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1. Introduction:

1.1 Autism spectrum disorders (ASDs)

ASDs is a neurodevelopmental disorder (NDD) that has no single known cause,
with a variety of symptoms and severity between the individuals. ASDs affect a high
proportion of the human population, with an incidence of 1 in 54 children (Maenner et
al., 2020). ASD individuals, however, have common symptoms, typically including im-
paired social interaction, cognitive, and repetitive behaviors (Belmonte et al., 2004).
Genetics and environmental factors contribute significantly to the onset of this disorder.
There is recent evidence showing that ASDs are highly inheritable developmental dis-
orders affecting neuronal dendritic tree development, synaptogenesis, and excita-
tory/inhibitory balance (Kulkarni & Firestein, 2012; Stdhof, 2008). The pathology of the
NDDs, including autism, is greatly influenced by the aberrant brain connectivity, where
defects in axonal projections and synapses contribute to the development of ASD in
autistic patients and mouse models (Bourgeron, 2015; Cline, 2005). It is noteworthy
that translational control at the level of growth cones and synapses plays an essential
role in axonal connectivity and synaptic plasticity (Glock et al., 2017). Thus, one of the
known hypothesis for the development of the ASDs is the altered translation control
machinery resulting in upregulated protein synthesis at the synaptic level (Kelleher et
al., 2008).

Genetic studies have revealed a great association of the copy number variations
(CNVs) with the neurodevelopmental and neuropsychiatric conditions including ASDs
(Cook & Scherer, 2008), which are encountered frequently in the human 16p11.2 lo-
cus, which contains 31 genes, (Steinberg et al., 2014). The 16p11.2 microdeletion is
linked to ASDs and contributes to approximately 1% of all diagnosed cases of ASD
(Weiss et al., 2008). In contrast, reciprocal microduplications of the 16p11.2 lead to
schizophrenia (McCarthy et al., 2009). However, it remains unclear which of the ~30
genes localized in the 16p11.2 region is causally related to behavioral, functional, and

anatomical changes observed in ASDs.

1.2 Thousand and one amino acid kinase 2 (TAOK2)

The human TAOK2 gene is localized in the 16p11.2 chromosomal region and impli-
cated in neurodevelopmental disorders (Weiss et al., 2008). TAOK2 is a member of
the mammalian sterile 20 (STE20)-like kinases family and of the MAP3K family and
encodes a serine/threonine kinase (Moore et al., 2000). The TAOK2 gene is highly
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expressed in the human brain during the early stages of development and its regulation
is under control of FMRP, making it a high-risk gene associated with CNVs. (Darnell et
al., 2011). Additionally, changes in the expression of the TAOK2 gene in ASD patients
with 16p11.2 CNVs have the greatest association with head diameter in comparison to
other 16p11.2 genes (Luo et al., 2012). Recently, TAOK2 gene-dosage-dependent ab-
normalities in multiple brain regions size were described. The TAOK2 deficient mouse
model reveals similar anatomical, physiological, and behavioral abnormalities identi-
fied in 16p11.2 deletion mice models and patients (M. Richter et al., 2019). Importantly,
Taok2 94 mice show abnormalities in brain morphology with increased volume in sub-
cortical structures and reduced cortex volume (M. Richter et al., 2019), resembling the
phenotype of thel6pll.2 deletion mouse model (Portmann et al., 2014). Semi defi-
ciency or complete removal of TAOK2 in heterozygous and knockout (KO) mice mod-
els respectively show abnormalities in cognition and social behaviors in a gene dos-
age-dependent manner. In addition to the morphological abnormalities observed in
the brain size of TAOK2 knockout mice, TAOK2 deficient mice have synaptic and den-
dritic deficits and abnormalities in hippocampal-prefrontal brain connectivity (M. Richter
et al., 2019). Interestingly, no other gene from the 16p11.2 chromosomal region has
yet been related to morphological abnormalities in the brain (Escamilla et al., 2017),
which suggests that TAOK2 might be a crucial contributor to the phenotypes described
for 16p11.2 CNV carriers.

1.2.1 TAOK2 isoforms and function

There are two isoforms of murine TAOK2, the long TAOKZ2a isoform with 1235 amino
acids and the shorter TAOK2B with 1049 amino acids. Both TAOK2-a/( isoforms share
the exon 1-16 (same residues 1 to 745); however, they have an alternative C-terminal
composition (Mitsopoulos et al., 2003; Yasuda et al., 2007) but itis less under-
stood, how each isoform plays a different role in the brain. Whole-genome and exome
sequencing of ASD families different from the 16p11.2 microdeletion cohort identified
novel de novo and inherited mutations in both isoforms of TAOK2 (M. Richter et al.,
2019).

TAOK?2 participates in the regulation of microtubule dynamics and organization
in cell lines (Moore et al., 2000), where residues 1064-1235 of TAOK2 isoform a were
identified as microtubule-binding domain (Mitsopoulos et al., 2003). Moreover, the au-
tophosphorylation of the kinase domain of TAO2 (1-320) is important to initiate kinase
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activity (Zhou et al., 2004). In mouse cortex, the interplay of TAOK2, receptor protein
Sema3A (Semaphorin 3A) and Nrpl (Neuropilin 1) leads to reduction in axonal growth
and dendrites in the excitatory neurons via stimulation of the c-Jun N-Terminal Kinase
(INK) pathway (De Anda et al., 2012). TAOK2, specifically the isoform B, is necessary
during activity-dependent synapse growth as it facilitates N-Cadherin internalization
(Yasuda et al., 2007). Furthermore, phosphorylation of TAOK2 by MST3 regulates syn-
apse development in cultured neurons from the hippocampus through binding and re-
location of Myosin Va (Ultanir et al., 2014). Additionally, TAOK2 phosphorylates Sep-
tin7 kinase which stabilizes PSD95 in dendritic spines and enhances spine maturation
(Yadav et al., 2017). Finally, a recent study performed by us has clearly demonstrated
that TAOK2 is a high-risk gene for NDDs through regulation of RhoA-mediated signal-
ing, where TAOK2B but not TAOK2a, binds RhoA and controls spine formation and
synapse development (M. Richter et al., 2019).

