases.

(B) Coomaisse gels show the purified GST tagged Septin 7 protein (amino acid 321-428). Elution
fractions E1-E7 are shown on left. Fractions E4 and 5 were combined and further purified for use

in in vitro kinase assay in Figurel.

Altered Dynamics of Phosphorylated Septin 7

We had previously reported that phosphorylated Sept7 is enriched in the dendritic spine head and
is important for dendritic spine formation and stability of PSD95 (Yadav et al., 2017). Expression
of Sept7 phosphomutant T426A leads to failure of dendritic spine maturation, resulting in
exuberant dendritic filopodia and shaft synapses (Yadav et al., 2017). To test the role of Sept7
phosphorylation during neuronal maturation, we expressed wild-type (WT), phosphomimetic
(T426D), and phosphomutant (T426A) Sept7 in DIV9 neurons and imaged them at DIV11, a
developmental stage where filopodial protrusions have not yet developed into mature mushroom
dendritic spines. We found that expression of GFP-tagged phosphomimetic Sept7 (T426D) as
opposed to WT Sept7 led to early maturation of dendritic spines in hippocampal neurons (Figure
2A). In contrast, expression of phosphomutant Sept7 T426A as expected resulted in extensive
filopodial protrusions (Figure 2A). We found that even at this early stage of development at DIV11,
there was accumulation of GFP-Sept7 in dendritic spines in neurons expressing phosphomimetic
Sept7 T426D. We performed confocal live imaging of neurons expressing either the wild-type
(WT), phosphomimetic (T426D), or phosphomutant (T426A) GFP-tagged Sept7. Live imaging of
dendritic protrusions at DIV 11 revealed that wild-type GFP-Sept7 exhibited dynamic changes in

its accumulation within the filopodial protrusions within 10 s time period. In contrast,
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phosphomimetic Sept7 (T426D) remained stably localized within the dendritic spine head, while
the phosphomutant Sept7 (T426A) predominantly was localized at the base of the dendritic spine
(Figure 2B, montage over 10 s). Quantification of Sept7 intensity in dendritic protrusions in DIV11
neurons revealed a significant increase in Sept7 T426D expressing neurons compared to WT,
while there was a dramatic decrease in intensity of Sept7 T426A compared to WT (n= 50
protrusions, 12 neurons from three experiments, and one way ANOVA). Based on these data
showing distinct localization and dynamics of Sept7 in its phosphorylated and unphosphorylated
states at residue T426, we hypothesized that there must be unique interaction partners of

phosphorylated Sept7 that modulate its discrete properties.
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Figure 2. 2. Phosphorylation of Sept7 alters its localization and dynamics.

(A) Hippocampal neurons were transfected with GFP-tagged Sept7-WT, phosphomimetic Sept7-
T426D, or phosphomutant Sept7-T426A along with membrane marker myristoylated-tdTomato at
DIVO and then fixed at DIV11. Phosphomimetic GFP-Sept7 (T426D) expression leads to early
maturation of dendritic spines compared to Sept7-WT, while phosphomutant Sept7-T426A
expressing neurons exhibited only filopodial protrusions. (B) Montage of time lapse images

showing DIV 11 hippocampal neurons transfected at DIV9 with GFP-tagged wild-type Sept7-WT,
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phosphomimetic Sept7-T426D, or phosphomutant Sept7-T426A. Phosphomimetic Sept7-T426D
is stably localized within the dendritic spine head, phosphomutant Sept7-T426A localizes to the
base of the dendritic spine, whereas the wild-type Sept7-WT shows dynamic changes in its
localization within protrusions. Scale bar represents 5 um (green) and 1 pm (montage),
respectively. (C) Quantification of GFP intensity in protrusions of DIV 11 neurons transfected with
GFP-tagged wild-type Sept7-WT, phosphomimetic Sept7-T426D, and phosphomutant Sept7-
T426A. Values represent mean intensity, error bars represent SEM and n = 50 protrusions from 10

neurons in each condition. Dunnett’s multiple comparison test, p < 0.0001.

Proteomic Identification of Septin 7 Phosphorylation-Dependent Binding Partners

We set out to identify proteins that specifically interact with Sept7 following phosphorylation at
residue T426 in its C-terminal tail. This was achieved using an unbiased proteomic strategy to pull
down proteins from P15 mouse brain lysate with a synthetic peptide corresponding to Sept7 C-
terminal tail residues 416438 (Figure 3A). This peptide of 22 amino acids was unique to Sept7,
as BLAST analyses did not identify any other protein harboring this sequence. Next, the
phosphorylated (pSept7) and non-phosphorylated (Sept7) peptides were coupled to beads. Agarose
beads activated with iodoacetamide were used for covalent immobilization of peptides
corresponding to pSept7 and Sept7 peptides. Peptide coupled beads were then incubated with
mouse brain lysate. Proteins that were bound to peptide beads were enzymatically digested and
then subjected to mass spectrometry-based identification. Label free quantification was used to
measure the relative abundance of proteins bound to Sept7 and pT426-Sept7 (Figure 3A). In our
analyses of five replicates of peptide pulldowns, we found 33 proteins (Table 1) that were

significantly associated with phosphorylated Septin 7 peptide over unphosphorylated peptide
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(Figure 3B). These proteins were analyzed by STRING11.2 and the most significant biological
process was identified as regulation of cytoskeletal organization including actin-binding proteins
as well as the phosphoprotein regulating proteins of the 14-3-3 family (Figures 3C,D). The 14-3-
3 protein family is a group of highly conserved acidic proteins highly expressed in the mammalian
brain (Boston et al., 1982; Ferl et al., 2002). In humans, there are seven known isoforms of 14-3-
3:B,v, &1, 9, 1, and { (Gardino et al., 2006). 14-3-3 proteins are ubiquitous regulatory proteins
that form both homo- and heterodimers, and their dimerization provides binding sites for
association with one or two phosphorylated ‘client’ proteins (Gardino et al., 2006; Uhart and
Bustos, 2013). Among the candidate pSept7-binding partners identified by our mass spectrometry
experiment (Figure 3C), we were specifically interested in 14-3-3 proteins as 1) binding of 14-3-
3 proteins is largely determined by phosphorylation of the client, with the isoforms typically
binding phosphorylated serine/threonine motifs (Aitken, 1996; Fu et al., 2000); 2) 14-3-3 are
expressed in the brain and important for synapse development; and 3) binding of phosphoproteins
to 14-3-3 can serve diverse purposes, including preventing protein—protein interactions,
scaffolding, inducing conformational changes, protecting phosphorylation sites, and promoting or

preventing ubiquitination.
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Figure 2.3. Proteomic identification of Septin 7 phosphorylation-dependent binding partners.
(A) Workflow shows the proteomic strategy for identifying Sept7 phosphorylation-dependent
binding partners. (B) Volcano plot displays the difference in association of proteins with
phosphorylated (pT246) Sept7 versus unphosphorylated Sept7 based on five replicate pulldowns.

14-3-3 protein isoforms are labeled in red. (C) The protein—protein association network of
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candidate pSept7 interaction partners. The STRING network of identified proteins that

significantly associate with phosphorylated Sept7 tail (pT426) versus non-phosphorylated Sept7

tail. Network nodes represent interacting proteins, and network edges indicate both functional and

physical protein associations. Strength of the association is denoted by the thickness of the

edges. (D) 14-3-3 family of proteins as well as several actin binding and depolymerizing proteins

were found to significantly associate with Sept7 when phosphorylated at T426.

Table 2.1. List of proteins identified by Mass Spectrometry that associate with Septin 7 when

phosphorylated at residue T426.

Protein name

14-3-3 protein gamma
14-3-3 protein zeta/delta
Myotrophin

Destrin
Fascin

Profilin-2
Cofilin-1
Glutamine synthetase

Histidine triad nucleotide-binding protein 1
Triosephosphate isomerase

Eukaryotic translation initiationfactor 5A-1; 5A-2
Fatty acid-binding protein, brain
Translationally-controlied tumor protein
Heterogenous nuclear ribonucleo protein A3

SUMO-conjugating enzyme UBC9
Protein SET

Guanine nucleotide-binding protein G()/G(S)/G(T) subunit beta-1;

beta-2; beta-4

NEDDB8-conjugating enzyme Ubc12

Ubiquitin-conjugating enzyme E2 D2; Ubiquitin-conjugating
enzyme E2 D3; D2B

Serine/threonine-protein phosphatase 2A 55 kDa regulatory
subunit B alpha isoform

Serine/arginine-rich splicing factor 2

ADP/ATP translocase 1

Peptidyl-prolyl cis-trans isomerase A; Peptidyl-prolyl cis-trans
isomerase A

14 kDa phosphohistidine phosphatase

Hepatoma-derived growth factor-related protein 2

Histone H4

Obg-like ATPase 1

Small nuclear ribonucleoprotein Sm D3
L-lactate dehydrogenase A chain
Phosphoglycerate kinase 1

Aconitate hydratase, mitochondrial
Creatine kinase B-type

Nucleolin

Ywhag
Ywhaz
Mtpn

Fsenl

Pfn2
Cil
Glul

Hintl

Tpil

Eif5a; Eif5a2

Fabp7

Tptl

Gm6793; Gm9242;
Hnrmpa3

Ube2i

Set

Gnb1; Gnb2; Gnb4

Ube2m

Ube2d2; Ube2d3;
Ube2d2b
Ppp2r2a

Srsf2
Slc25a4
Ppia

Phptl
Hdgfrp2
Histhda
Olal

Snrpd3
Ldha
Pgkl
Aco2
Ckb

Ncl

Function

Binds phospho S/T proteins and modulates their of activity

Binds phospho S/T proteins and modulates their of activity

Regulates growth of actin filaments. Inhibits the activity of the F-actin-capping
protein complex

Actin-depolymerizing protein. Severs actin filaments (F-actin) and binds to
actin monomers (G-actin)

Organization of actin filament bundles and the formation of microspikes and
stress fibers

Binds to actin and affects the structure of the cytoskeleton

Binds to F-actin and exhibits F-actin depolymerizing activity

Catalyzes the production ofglutamine and 4-am inobutanoate (gamma-
aminobutyric acid, GABA)

Hydrolyzes purine nucleotide phosphoramidates

Triosephosphate isomerase 1

mRNA-binding protein involved in translation elongation

Belongs to the calycin superfamily

Involved in calcium binding and microtubule stabilization

Plays a role in cytoplasmic trafficking of RNA

Necessary for sumoylation

Multitasking protein, involved in apoptosis, transcription, and histone
chaperoning

Guanine nucleotide-bind ing proteins act as a modulator in various
transmembrane signaling events

Ubiquitin conjugating enzyme

Ubiquitin conjugating enzyme

Protein Phosphatase

Necessary for thesplicing of pre-mRNA
Involved in mitochondrial ADP/ATP transport
PPlases accelerate the folding of proteins

Exhibits phosphohistidine phosphatase activity

Associates with chromatin

Core component of nucleosome

Obg-like ATPase 1; Hydrolyzes ATP, and can also hydrolyze GTP with lower
efficiency

plays an important role in the splicing of cellular pre-mRNAs
Lactatedehydrogenase A