In non-neuronal cells, TAOK2 has been involved in apoptosis induction by mod-
ulating the cellular morphology via TAOK2/ JNK/ caspase activation pathway after
stimulation by apoptosis-inducing agents (Zihni et al., 2006). TAOK2 has been identi-
fied to be a target substrate for caspases (Zihni et al., 2006, 2007) and is involved in
the Hippo signaling cascade, which suggests that TAOK2 is a tumor suppressor gene
(Fang et al., 2020). In this regard, transcriptome analysis of lung adenocarcinoma re-
vealed TAOK2 downregulation compared to its level in the normal lung (Ya Li et al.,
2020). These studies showed the role of dysregulated TAOK2 in development of the
tumor however, the role of TAOK2, as a tumor suppressor is not well understood.

1.3 Translation Regulation in ASDs

Disturbances in the functional components that control translation are implicated in
several human diseases including cancers, neuropsychiatric disorders, and metabolic
disorders. Additionally, genetic mutations associated with abnormal translation have

been recognized in many NDDs (Scheper et al., 2007), e.g., ASDs and epilepsy.

Firstly, | would like to give a brief overview of the eukaryotic translation before

writing about translation dysregulation in ASD.

1.3.1 Eukaryotic translation:
Translation of cellular mRNAs into proteins is a highly regulated process in gene ex-

pression. Controlling translation of the existing mRNAs permits adaptive protein



changes faster than the transcriptional regulation in response to different endogenous
or exogenous stimuli (Gingras et al., 2001). Thus, translation regulation is important in
modulating gene expression and subsequent maintenance of protein levels in re-
sponse to different physiological or pathological processes. Of note, neurons are highly
specialized cells that depend on gene regulation for the maintenance of their normal
morphology and synaptic function (Kapur et al., 2017). Generally, the translation pro-
cess includes four main cyclic stages of initiation, elongation, termination, and recy-

cling of ribosomes (Schuller & Green, 2018) (Figure 1).
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Figure 1. Overview of the eukaryotic translation process. Translation is a cyclic series of initiation, elon-
gation, termination, and recycling where untranslated mRNA and the ribosomal subunits, eukaryotic translation

factors, and tRNAs orchestrate to be translated. Figure modified from (Schuller & Green, 2018)

1.3.1.1 Translation initiation

It is the first step of the translation process, where the mRNAs engage in cap-depend-
ent translation initiation and recognition of the AUG start codon (Kapur et al., 2017).
Many eukaryotic translation initiation factors (elFs) are involved in the assembly of an
80S ribosome at the AUG start codon. Translation initiation starts by binding of eukar-
yotic initiation factor elF2 to the GTP and the initiator methionyl-tRNA (Met-tRNAI) to
form the ternary complex (elF2-GTP-tRNAiMet). The small 40s ribosomal subunit
binds to the ternary complex together with other initiation factors elF1, elF1A, elF5,
and elF3, and forms the 43S preinitiation complex (PIC) (Aitken & Lorsch, 2012). The
43S PIC binds to the mRNA through its recruitment to the 5 methylguanine mRNA
Cap. This recruitment process is facilitated by elF4F complex (elF4E, elF4G proteins
and the helicase elF4A) (Hinnebusch & Lorsch, 2012). The scaffolding elF4G interacts
with elF3 and stabilizes the PIC and interacts with poly (A) binding protein (PABP)

leading to mRNA circularization. This resulting complex migrates and scans along the



5’'UTR of the transcript with the start codon at the suitable context of the initiator tRNA

anticodon in a process of ribosome scanning (Hinnebusch, 2017).

1.3.1.2 Translation elongation

It is the second step of mMRNA translation where the functional 80S ribosomes move
progressively along the mRNA to synthesize the encoded amino acids. This process
is accomplished by coordinated events of aminoacyl- tRNAs and eukaryotic elongation
factors (eEFs) (Schuller & Green, 2018).

1.3.3.3 Translation termination and ribosome recycling.

Translation termination in eukaryotes starts when the elongating ribosomes face a stop
codon (UAA, UGA, or UAG) in the ribosomal A site (Dever & Green, 2012). eRF1 and
eRF3 are release factors involved in the termination process in the eukaryotes. eRF1
is the main catalytic factor in translation termination and is delivered to the ribosomes
by the GTPase, eRF3 (Frolova et al., 1996).

Following translation termination, the ATP binding cassette protein 1 (ABCEL1) in-
teracts with eRF1. This interaction dissociates the 80S complex and its uncharged
tRNA in the ribosomal P site into 40S and 60S ribosomal subunits. After the release of
the mMRNA and the deacylated tRNA, the dissociated ribosomal subunits rebind to the
initiation factors for another round of translation initiation in a process called ribosome

recycling (Pisarev et al., 2007).

1.3.2 Dysregulated protein synthesis associated with ASDs:

Several human disorders due to mutations in one single gene are often associated
with cognitive abnormalities and are linked to autism. Moreover, the products encoded
by the mutated gene in several monogenic disorders are associated with ASDs symp-

toms and act as a repressor of protein synthesis (Kelleher et al., 2008).

1.3.2.1 Fragile X syndrome (FXS)

Translational control has been identified as a player in learning and memory functions,
and its abnormal regulation is implicated in many neuropsychiatric disorders. Fragile X
syndrome (FXS) is one of these disorders firstly identified as a genetic disorder that
connects translation regulation to cognition (Verkerk et al., 1991). FSX is considered a
major reason for hereditary mental retardation due to functional loss of the Fragile X
mental retardation gene (FMR1) at the X chromosome (Bagni & Greenough, 2005).
FMRP, a protein encoded by the FMR1 gene, is an RNA-binding protein involved in
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MRNA translation regulation (Bagni & Greenough, 2005) and associated with certain
neuronal mMRNAs and inhibit their translation (Zalfa et al., 2007). At the synaptic level,
FMRP inhibits translation through its binding partner CYFIP1 that directly interacts with
the initiation factor elF4E and leads to blockage of cap-dependent initiation (Napoli et
al., 2008).

1.3.2.2 ASD linked disorders associated with Ras/ERK and PI3K/mTOR signaling
pathways

Activation Ras/ERK signaling cascade and PI3K/mTOR pathways, especially the
mammalian target of rapamycin complexl (mMTORC1) is observed in several disorders
linked to ASD and cognitive abnormalities such as neurofibromatosis type 1 (NF1)
(Bailey et al., 1998), Phosphatase and tensin homolog (PTEN) (Butler et al., 2005) and
Tuberous sclerosis complex (TSC) (Ehninger & Silva, 2011). mTORC1 activation plays
a role in neuronal translation through its activator effect of cap-dependent translation
(Figure 2) (Kelleher et al., 2008).
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Figure 2: Neuronal Signaling Pathways in Translational Regulation in neuron: Figure modified from
(Kelleher et al., 2008).

Inactivating mutations in the neurofibromin 1 (NF1) gene cause Neurofiboroma-

tosis type | disease. Normally, NF1’'s GTPase-activating protein inhibits the activity of
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the Ras/ERK pathway, while its inactivation leads to upregulation of Ras signaling and

its downstream effectors and PISBK/mTOR pathways (Dasgupta & Gutmann, 2003).

Mutations in TSC1 that encodes hamartin or TSC2 that encodes tuberin causes
a Tuberous sclerosis complex (TSC), a neurodevelopmental autosomal disorder char-
acterized by neuropathies associated with ASDs (Kwiatkowski & Manning, 2005).
TSC1/2 inhibits the mTORC1 signaling pathway through formation of a complex be-
tween its GTPase activating domain and the small GTP-binding protein Ras homo-
logue enhanced in brain (RHEB) (Hoeffer & Klann, 2010). Thus, TSC1/2 loss enhances

activity of mTORC1 (Sarbassov et al., 2005), and subsequent activation of translation.

PTEN lipid phosphatase is considered as another inhibitor for the phosphatidyl-
inositol 3-kinase (PI3K)-mTOR signaling pathway and is involved in ASD parthenogen-
esis. Mechanistically, PTEN counteracts the PI3K-dependent pathway through
dephosphorylation of PI3P to PIP2 and subsequent down-regulation of the pathway.
PTEN dysfunction leads to increased mTORC1 activity in neurons (Kwon et al., 2006),
and has been noticed in about 5% of ASD patients with marked macrocephaly (Butler
et al., 2005). Interestingly, there is a link between PTEN mutations and macrocephaly,
because the PISBK-mTOR signaling pathway is involved in cell size regulation via trans-

lation control mediated action (Fingar et al., 2002).

The genes mentioned above regulate mTOR-signaling pathways, and mTORC1
activation directly stimulates translation. There are different well-known mTORC1 sub-
strates regulate translation such as the p70 ribosomal S6 protein kinases (P70S6K)
and the initiation factor 4E-BPs. The p70 ribosomal kinases, are 2 kinases S6K1 and
S6K2 encoded by different genes and both kinases phosphorylate the ribosomal pro-
tein S6 (S6) (Fenton & Gout, 2011). Additionally, S6K1 regulates translation initiation
through phosphorylation of the initiation factor elF4B and polypeptide elongation rate
by phosphorylation of the eukaryotic elongation factor 2 kinase (eEF2K) (Ma & Blenis,
2009). Once eEF2 is phosphorylated at Thr56, it becomes inactivated and cannot bind
to the ribosomes leading to translation inhibition (CARLBERG et al., 1990). Further-
more, mMTORC1 regulates cap-dependent translation, which is a major step in transla-
tion initiation. While the action of elF4E is blocked by binding of 4E-BPs and inhibiting

its association with the mRNA; thus, deactivating translation initiation (J. D. Richter &
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Sonenberg, 2005), activation of mMTORCL1 leads to phosphorylation of 4E-BPs and re-
lease of the sequestrated elF4E to associate and activate the mRNA cap structure
(Sonenberg & Hinnebusch, 2007).

1.4 Hypothesis and Aims of the project

TAOK2 regulates multiple cellular processes depending on its kinase-depend-
ent or - independent activity, which affects the activity of the target molecules or its
ability to bind and regulate other molecules. Previous studies showed that TAOK2
plays a role in dendritic arborization (De Anda et al., 2012), synapse development
(Yadav et al., 2017; Yasuda et al., 2007), and maintenance of normal synaptic con-
nectivity in different brain regions (M. Richter et al., 2019). Furthermore, TAOK2 has
been associated with different cellular processes in non-neuronal cells, such as devel-
opment, differentiation, and cell growth (Fang et al., 2020). Thus, deficiency of TAOK2
might contribute to the pathogenesis of several neurodevelopmental disorders like
ASDs and cancers. How TAOK2 is contributing to these processes, however, is still
not well understood. Interestingly, proteins controlling translational machinery were
identified as potential interaction partners of TAOK2 (Ultanir et al., 2014). Furthermore,
we showed that TAOK2a is localized with the microtubule’s network in developing neu-
rons, whileTAOK2[3 is present in the spines and maintains normal synapse develop-
ment (M. Richter et al., 2019). Therefore, | envision that TAOK2 might regulate these
different physiological and pathophysiological pathways implicated in neuronal devel-

opment through the regulation of translation control.