Catalyzes one ofthe two ATP producing reactions in theglycolytic pathway
Catalyzes the isomerization of citrateto isocitrate via cis-aconitate
Reversibly catalyzes thetransfer of phosphate between ATP and various
phosphogens

Induces chromatin decondensation by binding to histone H1
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14-3-3 Proteins Associate with Septin 7

We next validated whether 14-3-3 proteins were bona fide interacting proteins of Sept7 using co-
immunoprecipitation assays. Using an antibody that recognizes all isoforms of 14-3-3 (pan 14-3-
3 polyclonal), we immunoprecipitated 14-3-3 proteins from neuronal lysate obtained from DIV 18
cultured embryonic rat hippocampal neurons and then probed for phosphorylated Sept7 using the
pT426 Sept7 antibody. We found that indeed pSept7 coimmunoprecipitated with 14-3-3 proteins
from neuronal lysates (Figure 4A, n = 3 experiments). Since 14-3-3 zeta ({) and gamma (y) were
the isoforms most enriched in our proteomic data (Figure 3D), and are also highly expressed in the
brain (Berg et al., 2003), we next tested if there was an interaction of these isoforms with
phosphorylated Sept7. We co-expressed HEK293T cells with GFP-Sept7 along with either HA-
tagged 14-3-3 zeta, 14-3-3 v, or both isoforms together. Using the HA antibody, we pulled down
the 14-3-3 isoforms and then probed for phosphorylated Sept7 using the pT426 antibody. We
found that pSept7 co-immunoprecipitated strongly with 14-3-3 y and 14-3-3(C + ) but not 14-3-
3¢ (Figure 4B, n= 4 experiments). Furthermore, using a gamma isoform specific antibody, we
found that endogenous 14-3-3y from neuronal lysates co-immunoprecipitated pSept7 (Figure
4C, n = 3). Next, we tested whether the interaction between Sept7 and 14-3-3y was dependent on
phosphorylation. Neuronal lysates at DIV18 were either treated with lambda protein phosphatase
or buffer and then incubated with immunoprecipitated 14-3-3y. When immunoprecipitates were
then probed for the presence of total Sept7, we found that while in untreated condition Sept7 bound
14-3-3y, this interaction was not detected when lysate was treated with protein phosphatase (Figure
4D, n = 3). These data suggest that the interaction between Sept7 and 14-3-3y is phosphorylation
dependent. Next, to determine the effect of expression of different 14-3-3 isoforms on dendritic

spine maturation, we co-expressed HA-tagged 14-3-3y and 14-3-3( along with membrane marker
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myr-tdTomato in cultured DIV 12 hippocampal neurons. Neurons were fixed at DIV 14 and stained
with anti-HA antibody to visualize the localization of overexpressed 14-3-3 proteins (Figure 4E).
In neurons overexpressing HA-14-3-3y, about 52% of protrusions were spiny mushroom mature
spines, while 42% of protrusions were spiny in neurons expressing HA-14-3-3( (Figure 4F).
Interestingly, HA-14-3-3y was enriched in dendritic spines with a spine/dendrite ratio of 1.2,
whereas HA-14-3-3( primarily localized to the dendritic shaft and was not enriched in the spine
head (Figure 4G). In summary, we found that Sept7 interacts with 14-3-3y in a phosphorylation-
dependent manner. Furthermore, overexpression of 14-3-3y but not the zeta isoform leads to its

enrichment in the dendritic spine head and enhances spine maturation.
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Figure 2.4. 14-3-3y associates with phosphorylated Sept7 and enhances dendritic spine

maturation.
(A) Western blot of endogenous 14-3-3 protein in DIVI8 hippocampal neurons

immunoprecipitated with 14-3-3 (pan) antibody and probed for 14-3-3 and phosphorylated Sept7
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(pT426) (n = 3 experiments). (B) Western blot of HA-14-3-3y, HA-14-3-3(, or both HA-tagged
isoforms co-expressed along with GFP-Sept7 in HEK293T cells immunoprecipitated with HA
antibody and probed for HA and phosphorylated Sept7 (pT426). Phosphorylated Sept7 co-
immunoprecipitated with HA-14-3-3y and HA-14-3-3(C+y) but not HA-14-3-30 (n= 3
experiments). (C) Western blot shows coimmunoprecipitation of phosphorylated Sept7 with
endogenous 14-3-3y. Lysate from DIV 18 hippocampal neurons immunoprecipitated with 14-3-3
(gamma) antibody and probed for 14-3-3y and phosphorylated T426 Sept7 (n= 3
experiments). (D) Western blot shows phosphorylation dependent interaction of Sept7 with
endogenous 14-3-3y. DIV18 hippocampal neurons were treated with okadaic acid (OA) or DMSO,
and lysate treated with or without lambda protein phosphatase (PP) were then immunoprecipitated
with 14-3-3 (gamma) antibody and probed for 14-3-3y and total Sept7 (n= 3
experiments). (E) Fixed images of DIV 14 hippocampal neurons co-transfected with membrane
marker myristoylated tdTomato and HA-14-3-3y or HA-14-3-3{ were immunostained for HA tag.
Scale bar is 10pum, and image psuedocolored to represent fluorescence intensity. (F) Bar graph
depicts percent of protrusions with mature, spiny morphology in DIV 14 hippocampal neurons
transfected with HA-14-3-3y or HA-14-3-3(. HA-14-3-3y expression results in significantly more
spiny, mature protrusions (p < 0.05). Values indicate mean, error bars represent SEM and n > 8
neurons each. (G) Bar graph shows ratio of 14-3-3 fluorescent intensity in spines to intensity in
corresponding dendritic shaft in DIV 14 hippocampal neurons transfected with HA-14-3-3y or HA-
14-3-3C. Values indicate mean percent, error bars represent standard error of mean, and n = 20

spines from five neurons each.

Sept7 Association With 14-3-3 Protects its Phosphorylation at T426
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To test the functional consequence of 14-3-3 association with phosphorylated Sept7, we utilized a
genetically expressed inhibitor of 14-3-3, EYFP-Difopein (dimeric 14-3-3 peptide inhibitor). This
construct EYFP-Difopein is based on R18, a Raf-1-derived phosphopeptide, which is a high-
affinity peptide antagonist of 14-3-3 proteins (Wang et al., 1999). Difopein is composed of two
R18 coding sequences separated by a sequence coding for a short peptide linker in an EYFP fusion
mammalian vector. Expressed Difopein is capable of disrupting 14-3-3/ligand binding (Masters
and Fu, 2001). Difopein binds 14-3-3 without any isoform selectivity and thereby inhibits the
interaction of all 14-3-3 isoforms with their physiological binding partners (Qiao et al., 2014). We
transfected DIV14 hippocampal neurons with either control EYFP construct or EYFP-Difopein
construct and then measured the levels of pSept7 in neurons fixed at DIV16 (Figure 5A).
Quantification of pSept7 intensity in the soma of neurons expressing Difopein showed a significant
decrease in the level of phosphorylated Sept7 compared to those expressing EYFP control, as
detected by immunostaining using the pT426 Sept7 antibody (Figure 5A, yellow asterisk and 5B).
Furthermore, neurons expressing Difopein had a dramatic decrease in density of mature mushroom
spines compared to EYFP-Control transfected neurons (Figure 5A, middle row and 5C). These
data suggest that interaction of the C-terminal tail of Sept7 with 14-3-3 proteins is protective of
the phosphorylation status of Sept7 in neurons, revealing a mechanism for modulation of Sept7

function by association with 14-3-3 proteins (Figure 5D).
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Figure 2.5. Association with 14-3-3 protects phosphorylation state of Sept7.
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EYFP-Difopein (magenta), scale bar is 10 pm. Yellow inset is magnified to highlight dendritic
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protrusions shown in inverted grayscale, scale bar is 5 um. Bottom row shows levels of pSept7
immunostaining (gray) in the neuronal soma of control and difopein-transfected (magenta) neurons.
Transfected neurons are depicted by yellow asterisk, and scale bar is 5 um. (B) Quantification of
phosphorylated Sept7 levels in the soma of DIV16 hippocampal neurons expressing YFP-control
or YFP-Difopein. YFP-Difopein expression results in significantly decreased levels of
phosphorylated Sept7 (p < 0.0001). Values indicate mean; error bars represent SEM; and n = 13
and 15 neurons, respectively, from three distinct experiments. (C) Density of mushroom spiny
protrusions in DIV16 hippocampal neurons expressing YFP-control or YFP-Difopein. Values
indicate mean, error bars represent SEM, and n= 11 neurons each from three distinct
experiments. (D) Schematic summarizes findings of this study showing 14-3-3 protein association

modulates Sept7 function in neurons through protection of its phosphorylation state.

Discussion

In this study, we utilize mass-spectrometry based discovery proteomics to identify binding partners
that interact specifically with phosphorylated Sept7 in order to understand its role in dendritic spine
development. Among the proteins we identified, we focus on the 14-3-3 family which are highly
conserved phosphoprotein binding proteins that are important for brain development. We identify
a specific interaction of pSept7 with 14-3-3y (gamma) encoded by YWHAG. 14-3-3 gamma is
highly expressed during brain development, and mainly in neurons. Our findings show that 14-3-
3y is specifically enriched in the dendritic spines, and that its expression in neurons leads to

increased dendritic spine numbers.
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14-3-3 proteins carry out a diverse array of functions in cellular processes, including in apoptosis
(Masters and Fu, 2001), cell cycle progression (Peng et al., 1997), cytoskeletal rearrangements
(Gohla and Bokoch, 2002), and neuronal growth (Cornell and Toyo-oka, 2017) that are mediated
through the multitude of their phosphorylation dependent protein interactors. Accumulating
evidence supports a profound role of 14-3-3 proteins in brain development. 14-3-3 proteins are
important for neurogenesis, neuronal differentiation, and neuronal migration during cortical
development (Cornell and Toyo-oka, 2017). Functional knockout of 14-3-3 proteins in mice brains
with the dimeric 14-3-3 inhibitor Difopein results in reduced dendritic complexity and spine
density accompanied by schizophrenia-related behaviors (Foote et al., 2015). 14-3-3 proteins are
further required for hippocampal long term potentiation (LTP) and associative learning (Qiao et
al., 2014), however, contribution of different 14-3-3 proteins in LTP was not ascertained. 14-3-3y
plays an important role in neuronal migration as either knockdown or overexpression of 14-3-3y
results in neuronal migration defects in vivo in mice (Wachi et al.,, 2015). Notably, 14-3-3y
expression is significantly reduced in human brain from Down Syndrome patients (Peyrl et al.,
2002), indicating that perturbation of 14-3-3y levels could contribute to disorders in human brain
development. Furthermore, deletion of the YWHAG gene encoding 14-3-3y is also associated with
epilepsy and autistic traits in patients with atypical Williams Beuren syndrome due to deletions in

7q11.23 locus (Fusco et al., 2014).