Disturbances in the translational control are associated with many NDDs includ-
ing ASDs (Scheper et al., 2007) and different genes associated with ASD such as
FMRP, PTEN, and TSC are involved in translation regulation either directly or indirectly
(Kelleher et al., 2008). Despite the importance of TAOK2 in brain development and its
association with ASD, the role of the TAOK2 in translation control at the molecular and
cellular levels is not well understood. Thus, it is noteworthy to investigate the role of
the novel ASD risk gene TAOK2 (SFARI Category 2; strong ASD risk gene;
https://gene.sfari.org/database/human-gene/TAOK2) in translational control. Accord-
ingly, the specific aims of my project were: 1) To identify the association of TAOK2 with
translational control machinery complex and its effect the global translation. 2) To de-

termine the isoform-specific effect of TAOK2 on translation control 3) To determine the
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mechanism by which TAOK2 regulates translation control. 4) To test whether reintro-
duction of TAOK2 in cortices of 16p11.2 microdeletion mice rescues potential transla-
tional control defects. To achieve these aims, | took advantage using different transla-
tional and protein analytic assays on brain tissues and cortical neurons from different
mice models lacking Taok2 or 16p11.2 microdeletion, N2a cells and lymphoblastoid

cells derived from autistic patients with TAOK2 de novo mutations.

2. Material and Methods:
Animals

C57BL6/J TAOK2 Knock out (TAOK?2 9d) mice were generated as previously described
(Kapfhamer et al., 2013; M. Richter et al., 2019) and 16p11.2del *'d (Horev et al., 2011).
Animals were raised, genotyped, and housed with the standard regulations at the Cen-
tral Animal Facility at University Medical Center Hamburg-Eppendorf, Hamburg (UKE).
All mice experiments were performed according to the German and European Animal
Welfare Act. The used experimental procedures have the approval of the Animal Re-
search Ethics Board (AREB), the local authorities of the State of Hamburg (TVA
NO007/2018), and the animal care committee of UKE. The animals used in this study

were four weeks old mice from both genders.

2.1 Materials
2.1.1 Medium and reagents for cell culture:

Primary neuron culture reagents

Reagent Source Final concentra-
tion

Primary Neuro Basal Medium Invitrogen (21103049) | 1x (500mL)

L- Glutamine 200mM Invitrogen (25030024) | 2 mM

B 27 Supplement Invitrogen 1X

HBSS (without CA2*/Mg?*) Invitrogen (14170088) | 0.25% (vol/vol)

DMEM with GlutaMAX Invitrogen (6196526) 1x (500mL)

FBS Gibco (105000649 10 %

Pen/Strep Invitrogen (15140122) | 1X

Poly-L-Lysine (PLL) Sigma (P2636-500mg) | 5ug /ml

Laminin Sigma(L2020) 3-5ug/ml

Hibernate E buffer Invitrogen 1X
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Papain Sigma (P5306-25mg) | 31.25ug/ml
DNase | Sigma(D4263-5VL) 10pg/ml
Cytosine B-D- arabinofuranoside | Sigma(C1768-1009) 0.5 uM
(Ara-C)

Neuro-2a (N2a) cell culture reagents

Reagent Source Final concentration
DMEM with GlutaMAX Invitrogen (6196526) 1x (500mL)

FBS Gibco (10500064) 10 %

Pen/Strep Invitrogen (15140122) 1X

L- Glutamine 200mM Invitrogen (25030024) 2 mM

0.25% Trypsin — EDTA Gibco (25200056) 1X

Lymphoblastoid cell line cells (LCLS) reagents

Reagent Source Final concentration
RPMI 1640 PAN Biotech (P04-18500) 1x (500mL)
FBS Gibco (10500064) 15 %

2.1.2 Plasmids:

Plasmids used for transient transfection of N2a cells

Plasmid name

Plasmid information

pCMVhuTAOK2B-myc (short

variant)

Plasmid encodes humanTAOK2-short variant with
Myc tag sequence and pCMV6-entry as a vector

backbone

pCMVhuTAOK2a-myc

variant)

(long

Plasmid encodes humanTAOK2-long variant with
Myc tag sequence and pCMV6-entry as a vector

backbone

pCMVhuTAOK2p_A135P

Site directed de novo mutated plasmid at the kinase
domain of TAOK2B with Myc tag sequence and
pCMV6-entry as a vector backbone

pCMVhuTAOK2a _A135P

Site directed de novo mutated plasmid at the kinase
domain of TAOK2a with Myc tag sequence and
pCMV6-entry as a vector backbone
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pCMVhuTAOK2@_P1022*

tor backbone

Site directed de novo mutated plasmid at the regu-
latory domain of TAOK and pCMV6-entry as a vec-

pSuperRNAI-TAOK?2

Plasmid containing short RNA interfering gene for

TAOK2 on a pSuperRNAI as a vector backbone

pCDNAS.1-myc

Plasmid expressing Myc at the c terminal region

used as a positive control for transfection

PEGFP-F

Plasmid encoding the enhanced GFP sequence

with a farnesylated signal

Plasmids used for in utero electroporation for the neurons

Plasmid name

Plasmid information

PAAV-CAG hu-

TAOK2B wt

Plasmid encodes humanTAOK2-short variant with pAAV-

CAG as a vector backbone

pAAV-CAG-tDimer

Plasmid encoding the tDimer tagged to the RFP with the
pPAAYV as a vector backbone

2.1.3 Polysomes profiling reagents of the brain regions:

Polysomes lysis buffer for the cortex

Reagent Source Final concentration
HEPES KOH (pH7.4) 20 mM
KCI Roth (6781.1) 150 mM
MgCl2 Thermo Fisher Scientific | 5 mM
(AM9530G)
Dithiothreitol (DTT) Sigma (D9779) 0,5 mM