Septins are important regulator of several aspects of neuronal development including dendrite
growth, axon development and dendritic spine maturation. Our data show that phosphorylated
Sept7 associates with 14-3-3 proteins. While our mass spectrometry data indicates that isoforms

gamma and zeta bind specifically with phosphorylated Sept7 C-terminal tail, we only were able to
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biochemically validate the interaction with 14-3-3 gamma. It remains unknown whether different
isoforms can heterodimerize to associate with phosphorylated Sept7. Using peptide inhibitor
Difopein, we found that blocking interaction of Sept7 with 14-3-3 led to a decrease in the level of
phosphorylated Sept7, highlighting the importance of the interaction. Since Difopein quenches the
blocking site for phosphoproteins in all 14-3-3 proteins, our study did not directly test isoform
specific effect of blocking Sept7 interaction with 14-3-3. Contribution of phosphorylated Sept7
and hence its protection by 14-3-3 proteins in these diverse neuronal contexts will be an important
area of study. Dysfunction in both 14-3-3 and septins have been associated with various diseases
including neurodegenerative diseases (Ide and Lewis, 2010) (Foote and Zhou, 2012) (Marttinen et
al., 2015). In addition to the 14-3-3 proteins, several actin binding proteins were also identified in
our proteomic study. Cofilin, an actin binding protein important for dendritic spine maturation was
identified as a phosphorylation dependent Sept7 interacting protein (Gu et al., 2010; Pyronneau et
al.,2017). Notably, phosphorylated cofilin also associates with 14-3-3 proteins (Gohla and Bokoch,
2002). Further understanding the interplay of septins, actin binding proteins, and 14-3-3 proteins
in dendritic spine development may provide important insights into neurodevelopment and

pathophysiology underlying neurological disorders.
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Summary

Deletion and duplication of the 16p11.2 genomic locus are associated with opposing changes in
brain size. To determine cellular mechanisms that underlie these opposing phenotypes, we
performed quantitative phosphoproteomic analyses of induced pluripotent stem cells (iPSCs)-
derived neural progenitor cells (NPCs) obtained from unaffected individuals, 16p11.2 deletion,
and 16p11.2 duplication carriers. Differentially phosphorylated proteins were enriched in
centrosomal and cilia proteins. Deletion NPCs showed longer primary cilium compared to
unaffected individuals, while stunted cilia were observed in duplication NPCs. Through cellular
screens in NPCs, we determined the contribution of genes within the 16p11.2 locus to cilium
length. Protein kinase TAOK2 and phosphatase PPP4C were found to regulate primary cilia
length. NPCs lacking TAOK?2 exhibited elongated cilia, aberrant IFT88 and pericentrin (PCNT)
accumulation, and were impaired in sonic hedgehog (SHH) signaling. These findings implicate
aberrant cilia length in the pathophysiology of 16p11.2 copy number variation and establish

TAOK?2 kinase as a regulator of primary cilium length.

Introduction

The 16p11.2 genomic region between breakpoint 4 and 5 contains 30 annotated genes and is
flanked by segmental duplications, making it prone to copy number variation (CNV) such as
deletion and duplication (Weiss et al., 2008; Zufferey et al., 2012). 16p11.2 CNVs are associated
with autism spectrum disorder (Weiss et al., 2008), schizophrenia (McCarthy et al., 2009), motor
and speech impairment (Steinman et al., 2016), body weight disturbances (Jacquemont et al., 2011
; Maillard et al., 2015; Walters et al., 2010; Zufferey et al., 2012), and structural abnormalities of

the brain (Maillard et al., 2015; Martin-Brevet et al., 2018; Qureshi et al., 2014). Carriers of
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16p11.2 deletion and duplication exhibit common developmental, behavioral, and social
impairments implying convergent mechanisms caused by reciprocal genetic changes. On the other
hand, certain opposing clinical manifestations in 16p11.2 deletion and duplication carriers, such
as alteration in brain size and body mass index (BMI), provide a unique opportunity to determine
the individual contributions of genes in this locus to pathophysiology of 16p11.2 CNV. Carriers
of 16p11.2 deletion present with increased brain size or macrocephaly, including larger cortex and
thicker corpus callosum; in contrast, duplication is associated with microcephaly, thinner corpus
callosum, and smaller cortex (Martin-Brevet et al., 2018; Owen et al., 2014; Qureshi et al., 2014;
Steinman etal.,, 2016). Also, 16pl11.2 deletion carriers are prone to obesity (defined as
BMI >30 kg/m2) while duplication carriers have low BMI (defined as <18.5 kg/m2) (Arbogast
etal., 2016; Jacquemont et al., 2011; Walters et al., 2010; Zufferey et al., 2012). Mechanisms
underlying these gene dosage-dependent phenotypes are unknown, and systematic efforts to map
the genetic basis of these opposing effects are lacking. Even though the syntenic locus in mice
offers an excellent genetic model to study this chromosomal disorder, phenotypes of deletion and
duplication mice are opposing to the human condition (Arbogast et al., 2016; Portmann et al., 2014
). However, human iPSC-based neuronal and organoid models derived from 16p11.2 deletion and
duplication carriers have provided important insights into the pathophysiology of these disorders
(Connacher et al., 2022; Deshpande et al., 2017; Fetit et al., 2023; Roth et al., 2020; Urresti et al.,
2021). For instance, excitatory neurons derived from 16p11.2 deletion carriers show hypertrophy,
implicating increased neuronal soma and arbor size as contributors to the macrocephaly phenotype

(Deshpande et al., 2017).
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To identify mechanisms underlying opposing phenotypes in 16pl11.2 CNV, we utilized an
unbiased proteomic approach. Our phosphoproteomic analyses of neural progenitor cells (NPCs)
differentiated from 16pl11.2 deletion, duplication, and control iPSCs revealed differentially
phosphorylated proteins enriched in cilia and centrosomal proteins. Primary cilia are microtubule-
based membrane protrusions rich in receptors for signaling molecules, and are present in most cell
types including neuronal progenitors, neurons, and astrocytes (Anvarian et al., 2019; Lepanto et al.,
2016; Singla and Reiter, 2006). Defects in ciliogenesis, ciliary length, and trafficking cause several
human diseases including neurodevelopmental disorders (Bettencourt-Dias et al., 2011; Ferkol
and Leigh, 2012; Guemez-Gamboa et al., 2014; Han and Alvarez-Buylla, 2010; Reiter and Leroux,
2017). Our study demonstrates that primary cilia are impacted in a gene dosage-dependent manner
in 16p11.2 CNV, with longer primary cilium in 16p11.2 deletion carrier iPSC-derived NPCs and
shorter primary cilium in duplication carrier iPSC-derived NPCs. Further, we identify the genetic
drivers of opposing changes in cilia length in 16p11.2 CNV, and find Thousand And One amino

acid Kinase 2 (TAOK?2) to be the most significant and dosage-dependent regulator of cilia length.

TAOK?2 is a protein kinase important for neuronal development, including dendritic spine
development and synaptic function (Anda et al., 2012; Byeon and Yadav, 2024; Nourbakhsh and
Yadav, 2021; Yadav et al., 2017). Mutations in TAOK?2 are associated with autism spectrum
disorder, and mutations impact both the catalytic and regulatory domains (Richter et al., 2018).
The canonical isoform of TAOK2 encodes a transmembrane protein kinase localized to the
endoplasmic reticulum (ER) and centrosomes, with ER-microtubule tethering property (
Nourbakhsh et al., 2021). In this study, we find that TAOK2 knockout (KO) human iPSC-derived

NPCs exhibit longer primary cilia, while TAOK2 overexpression leads to stunted cilia.
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Centrosomal accumulation of pericentrin (PCNT) and ciliary tip distribution of IFT88 are
significantly increased in TAOK2 KO NPCs. Functionally, TAOK2 KO neuroprogenitors show
deficits in sonic hedgehog (SHH) signaling. Finally, using pharmacological inhibition, we show
that the catalytic activity of TAOK2 is essential for cilia length elongation. Our study reveals
reciprocal alterations of cilia length in neural progenitors derived from 16p11.2 deletion and
duplication carriers, elucidates the genetic basis for opposing changes in ciliary length, and reveals

a hitherto unknown function of TAOK2 kinase in primary cilium regulation.

Results

Centrosomal and ciliary proteins are differentially phosphorylated in 16p11.2 CNV carrier-
derived neural progenitors

Three of the 30 genes in the 16p11.2 genetic locus encode for proteins that impact protein
phosphorylation: MAPK3 and TAOK?2 are serine threonine kinases, and PPP4C is the catalytic
subunit of aprotein phosphatase (Figure 1A). Therefore, we hypothesized that the
phosphoproteome in patients with duplication and deletion would be altered, and that identification
of differentially phosphorylated proteins could reveal insight into the neuropathology of 16p11.2
CNV. IPSCs from fibroblasts of three deletion carriers, three duplication carriers, and three
unaffected individuals were obtained (Figure S1A). Differentiation of iPSCs into dorsal forebrain
NPCs was induced by dual SMAD inhibition using our previously published protocol (Figure S1B)
(Deshpande et al., 2017). All NPCs expressed forebrain progenitor markers PAX6, NESTIN,
SOX1, and SOX2 (Figures SIC and S1D). NPCs were grown to confluence, cell lysates were
prepared, and equal amounts of protein were utilized for downstream proteomics. Each sample

was chemically labeled using the 10plex tandem mass tag (TMT) reagent. Phosphopeptides were
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enriched using TiO2 column, eluted and analyzed by mass spectrometry (Clauser et al., 1999;
Guan etal., 2011) (Figure IB). Mass spectrometry analyses detected 18,894 distinct
phosphopeptides from 1,927 proteins, of which 43 phosphopeptides from 40 proteins were
significantly increased (greater than 2-fold increase) in duplication NPCs, and 304
phosphopeptides from 213 proteins were significantly decreased (greater than 2-fold decrease) in
deletion NPCs compared to control (Figures 1C and 1D; Table S1). Of the phosphoproteins
downregulated in deletion carriers, 13.6% (29 out of 213) proteins had a known cilia and
centrosomal function based on the Centrosome and Cilium Database (CCDB) (Gupta et al., 2015)

(Figure 1D; Table S2).
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Figure 3.1. Quantitative phosphoproteomics of neural progenitors from 16p11.2 CNV
carriers identifies ciliary proteins

(A) Schematic representations of annotated genes within the human 16p11.2 genomic locus
(orange) that undergo heterozygous deletion or duplication. Genes encoding kinases MAPK3 and
TAOK2 and phosphatase PPP4C are highlighted in red.

(B) Workflow for tandem mass tag (TMT) labeling of protein lysates isolated from dorsal neural
progenitor cells (NPCs) differentiated from iPSCs derived from patients with 16p11.2 deletion and
duplication as well as unaffected control individuals. Labeled peptides were enriched for
phosphopeptides using TiO2 affinity beads followed by identification through mass spectrometry.
For proteomics experiments, one clone per patient sample with two to three patient samples per
genotype were analyzed. Internal controls with clonal repeats were included. Created in BioRender.
Byeon, S. (2025) https://BioRender.com/6qww2wz.

(C) Volcano plot shows phosphopeptides significantly downregulated (blue) in 16p11.2 deletion
samples compared to controls.

(D) Phosphopeptides significantly downregulated in 16p11.2 deletion NPCs were enriched in
centrosomal and ciliary proteins with 13.6% of proteins present in the Centrosome and

Cilium DataBase (CCDB) and 60.5% proteins classified as cilia proteins in GeneCards.

96


https://biorender.com/6qww2wz

A. Line Name Genotype ASD Diagnosis| Sex | Age (yr) Source
0162D Control No Female 15 Published, Weiss Lab
0165D Control No Female 12 Published, Weiss Lab
01198 Control No Male 44 Published, Weiss Lab

03C 16p11.2 Duplication Yes Male 5.7 |SFARIID 14724 x5
04C 16p11.2 Duplication Yes Male 35.5 |SFARIID 14723 x10
05C 16p11.2 Duplication Yes Female 2 SFARI ID 14770.x7
06C 16p11.2 Deletion Yes Female 14 SFARI ID 14753 .x5
07C 16p11.2 Deletion Yes Male 8 SFARI ID 14739.x3
08C 16p11.2 Deletion Yes Female 13 SFARI ID 14755 x17
B. Schematic Workflow of Neurorogenitor Derivation
hiPSCs Embryoid bodies (EB) Neural rosettes Neurospheres Forebrain neural
progenitor cells (NPC)
[ [ [ I I
Day -2 0 3 4 1 25
Medium mTeSR Neural medium Neur:: gﬁ?;"“or
Growth factor/
inhibitor

C. D.

SOX2/ SOX1/ DAPI PAX6/ NESTIN/ DAPI

Control: 0119B2 _ Control: 0162D _Control: 0165D
. x*\% g0 .“. T

Figure S1

Figure 3S.1. Human Neuronal Model of 16p11.2 Deletion and Duplication (related to main

Figure 1 and 2)
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(A) Table shows iPSC lines used in the study. Three lines were derived from unaffected
individuals,16p11.2 duplication and deletion carriers each, and their age, sex and source are
shown. (B) Workflow and timeline for derivation of dorsal forebrain neural progenitors from
1PSCs using dual SMAD inhibition by LDN and SB. Created in BioRender. Byeon, S. (2025)
https://BioRender.com/dbfc7lw. (C) Representative confocal images of NPCs derived from
control and 16p11.2 CNV carriers immunostained with NPC markers SOX2 (magenta) and
SOXI1 (green). Nuclei were stained with DAPI (blue). Scale bar is 10um. (D) Representative
confocal images of NPCs derived from control and 16p11.2 CNV carriers immunostained with
NPC markers PAX6 (magenta) and NESTIN (green) and co-stained with DNA dye DAPI (blue).

Scale bar is 10pm.

Primary cilia in 16p11.2 deletion and duplication patient-derived neural progenitor cells
exhibit opposing defects in length

To test whether cilia were perturbed in 16pl11.2 deletion and duplication carriers, we
immunostained NPCs with antibodies against the cilia membrane protein ARL13B and NPC
marker PAX6. We found that compared to NPCs from unaffected individuals (mean = 2.36-2.55
um, n = 60 each line), cilia in NPCs from patients with deletion (mean = 3.65-4.79 pm, n = 60
each line) were significantly longer, while cilia in NPCs from patients with duplication were
shorter (mean = 1.34-1.83 um, n = 60 each line) (Figures 2A and 2B). Cilia length is coupled to
the cell cycle (Kasahara and Inagaki, 2021). Cilia elongate throughout the G1-S phase, disassemble
in M phase, and regrow in G1. NPCs were grown in serum free media for 24 h to synchronize the
cell cycle. We found that the reciprocal change in cilia length in NPCs from deletion and

duplication carriers persisted, even when NPCs were grown in serum free media for 24 h (
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Figures 2A—2C). NPCs responded to serum starvation by increasing their ciliary length, with cilia
in deletion NPC (mean= 4.16-4.97 um, n> 33 each line) significantly longer, and cilia in
duplication NPCs (mean = 2.01-2.39 um, n > 45 each line) shorter compared to control (mean =
2.96-3.40 um, n > 38 each line). This suggests that cilia length deficits observed in 16p11.2 CNV

carriers arise through a cell intrinsic mechanism independent of cell cycle phase.
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Figure 3.2. Opposing cilia length alterations in neural progenitors derived from 16p11.2
deletion and duplication carriers

(A) Representative confocal images of human iPSC-derived NPCs from unaffected individuals
(RMKO0119, RMK0162, and RMKO0165), 16p11.2 duplication carriers (16pDup03, 16pDup04, and
16pDup05), and 16p11.2 deletion carriers (16pDel06, 16pDel07, and 16pDel08) immunostained
for dorsal forebrain progenitor marker PAX6 (red) and primary cilium marker ARL13B (green).
Nuclei were stained with DAPI. Scale bar represent 3 um.

(B) Length of primary cilia in human iPSC-derived NPCs from unaffected control, and 16p11.2
deletion and duplication carriers, growing in nutrient rich conditions is plotted (n = 60 cilia from
3 experiments for each NPC line, ****p <0.0001 and n.s. not significant, by ordinary one-way
ANOVA with Dunnett’s multiple comparisons).

(C) Length of primary cilia in NPCs from unaffected control, and 16p11.2 deletion and duplication
carriers, grown in starvation conditions for 24 h before fixation is plotted (n >33 cilia from 3
experiments for each NPC line, ***xp <0.0001, **x p <0.001, and n.s. not significant, by
ordinary one-way ANOVA with Dunnett’s multiple comparisons). For primary cilia length, two
clones per line were used and data were pooled from three experimental replicates. Three patient
samples per genotype were used, and each genotype is plotted separately. All error bars are

standard error of the mean.

Cellular screens identify genetic basis of altered cilium length
To uncover mechanisms underlying altered ciliary length caused by opposing gene dosage changes
in the 16p11.2 locus, we performed complementary shRNA and overexpression cellular screens.

First, we employed an shRNA screen in NPCs differentiated from the human iPSC line WTC11
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(Coriell Institute) and RMKO119b line (UCSF, Weiss Lab) using commercially validated shRNA
targeting 23 annotated genes in the 16p11.2 locus. NPCs were transfected with GFP-tagged
shRNA, starved for 24 h to induce ciliogenesis, fixed and then immunostained with ARL13B
antibody 48 h after transfection (Figure 3A). We found that shRNA against TAOK2 (mean =
5.43 um, n = 26 NPCs, SEM = 0.32) and PPP4C (mean = 4.35 um, n = 27 NPCs, SEM = 0.27)
significantly increased cilia length compared to control sShARNA (mean = 3.43 um, n = 29 NPCs,
SEM =0.15) in WTC11-derived NPCs (Figures 3B and 3C). Similarly, in the RMKO0119b-derived
NPCs, shRNA against TAOK?2 (mean = 4.82 um, n =24 NPCs, SEM = (0.25) and PPP4C (mean =
4.60 um, n = 16 NPCs, SEM = 0.43) significantly increased the cilia length compared to control
shRNA (mean= 3.21 yum,n= 19 NPCs, SEM = 0.19) (Figure 3D). Next, we tested in an
overexpression screen, the impact of increased gene expression on cilia length. Briefly, we
generated mammalian expression vector with a BFP-tag inserted at the N-terminal of TAOK2 and
PPP4C along with six other genes in the 16p11.2 locus. NPCs derived from WTCI11 line were
transfected with either control-BFP construct or constructs expressing the 16p11.2 genes, starved
for 24 h, and immunostained with ARLI3B antibody 48 h after transfection (Figure 3E).
Overexpression of TAOK?2 had the strongest effect in decreasing cilia length (mean =1.66 um, n =
25 NPCs, SEM = 0.08), followed by PPP4C (mean = 2.39 um, n = 19 NPCs, SEM = 0.15), while
control (mean = 3.19 um, n =22 NPCs, SEM = 0.16) and none of the other six 16p11.2 genes had
a significant effect on cilia length (Figure 3F). Therefore, gene dosage of TAOK?2, and to a lesser

extent PPP4C, drives opposing cilia length changes in NPCs derived from 16p11.2 CNV carriers.
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Figure 3.3. Cellular screens identify genetic drivers of altered ciliary length in 16p11.2 CNV

(A) Workflow for shRNA screen involves transfection of WTC11 or RMKO0119 iPSC-derived
NPCs with shRNA expression constructs (GFP), followed by growth under starvation conditions
for 24 h before fixation. NPCs are immunostained for ARLI3B to mark cilia and

60% images were acquired through confocal microscopy.
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(B) Representative images of WTC11-derived NPCs transfected with control shRNA (green) and
TAOK2-shRNA (green) stained for cilium marker ARL13B (magenta). Scale bar represents 2 um.
(C) Quantification of cilium length in WTCI1-derived NPCs transfected with the indicated
shRNA against genes in the 16p11.2 genomic locus (n>20 NPCs from 3 experiments for each
shRNA, ***xxp <(0.0001, **p < 0.005, and ordinary one-way ANOVA with Dunnett’s multiple
comparisons).

(D) Quantification of cilium length in RMKO0119-derived NPCs transfected with the indicated
shRNA against genes in the 16p11.2 genomic locus (n > 15 NPCs from 3 experiments for each
shRNA, ***xxp < 0.0001, **p < 0.005, and ordinary one-way ANOVA with Dunnett’s multiple
comparisons).

(E) Representative images of WTC11-derived NPCs transfected with BFP empty vector (blue)
and BFP-TAOK2 (blue) stained for cilium marker ARL13B (magenta). Scale bar represents 3 um.
(F) Quantification of cilium length in WTC11-derived NPCs transfected with BFP-tagged protein
expression constructs for the indicated genes in the 16pl11.2 locus (n>12 NPCs from 3
experiments for each indicated expression construct, ***x*p < 0.0001, *p < 0.05, and ordinary one-

way ANOVA with Dunnett’s multiple comparisons). All error bars are standard error of the mean.

Cilium length deficits in TAOK2 knockout neural progenitors

TAOK?2 is a serine threonine kinase localized to the ER (Nourbakhsh et al., 2021) that is important
for neuronal development (Anda et al., 2012; Byeon and Yadav, 2024; Yadav et al., 2017). In
mitotic cells, TAOK2 localizes strongly to spindle poles (Koo et al., 2017; Nourbakhsh et al., 2021
). We used an antibody against TAOK?2 to determine its distribution in ciliated NPCs. TAOK?2 was

present on the ER membrane in a punctate manner as expected, but was also strongly concentrated
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at the centrosomes and the base of cilia marked by ARL13B antibody (Figure 4A). To further test
the role of TAOK2 in regulating primary cilium length, we generated TAOK2 KO iPSC lines using
gene editing. We used the AICS0032 stem cell line (Allen Institute), where the centrosomal protein
centrin-2 (CETN?2) is tagged with RFP at its endogenous locus, allowing exquisite visualization
of centrosomes (Figures S2A and S2B). AICS0032 iPSCs were genetically edited using Cas9
along with guide RNA targeting exon4 to generate TAOK2 KO cell lines 4.4 and 4.9 (Figure S2C).
Successful editing was confirmed by sequencing and KO was validated by western blot
(Figures S2D and S2E). Unedited wild-type (WT) AICS0032 iPSCs were used as a control. All
three lines were karyotypically normal (Figure S2F), and iPSCs retained pluripotency as evident
by expression of NANOG and OCT4 (Figure S2G). Dorsal forebrain NPCs were obtained from
1PSCs through dual SMAD inhibition using our published protocol (Deshpande et al., 2017).
TAOK2 KO and WT control NPCs expressed neuronal progenitor markers PAX6, NESTIN
(Figure S3A), as well as FOXG1 and SOX2 (Figure S3B). Loss of TAOK2 protein in NPCs was

confirmed by western blot (Figure 4B).