Roche Mini Complete | Roche (11836170001) 1X according to the manu-
EDTA Free facturer’s

Cycloheximide (CHX) Sigma (C7698) 100 pg/mL

RNAsiIn Promega (N2515) 40 U/mL

Superasin Invitrogen (AM2694) 20 U/mL

Triton X-100 Roth (3051.2) 1% (vol/vol)

NP- 40 Thermo Fisher Scientific | 1% (vol/vol)

(85124)
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Polysomes lysis buffer for the cerebellum

Reagent Source Final concentration
HEPES KOH (pH7.4) 20 mM
KCI Roth (6781.1) 150 mM

MgCl2 Thermo Fisher Scientific | 12 mM
(AM9530G)
Dithiothreitol (DTT) Sigma (D9779) 0,5 mM

Roche Mini Complete

EDTA | Roche (11836170001)

1X according to the

phosphocholine (DHPC)

500MG)

Free manufacturer’s
Cycloheximide (CHX) Sigma (C7698) 100 pg/mL
RNAsin Promega (N2515) 40 U/mL
Superasin Invitrogen (AM2694) 20 U/mL
1,2-diheptanoyl-sn-glycero-3- Merck (850306P- | 300 mM

NP-40

(85124)

Thermo Fisher Scientific | 1% (vol/vol)

Polysomes gradient buffer for cortex and cerebellum

Reagent Source Final concentration
Tris-HCI (pH7.4) 20 mM

NaCL Roth (HNOO.2) 150 mM

MgCl2 Thermo Fisher Scientific (AM9530G) | 10 mM
Dithiothreitol (DTT) Sigma (D9779) 1mM
Cycloheximide (CHX) | Sigma (C7698) 100 pg/ml

2.1.4 Polysomes profiling reagents N2a cells:

Polysomes lysis buffer

of N2a cells

Reagent Source Final concentration
Tris-HCI (pH7.4) 20 mM
KCI Roth (6781.1) 100 mM
MgCl2 Thermo Fisher Scientific | 5 mM
AM9530G
Dithiothreitol (DTT) Sigma (D9779) 0,5 mM
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Roche Mini Complete | Roche (11836170001) 1X according to the manu-

EDTA Free facturer's

Phospho STOP Roche (4906845001) 1X according to the manu-
facturer’s

Cycloheximide (CHX) Sigma (C7698) 100 pg/mL

RNAsin Promega (N2515) 40 U/mL

Superasin Invitrogen (AM2694) 20 U/mL

Turbo DNase | Invitrogen (AM2694) 25 U/ mi

Triton X-100 Roth (3051.2) 1% (vol/vol)

NP-40 Thermo Fisher Scientific | 1% (vol/vol)

(85124)

Polysomes gradient buffer for N2a cells

Reagent Source Final concentration
Tris-HCI (pH7.4) 20 mM

KCL Roth (6781.1) 100 mM

MgCl2 Thermo Fisher Scientific (AM9530G) | 5 mM

Dithiothreitol (DTT) Sigma (D9779) 1mM
Cycloheximide (CHX) | Sigma (C7698) 100 pg/mL

2.1.5 Polysomes profiling reagents for LCLs:

Polysomes lysis buffer for LCLs

Reagent Source Final concentration

Tris-HCI (pH7.4) 20 mM

KCI Roth (6781.1) 100 mM

MgClI2 Thermo Fisher Scientific | 10 mM
(AM9530G)

Dithiothreitol (DTT) Sigma (D9779) 0,5mM

Roche Mini Complete | Roche (11836170001) 1X according to the manu-

EDTA Free facturer’s

PhosSTOP Roche (4906845001) 1X according to the manu-
facturer’s

Cycloheximide (CHX) Sigma (C7698) 100 pg/mL

RNAsIn Promega (N2515) 40 U/mL

18



Superasin Invitrogen (AM2694) 20 U/mL
Turbo DNase | Invitrogen (AM2694) 25 U/ ml
Triton X-100 Roth (3051.2) 1% (vol/vol)
NP-40 Thermo Fisher Scientific | 1% (vol/vol)

(85124)

Polysomes gradient buffer for LCLs

Reagent Source Final concentration
Tris-HCI (pH7.4) 20 mM

KCL Roth (6781.1) 100 mM

MgCl2 Thermo Fisher Scientific (AM9530G) | 5 mM

Dithiothreitol (DTT) Sigma (D9779) 1mM
Cycloheximide (CHX) | Sigma (C7698) 100 pg/mL

2.1.6 Buffers for the acute brain slices:

Cutting buffer

Reagent Final concentration
NaCl 85 mM

Sucrose 75 mM

KCL 25mM

Glucose 25 mM

NaH2PO4 1.25 mM

MgCl2 4 mM

CaClz 0.5 mM

NaHCOs3 24 mM

Oxygenated artificial cerebrospinal fluid (ACSF)

Reagent Final concentration
NaCl 127 mM

NaHCOs 25 mM

D-Glucose 25 mM

NaH2PO4 1.25 mM

KCI 2.5mM

MgCl2 1 mM
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30 minutes bubbling by Carbogen

CaCl: (after bubbling)

2 mM

Adjust pH to 7.4 by using NaOH

2.1.7 Western blot buffers:
Lysis buffer (RIPA buffer)

Reagent Source Final concentration
Tris-HCI (pH7.4) 50 mM
NaCl Roth (HN00.2) 150 mM
EGTA Roth (3054.2) 1 mM
NP-40 Sigma (13021- | 1% (vol/vol)
100ml)
Sodium deoxycholate Sigma 0.25% (vol/vol)
NasVOa4 Sigma (S6508- | 10 mM
109)
NaF Sigma (57920- | 10 mM
100g)
Complete mini EDTA-free protease inhib- | Roche 1X
itor cocktail (11836170001)
Running buffer
Reagent Source | Final concentration
SDS-Running buffer 10x (Tris, Glycine, SDS) Bio-Rad | 1X