Neural progenitors from control and TAOK2 KO iPSCs self-assembled into rosettes and
maintained cell polarity, with enrichment of ZO1 and N-cadherin on the apical end of the rosettes
(Figures 4C and S3C),and primary cilia projecting toward the apical side of the rosette (Figure 4
D). To test whether primary cilium length is altered in TAOK2 KO NPCs, we immunostained
NPCs with ARL13B (Figures 4D and 4E). We found a significant increase in cilia length in
TAOK2 KO4.4 (mean =3.52 um, n =151 NPCs, SEM = 0.08) and TAOK2 K0O4.9 NPCs (mean =
3.35 um, n =170 NPCs, SEM = 0.06), compared to WT (mean = 2.14 um, n = 260 NPCs, SEM =

0.04) (Figure 4E).
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Figure 3.4. TAOK2 Kkinase localizes to the base of the primary cilium and restricts cilium
elongation

(A) Human iPSC-derived NPCs stained for endogenous TAOK?2 (magenta) and cilia marker
ARL13B (green) show ER localization of TAOK2 as well as its localization at the base of the
primary cilia. Nuclei were stained with DAPI. Scale bar represents 5 pm. Magnified inset is shown
on the right with individual frames of the z stack acquired at 0.3 pm. Scale bar represents 1 um.
(B) Validation of TAOK2 KO in NPCs by western blot analyses.

(C) Neural rosettes from control WT and TAOK2 KO NPCs expressing RFP tagged centrin-2
(green) were stained for apical polarity marker ZO1 (white) and NPC marker PAX6 (red). Scale
bar represents 10 pm.

(D) NPCs from control WT and TAOK2 KO NPCs expressing RFP-centrin-2 (red) were stained
for ARL13B (white). Nuclei were stained with DAPI (cyan). Scale bar represents 3 um.

(E) Quantification of cilium length in control WT (n =260 NPCs from 3 experiments), TAOK2
KO 4.4 (n= 151 NPCs from 3 experiments, ****p < 0.0001) and KO 4.9 (n = 170 NPCs from 3
experiments, ****p < 0.0001, and one-way ANOVA with Dunnett’s multiple comparison) NPCs

immunostained with ARL13B. All error bars are standard error of the mean.
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Figure 3S.2. Generation of TAOK2 Knockout Human iPSC and NPCs Using Genome

Editing (related to main Figure 4)
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(A) Schematic depicts the CETN2 genomic locus and position where mTagRFP-T was inserted
using the indicated guideRNA to generate the AICS0032 stem cell line derived from WTCI11.
Data from Allen Institute. (B) Images show AICS0032 stem cell clone 19 expressing mTagRFPT-
Centrin-2. Both mother and daughter centrioles are visible under the microscope. Data from
Allen Institute website. (C) Expression plasmid backbone and site of guideRNA used to

generate TAOK?2 KO iPSC lines are shown. (D) Genomic sequencing of TAOK2 KO stem cells
where the sequence within exon 4 that was targeted is indicated. (E) Western blot shows cell lysate
from WT and TAOK2 KO clones 4.4 and 4.9 iPSCs immunoblotted with antibodies

against TAOK2 and GAPDH. (F) Karyotype analyses of WT and TAOK2 KO 4.9. (G) WT and
TAOK2 KO 4.4 and 4.9 iPSCs immunostained for pluripotency markers NANOG (magenta) and

OCT4(cyan), and nuclear dye DAPI (blue). Scale bar is 20pum.
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Figure 3S.3. Characterization of TAOK2 Knockout NPCs (related to main Figure 4)

(A) Representative images of WT and TAOK?2 KO 4.4 and 4.9 NPCs immunostained with NPC
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markers NESTIN (green) and PAX6 (red). Nuclei were stained with DAPI (blue). Scale bar is
10um. (B) Representative images of WT and TAOK2 KO NPCs immunostained with NPC
markers FOXGI1 (magenta) and SOX2 (green). Nuclei were stained with DAPI (blue). Scale bar
is 10um. (C) Representative images of WT, TAOK2 KO4.4 and TAOK2 KO4.9 rosettes
expressing RFP-Centrin-2 (white) immunostained with NPC marker PAX6 (magenta), apical

polarity marker N-Cadherin (green), and nuclear dye DAPI (blue). Scale bar is 10um.

TAOK?2 knockout neural progenitors exhibit ciliary trafficking deficits

Dedicated trafficking machinery comprising intraflagellar transport (IFT) proteins mediates
anterograde and retrograde motor-based transport of cargo in and out of the primary cilium (
Ishikawa and Marshall, 2011; Pan and Snell, 2014). We first tested whether the distribution of the
centrosomal scaffold protein PCNT, important for trafficking of IFT bound cargo (Jurczyk et al.,
2004; Salisbury, 2004) and cilium elongation (Nakazato et al., 2023), was disrupted in TAOK?2
KO NPCs. WT and TAOK2 KO NPCs were fixed and immunostained for endogenous PCNT
and ciliary membrane marker ARL13B (Figure 5A). Mean fluorescence intensity of PCNT within
a 5 um radius of the CETN2-RFP tagged centrosomes was significantly increased in TAOK2
KO4.4 (mean = 336.4, 220 NPCs from n = 3 experiments, SEM = 23.22) and TAOK2 K04.9
NPCs (mean =354.4, 220 NPCs from n = 3 experiments, SEM = 29.60) compared to WT (mean =
204, 220 NPCs from n = 3 experiments, SEM = 8.10) cells (Figure 5B). Next, we tested whether
IFT is maintained in TAOK2 KO cells by assessing the distribution of anterograde IFT-B
component [FT88. NPCs were fixed and immunostained for endogenous IFT88 and ciliary
membrane marker ARL13B (Figure 5C). IFT88 particles are present at the base of the cilia and

distributed along the length of the cilia, indicating normal transport. Accumulation at the cilia tip

111



typically occurs in IFT-A mutants and indicates defective balance between retrograde and
anterograde transport (Qin et al., 2011; Weijman et al., 2024). In WT condition, 9.76% and 16.37%
of NPCs had IFT88 enriched at the ciliary base and tip, respectively, while in a majority (73.87%)
of NPCs, IFT88 was uniformly distributed along the ciliary length (482 NPCs fromn= 3
experiments). In contrast, IFT88 was enriched in the cilia tip in 61.95% of TAOK2 KO4.4 and
52.8% of KO4.9 NPCs, while it was uniformly distributed in 33.44% of TAOK2 KO4.4 and 35.43%
of KO4.9 NPCs (460 and 595 NPCs, respectively from n = 3 experiments) (Figure 5D). These data
show that TAOK?2 regulates PCNT and IFT88 trafficking in the primary cilium, with loss of
TAOK2 resulting in increased centrosomal PCNT and IFT88 accumulation at the primary cilium
tip. We also tested whether IFT88 trafficking is impacted in 16pl11.2 deletion carriers by
immunostaining control and deletion NPCs for IFT88 and ARL13B (Figure 5E). We found IFT88
was enriched in the cilia tip in 57.90% of deletion and 27.57% of control NPCs, while it was
uniformly distributed in 28.03% of deletion and 58.36% of control NPCs (679 and 639 NPCs,

respectively from n = 3 experiments) (Figure 5F).
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Figure 3.5. TAOK2 KO and 16p11.2 deletion NPCs show aberrant IFT88 accumulation at
ciliary tip

(A) NPCs derived from control WT, TAOK2 KO 4.4, and 4.9 iPSC tagged with RFP-centrin-2
(blue) were immunostained for pericentrin (PCNT) (yellow) and cilia marker ARL13B (magenta).
Bottom row shows PCNT immunostaining in inverted grayscale. Scale bar represents 5 pm.

(B) Fluorescence intensity of PCNT staining within a 5 pm radius around the centrosome was
measured in control WT and TAOK2 KO 4.4 and 4.9 NPCs (220 NPCs each genotype from n =3
experiments, **p < 0.005, and repeated measures one-way ANOVA with Dunnett’s multiple
comparisons).

(C) Control and TAOK2 KO4.4 and 4.9 NPCs tagged with RFP-centrin-2 (blue) were
immunostained for IFT88 (yellow) and cilia marker ARL13B (magenta). Bottom row shows
merged images of IFT88 (yellow) with endogenous centrin-2 (blue) that marks the base of the
primary cilium. Scale bar represents 5 pum.

(D) Percentage of control WT NPCs (482 NPCs from n = 3 experiments), TAOK2 KO 4.4 NPCs
(460 NPCs fromn= 3 experiments), and TAOK2 KO4.9 NPCs (595 NPCs fromn= 3
experiments, ****p < 0.0001, and two-way ANOVA with Tukey’s multiple comparisons) with
IFT88 enrichment at the cilium base, cilium tip, or uniform distribution along the length of the
cilia are plotted.

(E) Control NPCs (RMKO0119, RMKO0162, and RMKO0165) and 16p11.2 deletion carrier NPCs
(16pDel06, 16pDel07, and 16pDel08) were immunostained for IFT88 (yellow), cilia marker
ARL13B (magenta), and PCNT (magenta).

(F) Percentage of control NPCs (639 NPCs from n = 3 experiments) and deletion carrier NPCs

(679 NPCs from n = 3 experiments, ****p <(0.0001, and two-way ANOV A with Sidak's multiple
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comparisons) with IFT88 enrichment at the cilium base, cilium tip, or uniform distribution along

the length of the cilia are plotted. Error bars are standard error of the mean.

Dysregulated SHH signaling in TAOK?2 knockout neuroprogenitor cells

IFT dysfunction is associated with impaired SHH signaling as IFT proteins play key roles in cilia
structure and ciliary trafficking (Huangfu et al., 2003; Liem et al., 2012; Tran et al., 2008). SHH
is a key signaling pathway important for brain development including the forebrain (Altaba et al.,
2002). Upon SHH ligand binding, the repressor protein patchedl (PTCH1) is removed from cilia,
resulting in ciliary activation of smoothened (SMO), which turns on transcription of SHH target
genes such glioma-associated oncogene (GL/) (Rohatgi et al., 2007). First, we tested if ciliary
accumulation of SMO was affected by absence of TAOK2. WT and TAOK2 KO NPCs were fixed
and immunostained with antibody against SMO and ARL13B, and proportion of NPCs that had
SMO present in the primary cilia was quantified (Figure 6A). We found a significant increase in
percentage of NPCs with ciliary SMO distribution, with 34.69% of TAOK2 KO 4.4 NPCs (1,033
NPCs from n = 3 experiments, SEM = 0.77) and 39.22% of TAOK2 KO 4.9 NPCs (1,202 NPCs
from n = 3 experiments, SEM = 3.39) showing ciliary SMO compared to 17.58% (1,147 NPCs
from n = 3 experiments, SEM = 0.83) WT NPCs (Figure 6B). Since presence of SMO within the
cilia impacts downstream SHH signaling, we next measured the transcriptomic outcome of SHH
activation by small molecule SMO agonist SAG that activates SHH signaling independently of
PTCH protein. We performed quantitative PCR to measure mRNA levels of SHH target genes in
WT and TAOK2 KO NPCs upon 24 h treatment with 0.5 uM SMO agonist SAG. We found a
significant upregulation of GLI/ expression in TAOK2 KO4.4 and KO4.9 NPCs compared to WT

NPCs (n = 7-9), whereas there was no significant change in PTCHI mRNA level (Figures 6C and
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6D). Therefore, consistent with the upregulation of SMO within the cilia in TAOK2 KO NPCs,

there was increased activation of SHH dependent GLI! transcription compared to control NPCs.
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Figure 3.6. TAOK?2 is important for SHH signaling

(A) Control WT and TAOK2 KO 4.4 and 4.9 NPCs expressing RFP-centrin-2 (blue) were
immunostained for SMO (yellow) and ARL13B (magenta). Scale bar represents 2 pm.

(B) Quantification of primary cilia positive for SMO in control WT NPCs (1,147 NPCs from n =
3 experiments), TAOK?2 KO 4.4 (1,033 NPCs from n = 3 experiments, **p = 0.002), and TAOK2
KO 4.9 (1,202 NPCs from n = 3 experiments, **xp = 0.0006, one-way ANOVA with Dunnett’s

multiple comparisons) NPCs.
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(C and D) Bar graph plots ofindividual values and geometric means of mRNA levels
of GLI1 and PTCHI in SAG treated TAOK2 KO 4.4 and 4.9 NPCs normalized to WT NPCs
(x**xp <0.0001, mixed effects analyses with Geisser-Greenhouse correction). Error bars are

standard error of the mean.

TAOK?2 catalytic activity is required for its role in cilium length control

To determine whether TAOK?2 controls cilium length through phosphorylation, we utilized a small
molecule TAO kinase inhibitor compound 43 (CP43) with an IC50 of 15 nM (Giacomini et al.,
2018; Koo et al., 2017). WT NPCs were treated with control vehicle DMSO or CP43 at 10 uM for
3 h. After drug treatment, cells were fixed and immunostained for cilia marker ARL13B. We found
that NPCs treated with CP43 showed a robust increase in cilia length (mean = 3.13 pm, n = 100,
SEM = 0.06) compared to DMSO treated controls (mean = 2.29 um, n= 100, SEM = 0.07)
indicating that TAOK2 kinase activity is important for its role in cilia length control (Figures 7A
and 7B). These data reveal that TAOK2 catalytic activity controls cilium length, and its acute

inhibition leads to increased cilia length, phenocopying the effect of TAOK2 KO.
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Figure 3.7. TAOK?2 catalytic activity is important for its role in ciliary growth restriction
(A) Control WT NPCs endogenously tagged with RFP-centrin-2 (magenta) were treated with
DMSO or TAO kinase inhibitor CP43 (10 uM for 3 h), fixed and immunostained for ARL13B
(yellow) and nuclear dye DAPI (blue). Scale bars represent 5 um. Inset on right shows magnified
representative cilia treated with DMSO or CP43. Scale bar represents2 pm.

(B) Schematic shows the chemical structure and IC50 of CP43. Cilia length in NPCs treated with
vehicle DMSO or CP43 is plotted (n= 100 NPCs each condition from 3
experiments, ****p < 0.0001, and Student’s t test with Welch correction). Error bars are standard

error of the mean.

Discussion

Human diseases caused by mutations in genes affecting centrosomes and primary cilia, called

ciliopathies, are commonly associated with brain development deficits (Guemez-Gamboa et al.,
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2014; Han and Alvarez-Buylla, 2010). Also, disruption in cilia length has been observed in several
neurological disorders. Cells derived from patients with Down syndrome exhibit shorter cilia,
aberrant centrosomal accumulation of PCNT and impaired trafficking to the cilium (Galati et al.,
2018). Aberrant ciliogenesis is seen in patients with focal malformations of cortical development
caused by somatic activating mutations in mTOR (Park et al., 2018). Seckel syndrome, caused by
mutations in the centrosomal-P4.1-associated protein (CPAP) is associated with microcephaly.
NPCs derived from patients with Seckel syndrome exhibit extremely long cilia and undergo
premature neuronal differentiation (Gabriel et al., 2016). At the outset, several lines of evidence
pointed to a potential role of ciliary dysfunction in 16p11.2 CNV. First, transcriptomic profiles of
individuals carrying reciprocal 16p11.2 CNV were enriched for genes associated with ciliopathies
(Migliavacca et al., 2015). Second, radial glial cells in cerebral organoids generated from 16p11.2
CNV carriers show differentially expressed cilium assembly genes (Urresti et al., 2021), and lastly,
patients with 16p11.2 CNV exhibit BMI and metabolic imbalances (Jacquemont et al., 2011;

Maillard et al., 2016; Walters et al., 2010; Zufferey et al., 2012), phenotypes often found in
patients with ciliopathy (Oh et al., 2015; Reiter and Leroux, 2017; Ritter et al., 2018). Reciprocal
changes in cilia length in NPCs derived from 16p11.2 deletion and duplication carriers were
identified in our study through unbiased proteomics. Given the incomplete penetrance of 16p11.2
clinical symptoms (Arbogast et al., 2016; Weiss et al., 2008), if such an association of cilia length
1s made with brain size, cilium length alteration could serve as a valuable biomarker for 16p11.2

CNV.

During development of the mammalian neocortex, polarized radial glial cells are organized with

their apical plasma membranes forming the luminal side of the neural tube, such that the primary
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cilia extend into the ventricular cerebrospinal fluid rich in signaling molecules (Willaredt et al.,
2008). Enriched within the primary cilium are numerous signaling receptors that sense growth
factors and ligands important for brain development such as insulin-like growth factors, bone
morphogenic proteins, SHH, retinoic acid, and lysophosphatic acid (Han and Alvarez-Buylla, 2010
; Reiter and Leroux, 2017). Cilia length dynamics are observed during neuronal differentiation,
with the circadian rhythm and in response to growth factors. Through its critical signaling
functions and dynamic regulation of length that dictates receptor availability, the primary cilium
serves as key regulator of neural stem cell proliferation, neuronal differentiation, migration as well
as site of specialized axon-cilium synapse (Ding et al., 2019; Han and Alvarez-Buylla, 2010; Han
et al., 2009; Phua et al., 2017). Changes in cilia length are often associated with microcephaly.
CPAP mutations lead to elongated cilia and microcephaly through premature neurogenesis (
Gabriel et al., 2016). Mutations in CENPF, a centrosomal protein, also lead to microcephaly but
result in shortened cilia (Cappuccio et al., 2022). Interestingly, mutations in EML1, a microtubule-
associated protein, lead to shorter cilia and are associated with macrocephaly (Bizzotto et al., 2017
; Oegema et al., 2019; Uzquiano et al., 2019). Whether and how primary cilium length deficits
contribute to opposing brain size changes observed in 16p11.2 CNV remain to be investigated.
Multiple studies have focused on the impact on NPC proliferation in 16p11.2 CNV using stem cell
models with variable results. Studies have reported no differences in NPC proliferation in 16p11.2
CNV carriers using 2D cultured NPCs (Deshpande etal.,, 2017; Roth etal., 2020),
hyperproliferation in deletion NPCs (Connacher et al., 2022), prolonged cell cycle in deletion 3D
organoid models (Fetit et al., 2023), or alterations in the ratio of neurons to progenitors in 3D
organoids during early neurogenesis (Urresti et al., 2021). Heterogeneity in the model systems and

methods of assessing proliferation could contribute to these disparate findings.
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Our results show that TAOK?2 gene dosage regulates cilia length and that NPCs lacking TAOK?2
have elongated cilia, increased centrosomal PCNT, and accumulation of IFT88 at distal cilia tip.
Moreover, SHH signaling is dysregulated in the TAOK2 KO NPCs. A previous study found that
in neuroepithelial cells SHH signaling upregulates PCNT expression, which accumulates at the
centrosome and recruits the protein kinase A (PKA) to centrosomes, thereby exerting a positive-
feedback onto SHH signaling (Saade et al., 2017). Therefore, it is possible that increased PCNT
that we observe in TAOK2 KO NPCs is contributing to the increase in GLII activity downstream
of SMO. Upregulation of SHH signaling has been noted in Nestin-Gprl61 conditional KO mice
that leads to increased progenitor proliferation causing ventriculomegaly (Shimada et al., 2019).
Other outcomes of high SHH signaling include dysregulated neuroepithelial cell to radial glia
transition and aberrant cell cycle exit in neuroprogenitors, each of which could lead to an increase
in brain size (Chenn and Walsh, 2002; Sahara and O’Leary, 2009; Shimada et al., 2019). Notably,
TAOK2 is the only gene within the 16p11.2 locus, single nucleotide missense mutations in which
have been associated with both obesity (Agrawal et al., 2021; Elkhateeb et al., 2024; Loid et al.,
2022) and macrocephaly (Elkhateeb et al., 2024). Whether and how the ciliary role of TAOK2

contributes to obesity and macrocephaly is an exciting direction for future investigation.

Limitations of the study

Whether ciliary deficits exist broadly in other cell types within the brain and in other tissues in
16p11.2 CNV carriers needs to be examined. This study was based on samples from three distinct
16p11.2 deletion and three duplication carriers, with heterogeneous age and sex distribution, and

distinct genetic background. Future studies that employ cilia length and function analyses in larger
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number of 16p11.2 CNV carriers or genetically edited iPSC lines harboring 16p11.2 BP4-5

CNYV would be insightful.

Methods

Induced pluripotent stem cell culture and neuronal differentiation

All1PSC lines were differentiated into NPCs as reported previously (Deshpande et al., 2017). Stem
cells were treated with 1 U/mL dispase, lifted using a cell scraper, resuspended in mTeSR media
(STEMCELL Technologies) containing 10 uM ROCK Inhibitor (Selleck Chemical), and then
transferred to uncoated T25 flasks for embryoid body formation. After 2448 h (day 0), EBs were
gravity settled and transferred to new uncoated T25 flasks in neural media (DMEM/F12 (Gibco),
1% N-2 supplement (Gibco), 1% non-essential amino acids (Gibco), 2 pg/mL Heparin, and 1%
penicillin/streptomycin [Gibco]) containing small molecule TGF-B/SMAD inhibitors, SB431542
(5 uM; PeproTech), and LDN193189 (0.25 uM; PeproTech). On day 3, EBs were transferred to
Matrigel (1:50 dilution; Corning)-coated 6-well plates in fresh neural media with SB and LDN.
Media was changed with neural media without SB and LDN every other day or as needed until
day 11 for formation of neural rosettes. On day 11, neuroepithelia were lifted using cell scraper
and transferred to uncoated T25 flasks in neural media. Neurospheres were fed with neural media
every other day, or as needed, until day 25. On day 25, neurospheres were plated onto Matrigel-

coated plates in STEMDiff Neural Progenitor Media and NPCs were obtained.