Transfer buffer

Reagent Source | Final concentration
SDS-Running buffer 10x (Tris, Glycine, SDS) Bio-Rad | 10%
Methanol Roth 20%
ddH20
Tris- buffered saline with Tween-20 (TBST)
Reagent Final concentration
Tris (pH 7.5) 20 mM
NacCl 150 mM
Tween 20 0.1%
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Stripping buffer

Reagent Source Final concentration
Tris-HCI (pH 6.8)
SDS 20% Roti-Stock Roth 2%
2-B Mercaptoethanol Invitrogen 0.1 M
2.1.8 Antibodies:
Primary Antibodies
Antibody name Host Source Application and di-
lution
Taok 2, Polyclonal Rabbit SY SY (395003) | WB 1:1000
ICC 1:250
IP 10ug
IgG, Polyclonal Rabbit Sigma IP 10pg
Puromycin, clone 12D10, | Mouse Millipore WB 1:10000
monoclonal (MABE343) IHC, ICC 1: 5000
MAP 2, Polyclonal Chicken | SY SY (188006) | IHC 1:500
Beta3-tubulin (Tujl) Guinea SY SY (302304) | ICC 1:500
pig
B - Actin, monoclonal Mouse Sigma (A5316) WB 1:2000
B - Actin (13E5), monoclonal | Rabbit CST (4970) 1:5000
Myc-Tag (71D10) mAb Rabbit CST (2278) WB 1:1000
ICC 1: 300
elF2a (L57A5), monoclonal Mouse CST (2103) WB 1:1000
Phospho- elF2a, monoclonal | Rabbit CST (3398S) WB 1:1000
Phospho-eEF2 (Thr56), Poly- | Rabbit CST (2331) WB 1:1000
clonal
eEF2, clone 4B3-G7-H5, mon- | Mouse Abcam WB 1:2000
oclonal (ab131202)
Secondary Antibodies
Antibody name | Host Conjugate | Source Application
and dilution
Rabbit 1IgG Goat HRP Dianova (111-035-003) | WB 1:5000
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Mouse IgG Goat HRP Dianova (115-035-003) | WB 1:5000
Rabbit IgG Donkey AF 647 Invitrogen (A315739) ICC 1:400
Mouse 1gG Donkey AF 488 Invitrogen (A21202) ICC 1:400
Mouse IgG Donkey AF 568 Invitrogen (A10037) IHC 1:300
Guinea Pig IgG | Goat AF 647 Invitrogen (A21450) ICC 1:300

2.1.9 Phosphate buffer saline (PBS) 1x

Reagent Final concentration
NaCl 137 mM

KCI 2.7 mM

Na2HPO4 10 mM

KH2PO4 1.8 mM

2.1.10 Other Materials

Reagent Source
Acrylamide 30% = Rotiphorese Gel 30 Roth
Tetramethylethylendiamin (TEMED) Roth
Isopropanol = 2-Propanol Roth
Ammoniumperoxidisulfat Roth
Luminol Roth
B-Mercaptoethanol 50mM Invitrogen
p-Cumaric acid Roth
Protein ladder Page Ruler prestained Bio-Rad
SDS 20% Roti-Stock Roth
Hydrogen peroxide 30% Roth
Fluoromount-G Southern Biotech 0100-01
Hydrochloric acid 37% Roth
Trichloroacetic acid (TCA) 20% Roth
Acetone Sigma
Ethylenediaminetetraacetic acid (EDTA) Sigma
Polyvinylidene fluoride (PVDF) membranes Roth
Skim Milk blotting grade Roth

22




Bovine Serum Albumin BSA fraction V Roth

Puromycin Sigma (P8833)

Cycloheximide Sigma(01810)

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific
(23225)

Revert™ 700 Total Protein Stain for Western Blot Nor- | Licor (926-11010)

malization

Amicon Ultra -15 centrifugation filter Millipore (UFC910024)
(Roti®-Blue) staining solution (Roth) Roth (A152.1)

Nitric Acid Roth

Triton X-100 Roth (3051.2)

Mowiol Roth (0713.2)
Donkey Serum Sigma (D9663)
Hoechst (4',6- diamidino-2-phenylindole) (DAPI) Invitrogen (33258)
Dynabeads Protein A Invitrogen (10002D)

Open-Top Polyclear centrifuge tubes (14 x 95 mm) Seton, Petaluma, CA

Gradient Master 108 programmable gradient pourer | Biocomp

SWA4O0Ti rotor and Beckman L7 ultracentrifuge Beckman Coulter

Piston Gradient Fractionator Biocomp

UV monitor BioRad, Hercules, CA
2.2. Methods:

2.2.1 In utero electroporation (IUE)

E14.5-E15 pregnant 16p11.2del ¥ mice were injected subcutaneously with buprenor-
phine (0.1 mg/kg body weight) as a pre-operative analgesic. 30 minutes post-injection,
mice were then anesthetized with isoflurane/O2 inhalation (4% and 2—3% for induction
and maintenance, respectively). Oxygen flow rate 0.65L/minute and the isoflurane
were delivered by a vaporizer (Fohr Medical Instruments, Seeheim- Oberbeerbach,
Germany). Later, the uterine horns were exposed and a combination of TAOK2 (2.5
pg/ul) and tDimer plasmids (0.3 pg/ul) was injected into the lateral ventricles of each
embryo. Five current pulses (50ms pulse, 950ms interval; 35mV) were administrated

across the heads of the embryos. Following surgery, 2-3 drops meloxicam (0.2-1 mg/kg
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body weight) were provided to the mice orally with soft food to relief post-operative

pain, until they were euthanized for embryo collection.
2.2.2. Cell Culture:

2.2.2.1 Primary cortical neuron culture

Culturing of primary cortical neurons was performed as described previously by (Kwan
et al., 2016). Pregnant heterozygous TAOK2 */@ or 16p11.2del ¥ mice were anesthe-
tized with CO2/O2 mixture before head decapitation. Later, the abdomen was opened,
and the uterine horns were exposed and the E17.5 embryos were taken out from the
uteri. The head of each embryo was decapitated followed by opening of the skull and
the brains were collected in 24 well plate containing HibernateTM-E medium on ice
until the embryos were genotyped. Following genotyping, separation of brain hemi-
spheres, careful removal of meninges, cerebellum, hippocampi, and the brain stem,
and dissection of the cortices were performed on ice under a dissecting microscope.
The dissected cortex per single embryo was first digested with papain plus DNase | for
10 minutes at 37°C. Stopping of Papain digestion was done by adding DMEM +
10%FBS, then with HBSS for washing two or 3 times. Gentle mechanical trituration for
the tissue was conducted with a fire-polished Pasteur pipette. Afterwards, cells were
then spun down and washed with fresh HBSS and counted. The cells were plated
directly either at poly-L-lysine (PLL) or PLL plus laminin pre-coated glass coverslips
(4x10* per coverslip) in Neurobasal/B27 medium. The cells were kept in culture for 7
days in vitro (7DIV) or 21 days in vitro (21DIV) at 37°C with 5% CO2 before treatment
with puromycin for measurement of protein synthesis by SUnSET assay and immuno-
fluorescence analysis. 0.5 uM Ara-C was added to the cultured cells on the 7t day in

vitro (7DIV) to the cells maintained up to 21DIV to inhibit the growth of the glia cells.

Cortices of 16p11.2del ** and 16p11.2del *® embryos transfected by the com-
bination of TAOK2( and tDimer plasmids via IUE at E14.5-E15, were isolated two days
later (as described above). The transfected cortical regions were identified by the red
fluorescent signal and dissected on a cold surface under a stereomicroscope (Olympus
SZX16) connected to a UV light source. The cells were prepared and cultured for 7DIV

(as described above) before use.

Preparation of coverslips and coating
Coverslips were washed in 65% Nitric acid by vigorous shaking in a tightly sealed con-

tainer under a fume hood for 2 days. Later, the nitric acid was disposed of into a special
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container and the coverslips were rinsed 3 times in ddH20 to remove the residual acid.
The coverslips were rinsed with thorough shaking in ddH20 at least 5 times each 10
minutes. Following washing, coverslips were washed again with absolute ethanol,
placed on 3MM Whatman paper in a petri dish, and dried under the hood. Once the
coverslips were dried, they were sterilized under UV for at least 30 minutes. The co-
verslips were coated overnight with PLL or PLL plus laminin at 37°C in the incubator.
On the next day, coverslips were washed three times in a 24 well plate with PBS and

ready for use.

2.2.2.2 Neuro 2a (N2a) cell culture:

Maintenance of N2a cell

NZ2a cells are rapidly dividing cells grow in DMEM + 10%FCS. The cells were passaged
2- 3 times a week in 10 cm when they reached around 90% confluency. Cells passage
was done by removal of the old medium from the plate, washing the cells briefly with
1X PBS solution at room temperature (RT). Then, cells were trypsinized using 1ml of
0.25% Trypsin-EDTA, incubating the plate for 2-3 minutes in the 37°C incubator. The
activity of trypsin was stopped by the addition of a pre-warmed medium DMEM con-
taining 10% FBS. The cells were re-suspended in a fresh medium and distributed in
additional plates with the required number of cells. The plates were swirled to distribute

cells evenly and returned to the incubator at 37°C, 5% CO2.

Transfection of N2a cells

Transient transfection of N2a cells was done using jetOPTIMUS transfection reagent
(Cat No. 117-15) according to the manufacturer's guidelines. In brief, the cells were
seeded on 10 cm plate 24 hours prior to transfection so that they are 60-80% confluent
on the day of transfection. The suggested amount of plasmid DNA 9-10ug (7-8 pug from
different TAOK2 variants or empty vector control (pcDNA 3.1) + 2 ug pEGFP-F plas-
mid) was diluted in 1 ml jetOPTIMUS buffer, followed by vortex 5 second and spin
down. This was followed by addition of 12.5 pl jetOPTIMUS reagent, vortexed a few
seconds, spun down and the mix was incubated for 10 minutes at RT. Afterward, the
transfection mixture was added to the cells in a serum-containing medium. The dish
was gently swirled to mix the transfection reagent with the growth media and returned
to the incubator. The cells were incubated with the transfection complex for 4 hours at
37°C, 5% CO2 after that the medium containing the transfection complex was replaced

by a pre-warmed fresh medium. After 2 hours, the cells were passaged one time into
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10 cm dishes or PPL pre-coated glass coverslips depending on the experimental con-
ditions. The cells were co-transfected with different TAOK2 variants and farnesylated-
GFP plasmids. Thus, the transfection efficiency was determined directly before har-
vesting by taking images for GFP expressed signal in control and transfected cells or
by immunohistochemical staining using antibodies against the Myc-tag protein or
TAOKZ2[. During imaging the dishes, cells were maintained at 37°C in the microscopic
chamber supplemented with 5% CO2. The images were then captured by CoolSNAP
HQ2 camera connected to NIS-Elements AR software, Nikon. The transfection effi-
ciency for each condition were estimated by calculating the percentage of cells ex-
pressing the GFP or Myc-tag immune-staining to all cells in the imaged field using the
cell counter tool in ImageJ. Only cells with 70-80% transfection efficiency and express-
ing the DNA constructs were harvested at 40 — 48 hours post-transfection and used
for experiments. Importantly, we avoided cell overcrowding as it inhibits the overall

translation in the cells.