Proteomic sample preparation

Confluent 75-mL flasks of NPCs were washed with PBS and then homogenized in 1 mL 8 M urea,

using a probe sonicator (Thermo Fisher Scientific). Protein content in extracts was determined
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using Micro BCA Protein Assay Kit (Thermo Fisher Scientific). Aliquots containing 500 ug
protein in 590 uL 8 M urea were added with 236 uL of 200 mM ammonium bicarbonate buffer
and phosphatase inhibitors (Sigma Phosphatase Inhibitor Cocktails 1 and 3), then treated with
5 mM DTT at 56°C for 15 min, followed by a 30 min incubation at room temperature in dark with
7.5 mM iodoacetamide. For tryptic digestion, the samples were then diluted 4-fold with 100 mM
ammonium bicarbonate to reduce urea to 2 M and then 5% (W/W) trypsin (Promega) was added.
The pH was adjusted to 8.0 with 250 mM ammonium bicarbonate, and samples were incubated
12 hat 37°C. Another aliquot of trypsin was added (2% W/W) and digested for additional 6 h. The
digests were desalted using a MAX-RP SepPak C18 cartridge (Waters) following manufacturer’s
protocol. Sep Pak eluates were dried-evaporated in preparation for labeling with TMT10plex
reagents. TMT labeling, phosphopeptide enrichment, mass spectrometry, and peptide

identification are described in the supplemental information.

Generation of TAOK2 knockout stem cell line

Two independent TAOK2 KO lines were generated using CRISPR-Cas9 genome editing in an
AICS0032 stem cell line. Guide RNA was designed using Synthego design tool
(https://www.synthego.com) to target coding exon4. Guide was cloned into
CrisprV2pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene no. 62988). Cells were passaged in
single cell suspension and plated at 50% confluence. Cultures were then transfected Lipofectamine
2000 Transfection reagent (Invitrogen) and 2 mg of guide RNA used per KO line. Cells were then
selected with Puromycin for 48 h to select for transfected cells. Edited cells were expanded into
single cell colonies. Genomic DNA was extracted and the region around the cutting site was PCR

amplified to send for sequencing. Successful TAOK2 KO clones 4.4 and 4.9 were confirmed by
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Sanger sequencing analysis, and absence of encoded protein was validated by western blot
(described in supplemental information). Absence of large chromosomal alterations was

confirmed by karyotyping.

Confocal microscopy

Imaging was performed on a Nikon Ti2 Eclipse-CSU-X1 confocal spinning disk microscope
equipped with four laser lines (405, 488, 561, and 670 nm) and an sCMOS Andor camera for image
acquisition. The microscope was caged within the OkoLab environmental control setup enabling
temperature and CO2 control during live imaging. Imaging was performed using Nikon 1.49
100x Apo 60x or 40x oil objective lenses. All image analyses and quantification of fluorescence

intensity was performed using Fiji Imagel.

Statistics

Statistics were performed in GraphPad software Prism 10.0. Multiple groups were analyzed using
ANOVA, while two group comparisons were made using unpaired t test unless otherwise stated.
Statistically p value less than 0.05 was considered significant. All experiments were done in

triplicate, and experimental sample size and p values are indicated with the corresponding figures.

Resource availability
Lead contact
Requests for further information and resources should be directed to the lead contact, Smita Yadav

(smitay@uw.edu).
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Materials availability
Stem cell lines used are available from SFARI iPSC collection. Stable reagents generated in this
study are available from the lead contact with a completed materials transfer agreement. Key

resources are listed in Table S3.

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium

via the PRIDE partner repository with the dataset identifier PXD066614.
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Chapter 4: TAOK2 ASD-associated mutations differentially affect catalytic activity and
localization of TAOK2

Abstract

The autism risk gene thousand and one amino acid kinase 2 (TAOK2) encodes a serine/threonine
kinase important for several aspects of neurodevelopment including axon elongation, dendritic
branching, and spine/synapse formation. We recently discovered that TAOK?2 is an endoplasmic
reticulum (ER)-microtubule (MT) tether. Despite its importance in neuronal development and
strong disease association, the molecular mechanisms underlying the role of TAOK2 in
neurodevelopment and its biological function as an ER-MT tether are not understood. Here, we
discovered that autism spectrum disorder (ASD)-associated TAOK?2 mutations differentially affect
its subcellular localization and catalytic activity in TAOK2 knockout (KO) HEK293T cells.
Further, we generated a human TAOK2 KO induced pluripotent stem cell (hiPSC) line, which was
differentiated into neural progenitor cells (NPCs). We found similar effects on subcellular
localization in TAOK2 KO NPCs. Our results suggest that the role of TAOK2 in

neurodevelopment and autism may be mediated through several different molecular mechanisms.

Introduction

Thousand and one amino acid kinase 2 (TAOK2) is an autism susceptibility gene (/-3) and
regulates various neurodevelopmental processes implicated in autism spectrum disorder (ASD)
(3—10). Reduced expression or absence of TAOK?2 perturbs axogenesis (4) and decreases dendritic

branching (3, 4) while increasing filopodia and shaft synapses (3—6).
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TAOK2 consists of two spliced isoforms, o and B, differing in their C-terminal regulatory domains.
Mutations in TAOK?2 have been identified in ASD patients through genetic sequencing (3). These
mutations are not localized to specific domains of the protein, with some shared between the two
isoforms and the others specific to each isoform. The two isoforms share the first 744 amino acids
which comprise a kinase domain and two coiled coiled domains. We have previously identified
that the C-terminal end of the canonical isoform TAOK2a also contains six transmembrane
domains, an amphipathic helix domain, and a microtubule binding domain (/7). With six
transmembrane domains along with amphipathic helix, TAOK2a localizes to endoplasmic
reticulum (ER) in a punctate pattern rather than throughout the entire ER membrane (/7). Further,
together with the MT binding domain, TAOK2a functions to tether ER to MTs (/7). Loss of
TAOK?2 disrupts the interaction between ER and MTs (/7), which is essential for regulation of ER
dynamics and neurodevelopment (/2, /3). Given the importance of TAOK2 in neurodevelopment
and strong association of 74OK2 mutations with neurodevelopmental disorders, characterization
of TAOK2 mutations in its role as an ER-MT tether and of its kinase function is necessary to
understand the molecular mechanism through which TAOK2 contributes to neurodevelopment and
disease. Here, we utilized an immunoprecipitation kinase assay and confocal microscopy to assess

changes in catalytic activity of the protein and localization.

Materials and Methods

Generation of TAOK2 knockout cell line

TAOK2 knockout HEK293T and AICS0032 derived NPC lines were generated using
CRISPR/Cas9 genome editing as described previously (77, 74). Guides were designed using

Synthego guide design tool (https://www.synthego.com) to target coding exon 2 for HEK293T
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cells and exon 4 for NPCs. Guides were cloned into plasmid CrisprV2pSpCas9(BB)-2A-Puro
(PX459) V2.0 (Addgene Plasmid #62988) with Puromycin resistance. Cells were passaged in
single cell suspension and plated at 50% confluence. Cultures were then transfected
Lipofectamine™ 2000 Transfection reagent (Invitrogen) and 2mg of guide RNA used per KO line.
Cells were then selected with Puromycin for 48hr to select for transfected cells. Edited cells were
expanded into single cell colonies. Genomic DNA was extracted and the region around the cutting
site was PCR amplified to send for sequencing. Successful TAOK2 knockout clones were
confirmed by Sanger sequencing analysis, and absence of encoded protein was validated using
western blot. TAOK2 KO lines were confirmed by karyotyping for absence of large chromosomal

alterations.

Immunoprecipitation kinase assay

HEK?293T cells were grown in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin (Thermo Fisher Scientific). Expression
constructs of sfGFP-tagged TAOK2a ASD mutations (2 pg) were transfected with JetOptimus,
following the manufacturer’s instructions. After 24 h post-transfection, cells were collected and
incubated in HKT lysis buffer (25 mM HEPES pH 7.2, 150mM KCl, 1% Triton X-100, 2 mM
DTT, and 1X protease inhibitor (Roche, cOmplete™ EDTA free)) for 30 min on ice prior to
homogenization with a 25-gauge syringe needle. Pierce™ Protein G Agarose beads (Thermo
Fisher Scientific) were washed with HKT buffer thrice. The supernatant was collected from cell
lysates through centrifugation at 800g for 5 min, precleared with Protein G Agarose beads for
30 min, and immunoprecipitated with the GFP antibody overnight at 4°C. Beads were washed with

HKT buffer twice, incubated with high salt HKT buffer (25 mM HEPES pH 7.2, IM NaCl, 1%
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Triton X-100,2 mM DTT, and 1X protease inhibitor (Roche, cOmplete™ EDTA free)) for 10 min,
and washed with HK buffer (25 mM HEPES, 150mM KCI, 2 mM DTT, and 1X protease inhibitor
(Roche, cOmplete™ EDTA free)) twice and then with kinase buffer (20 mM Tris HCI pH 7.5,
10 mM MgCl12, 1 mM DTT, 1X protease inhibitor (Roche, cOmplete™ EDTA free)) twice at 4°C.
Kinase assay was performed by incubating the beads with the kinase buffer, 1 mM ATP, and 10X
phosphatase inhibitor (Thermo Fisher Scientific, Halt) at 30°C for 45 min at 920 rpm. To assay
for phosphorylation of Septin7 by TAO kinases, purified GST-tagged Sept7 C-terminal tail (321—
438 amino acids) was also added to the reaction. Samples were prepared by adding NuPAGE™
LDS sample buffer (Thermo Fisher Scientific) containing 125 mM DTT, heating for 10 min at
95°C, and centrifuging at 5,000g for 5 min. Samples were run on NuPAGE™ 4-12% bis-tris
polyacrylamide gels (Thermo Fisher Scientific) with NuPAGE™ MOPS running buffer (Thermo
Fisher Scientific) at 165 V for 20 min and then at 175 V for 50 min. Gels were transferred to
Immobilon-P membrane at 100 V for 1 h. The blots were blocked with 5% BSA blocking buffer
and probed with phospho-TAO2 (S181) and phospho-Sept7 (T426) antibodies at 1:500 dilution
overnight at 4°C followed by 3 h incubation with HRP-conjugated secondary antibody at 1:5,000
dilution at room temperature. The kinase activity was quantified by normalizing phospho-TAOK2
signal intensity to that of the GFP signal and phospho-Sept7 signal intensity to that of the GST

signal.

Induced pluripotent stem cell culture and neuronal differentiation
TAOK2 KO iPSC line was differentiated into NPCs as reported previously (/5). Stem cells were
treated with 1U/mL Dispase, lifted using a cell scraper, resuspended in mTeSR media

(STEMCELL Technologies) containing 10uM ROCK Inhibitor (Selleck Chemical), and then
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transferred to uncoated T25 flasks for embryoid body (EB) formation. After 24-48 hours (Day 0),
EBs were gravity settled and transferred to new uncoated T25 flasks in neural media (DMEM/F12
(Gibco), 1% N-2 supplement (Gibco), 1% Non-essential amino acids (Gibco), 2pg/mL Heparin,
1% Penicillin/Streptomycin [Gibco]) containing small molecule TGF-B/SMAD inhibitors,
SB431542 (5uM; Peprotech) and LDN193189 (0.25uM; Peprotech). On Day 3, EBs were
transferred to Matrigel (1:50 dilution; Corning)-coated 6 well plates in fresh neural media with SB
and LDN. Media was changed with neural media without SB and LDN every other day or as
needed until Day 11 for formation of neural rosettes. On Day 11, neuroepithelia were mechanically
lifted using cell scraper and transferred to uncoated T25 flasks in neural media. Neurospheres were
fed with neural media every other day, or as needed, until Day 25. On Day 25, neurospheres were
plated onto Matrigel-coated plates in STEMDiff™ Neural Progenitor Media (STEMCELL

Technologies) and NPCs were obtained.

Immunocytochemistry and transfection

HEK293T cells and NPCs grown on coverslips were washed with phosphate buffer saline (PBS)
once, fixed with 4% paraformaldehyde (PFA) and 4% sucrose solution for 20 minutes at room
temperature, and then washed thrice with PBS. Fixed HEK293T cells and NPCs were then
incubated with blocking buffer (10% Normal Goat Serum, 200mM Glycine pH 7.4, 0.25% Triton
X-100 in PBS) for one hour at room temperature. Cells were incubated with primary antibodies in
blocking buffer overnight at 4°C, followed by six 5-minute PBS washes and incubation with
secondary antibodies at 1:1000 dilution in blocking buffer overnight at 4°C. DAPI was included
in the secondary antibody mixture at 1:2000 dilution. Coverslips were washed six to ten times with

PBS and mounted on slides with Fluoromount-G (Electron Microscopy Sciences).
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For transfection, HEK293T cells and NPCs were transfected using Lipofectamine™ Stem or 2000

Transfection Reagent (Invitrogen) according to the manufacturer’s protocol.

Microscopy and image analyses

Imaging was performed on a Nikon Ti2 Eclipse-CSU-X1 confocal spinning disk microscope
equipped with four laser lines (405nm, 488nm, 561nm, 670nm) and an sSCMOS Andor camera for
image acquisition. The microscope was caged within the OkoLab environmental control setup
enabling temperature and CO2 control during live imaging. Imaging was performed using Nikon
1.49 100x Apo 60X or 40X oil objective lenses. All image analyses and quantification of

fluorescence intensity was performed using Fiji ImageJ2 version2.3.

Results

ASD-associated TAOK2a mutations, except A135P, do not affect kinase activity
ASD-associated TAOK2a mutations span throughout different domains within the entire protein,
some of which are shared between both isoforms (Figure 1A, B). A135P mutation is the only
mutation within the kinase domain and was previously shown to render TAOK2a catalytically
dead (3). However, it is unclear whether other ASD-associated mutations also disrupt the kinase
activity of the protein. We therefore performed in vitro kinase assay in HEK293T cells to test
whether the ASD-associated TAOK2a mutations affect the catalytic activity. TAOK2 KO
HEK293T cells were generated using CRISPR gene editing system to assess the impact of the
ASD mutations without the potential rescue effect from endogenous TAOK2a present in the

wildtype cells. Briefly, TAOK2KO HEK293T cells expressing GFP tagged TAOK2a WT or
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indicated ASD mutant were pulled down using a GFP antibody and incubated with purified GST-
Septin 7, a known substrate of TAOK?2 (6), along with ATP. The kinase activity was assessed by
measuring levels of phosphorylated S181 residue (pS181) normalized to GFP as a readout for
autophosphorylation and phosphorylated Septin 7 (pSept7) normalized to GST (Sept7) as a readout
for substrate phosphorylation. Consistent with the previous report, we found A135P to be kinase
dead (Figure 1C-E). Interestingly, no other ASD mutations significantly impacted the catalytic

activity of TAOK2a (Figure 1C-E).

TAOK2a truncated mutations change the localization of the protein

Next, we wondered whether the localization of TAOK2a on ER is disrupted by the ASD mutations.
We have previously shown that a kinase-dead mutation K57A leads to increased ER-MT tethering,
with TAOK2a exhibiting more of a tubule like localization pattern (/7). Similarly, in TAOK2 KO
HEK293T cells, a kinase-dead ASD associated mutation, A135P also led to increased localization
of TAOK2a on microtubule bundles (Figure 1F). Two truncation mutations, Q622* and
L1030Wfs*3, are missing key domains of the protein. Q622* mutation completely lacks
transmembrane domains and thereafter, whereas L1030Wfs*3 maintains four out of the six
transmembrane domains but lacks the amphipathic helix that allows localization to specific
subdomains within the ER membranes (Figure 1A, B). As expected, these two mutations
drastically changed the distribution of TAOK?2a, to completely cytoplasmic localization and
distribution across entire ER membranes rather than specific subdomains respectively (Figure 1F).
Other missense mutations did not affect the TAOK2a localization. We then tested whether the
similar changes persist in a more relevant system for studying ASD. TAOK2 KO induced

pluripotent stem cell (hiPSC) line was generated from AICS0032 iPSCs using Cas9 and guide
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RNA targeting exon 4 and differentiated into dorsal forebrain neural progenitor cells (NPCs) as
previously described (/4). Consistent with the findings from TAOK2 KO HEK293T cells, WT
TAOK2a was present on the ER membrane in a punctate manner, while A135P mutation led to
microtubule like localization of TAOK2a (Figure 1G). Q622* was completely cytoplasmic as

expected, and L1030W{s*3 was present on the entire ER membrane (Figure 1G).
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(A) Schematic of ASD associated mutations found in TAOK2a and TAOK2. CC: Coiled coiled
domain. TM: Transmembrane domain. AH: Amphipathic helix domain. MBD: Microtubule
binding domain. (B) Schematic of TAOK2a WT, A135P, Q622*, and L1030W{s*3 mutant. (C)
Western blot of kinase activity of sSftGFP-TAOK2a WT, A135P, Q622*, or L1030Wfs*3
expressed in TAOK2 KO HEK293T cells, immunoprecipitated with GFP antibody, and
incubated with purified GST-Sept7 C-terminal tail (321-438 amino acids) for an in vitro kinase
reaction. TAOK2 autophosphorylation was determined by probing for phosphorylated S181
residue (pS181), and substrate phosphorylation was determined by probing for phosphorylated
Sept7 (pSept7). (D) Quantification of pS181 band intensity normalized to GFP band intensity.
Error bars: SEM. (E) Quantification of pSept7 band intensity normalized to GST. Error bars:
SEM. (F, G) Representative confocal images of TAOK2 KO HEK293T cells (F) and NPCs (G)
transfected with sfGFP-TAOK2a WT or indicated ASD-associated mutant constructs (cyan)

along with ER-mRFP (red). Scale bar is 10um.

Discussion

We found that different ASD-associated TAOK2a mutations differentially affect the kinase
activity and subcellular localization of TAOK2. Only A135P mutation within the kinase domain
altered the catalytic activity of TAOK2a, rendering it catalytically dead. A135P mutation also
affected the localization of TAOK2a in both HEK293T cells and NPCs, presumably increasing
ER-MT tethering consistent with the previous finding with a kinase dead mutation, KS7A (/7).
Additionally, two truncation mutations, Q622* and L1030W{fs*3, altered the localization. ER

localization was completely abolished in cells expressing the Q622* mutation, whereas
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L1030Wfs*3 expressing cells still maintained ER localization but punctate localization within the
specific subdomains was lost. However, the other missense mutations did not significantly impact
the kinase activity or the localization. This suggests that changes in kinase activity or cellular
localization are not the sole mechanisms underlying pathophysiology of TAOK2-associated ASD.
Further studies investigating what other molecular pathways or cellular processes the other ASD
mutations affect will be an important future direction in understanding how TAOK2 contributes
to ASD. Importantly, this study only focused on TAOK2a mutations, and therefore, future research
should also investigate the impact of the TAOK2B mutations on kinase function, subcellular

localization, as well as other functions and processes.
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Chapter 5: Discussion and future directions

This body of work has demonstrated multifaceted roles of TAOK?2 during neurodevelopment.
TAOK?2 is important for various stages of neurodevelopment, regulating axon elongation, dendritic
branching, neuronal migration, and spine and synapse formation (/-8). TAOK2 is located within
the 16pl11.2 genomic region, duplication and deletion of which are associated with
neurodevelopmental disorders (9, /0). Mutations in TAOK2 are also associated with ASD (2).
Previous work identified TAOK2a as an ER-localized kinase that tethers ER to microtubules (/7).
Within the ER, TAOK2a localizes to distinct subdomains; however, the precise identity of these
subdomains is unclear. Its spliced variant, TAOK2[ was previously shown to be important for
protein translation (/2) and synaptic function (6, §); however, its precise location within the cell

1s unknown.

Chapter 1 provides a comprehensive summary of the current literature on TAOK2 functions and
its dysfunction in neurodevelopmental disorders (/3). Chapter 2 further elucidates molecular
mechanisms underlying spine maturation mediated by TAOK?2, showing that interaction with 14-
3-3 proteins stabilizes the phosphorylation of Septin 7 by TAOK2 thereby maintaining spine
maturation (35). Chapter 3 identifies a new function of TAOK?2 in regulating the primary cilia length,
trafficking, and SHH signaling and attributes this as a potential mechanism underlying
pathophysiology of 16p11.2 CNV (/4). Chapter 4 reveals that while several ASD-associated
TAOK2a mutations lead to impaired kinase activity and/or subcellular localization, the remaining
missense mutations do not affect either, suggesting TAOK2 may contribute to ASD via other

molecular or cellular mechanisms. These mutations could potentially impact the microtubule
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dynamics and/or proteins that interact with TAOK2, ultimately altering their functions. Further

studies are required to dissect the underlying mechanism of TAOK2-associated ASD.

While this work greatly advances our understanding of pleiotropic functions of TAOK2, the
question remains as to how these functions work together to regulate different stages of
neurodevelopment and how dysfunction in these processes contribute to neurodevelopmental
disorders. How exactly TAOK2a, an ER-microtubule tether, contributes to a plethora of functions
requires further investigation. For instance, it is unclear whether and how TAOK2a directly
associates with Septin 7 and translocates Septin 7 from the dendritic shaft to the dendritic spine
along the microtubule network. TAOK2J3, on the other hand, may be important for actin dynamics
through its association with RhoA (7, 2). Whether the two isoforms interact and form a link
between microtubules and actin cytoskeleton remains an open question. A major limitation in the
current work on TAOK2 is the use of TAOK2 KO 2D cell lines or mouse cell lines where
distinguishing isoform-specific contribution is difficult. Future studies utilizing cortical organoids
either derived from patient cell lines or genetically modified to harbor ASD-associated mutations
will provide further insights in a more physiologically relevant system. Whether and how TAOK?2
regulates cellular processes such as NPC proliferation, neuronal differentiation, and cell cycle
remain to be investigated. The use of cortical organoids will also allow better understanding of
temporal dynamics of the isoform specific function as previous studies have suggested that
TAOK2a may be important for overall neurodevelopment from early progenitor stage to adulthood
whereas TAOK2[3 may be more critical for the later stage of the development (/-8). Cell-type

expression profiles of TAOK2 isoforms remain to be uncovered. It is unknown whether TAOK?2
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is expressed in non-neuronal cell types and how its role in these cell types contribute to

neurodevelopment.
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