2.2.2.3 Maintenance of Lymphoblastoid cell line cells (LCLS)

LCLs were generated by using peripheral blood, mainly mononuclear cells confined
from the blood of probands and their families, which were immortalized utilizing the
Epstein- Barr virus (Hui-Yuen et al., 2011) . LCLs were grown in a standard suspension
condition in RPMI 1640 media supplemented with 15% FBS. 200.000 cells/ml were
used for starting a culture in 5ml and every 2-3 days the medium was increased to 20
ml and the cells were split to avoid cell over confluency as they are growing in clumps.
During the experiments, the cells were sedimented by centrifugation at 1000 r.p.m. for

5 minutes at RT.

2.2.3 Polysome Profiling:

There are different techniques specifically used to study translational regulation such
as polysome profiling, ribosome profiling (Ingolia et al., 2009) and translating ribosome
affinity purification (TRAP) (Heiman et al., 2008). However, polysome profiling is widely
used. The idea of this technique depends on the separation of the translated mMRNAs
on a sucrose gradient based on the number of ribosomes bound to mRNAs (poly-
somes), from the untranslated ones. Briefly as depicted in (Figure 3), this method in-
volves loading of cellular cytoplasmic lysate on a sucrose gradient followed by ultra-
centrifugation step. After centrifugation, the optical density (OD) of the mMRNASs is mon-
itored at 254nm and subjected to fractionation. The untranslated mRNAs in the upper
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light fractions (less sucrose) are separated from the translationally active polysome-
bounded mRNAs in the lower heavy fractions (high sucrose content). mRNA can be
extracted from these polysomes fractions and specific mRNA can be subjected to
northern blotting or gRT-PCR amplification analysis (Del Prete et al., 2007; Kang &
Pomerening, 2012). Alternatively, high-throughput sequencing (HTS) technologies as
a global analysis approach can be applied to polysomes fractions content, allowing
access to the cellular actively translated mRNAs (translatome) (reviewed by Chassé
et al, (2017)). Furthermore, polysome profiling enables analysis of full-
length MRNASs that provides access to UTR information for isoform analysis, while ri-
bosome profiling provides access only to the ribosome protected fragments. In addi-
tion, proteins can be purified from polysome fractions to be used for western blot and/or
proteomics analysis to identify proteins associated with translational machinery ribo-

somal complexes.
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Figure 3: Overview for steps of the polysome profiling protocol to study translation. Figure mod-
ified from (Chassé et al., 2017).

Polysome profiling has been extensively used in studying alterations in general

translation, such as studying effects of various cellular stress. In response to different
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kinds of cellular stress affecting general translation, actively translating mRNAs shift
from polysomes to non-translating lighter fractions or vice versa. Polysomes to mono-
somes (P/M) ratio is widely used as a readout of polysome profiling and provides ac-

ceptable evidence for the general translation status.

A critical disadvantage of this approach is the assumption that mRNAs engaged
by several ribosomes are actively translated. Messenger ribonucleoprotein (MRNP)
complexes (untranslated mRNAs bind to RNA-binding proteins) and stalled ribosomes
have been shown to co-sediment in the same polysome fractions during sucrose puri-
fication (Graber et al., 2013). Thus, it is important to ensure that the mRNASs in the
polyribosome complex in heavy fractions are engaged to actively translating ribo-
somes. EDTA and puromycin are widely used to disrupt polysomes. EDTA is a Mg?*
chelator agent that dissociates MRNPs and the ribosomal subunits from the polyribo-
some complex. On other hand, puromycin antibiotic dissociates ribosomes by selec-
tively targeting actively translating polysomes during the elongation step of translation
(Azzam & Algranati, 1973).

In this study, | used polysome profiling analysis for different brain tissues, LCLs

and N2a cells to study general translation as following:

2.2.3.1 Polysome profiling of the brain regions
Frozen dissected cortices (prefrontal and somatosensory) from four weeks old TAOK?2
*+ TAOK2 *d and TAOK2 9d mice and cerebella from TAOK2 ** and TAOK2 ¥4 mice
were used for profiling. The cortex was lysed in 600ul ice-cold from polysome lysis
buffer of the cortex, and the cerebellum was lysed 400ul from a similar lysis buffer
containing 12 mM MgClz using a glass homogenizer. The resulting lysates were trans-
ferred to a prechilled microcentrifuge tubes on ice and centrifuged for 10 minutes at
2,000 x g at 4°C to clear the large cellular debris. The resulting supernatants were
transferred to new pre-chilled microcentrifuge tubes. Mixture of detergents from NP-40
and Triton X-100 (up to 1% final concentration) were then added to the cortical lysates,
while the NP-40 and DHPC up to 1% final concentration and 300 mM, respectively,
were added to the cerebellar lysates, and incubated on ice for 5 minutes. Afterward,
the lysates were centrifugated for 10 minutes at 20,000 x g at 4°C and the pre-cleared
lysates were transferred to a prechilled microcentrifuge tubes. After measuring the op-
tical density at a 260 nm wavelength (OD260) in each lysate by a Nanodrop spectro-
photometer and adjusting the volumes to ensure equal OD unit loading, normalized
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lysates were loaded into open-top polyclear centrifuge tubes containing 17.5 — 50%
sucrose gradients. A programmable gradient pourer was used to prepare fresh 17.5 —
50% sucrose gradients. After loading the normalized samples into the sucrose gradi-
ents, the gradients were centrifuged at 4°C for 2.15 hours at 35,000 r.p.m. by a SW40Ti
rotor in a Beckman L7 ultracentrifuge. Following centrifugation, gradients were directly
fractionated, and the RNA content was continuously measured with absorbance at 254
nm by a UV monitor attached to the fractionator.

EDTA treatment for the cortex before polysome profiling to confirm the associ-
ation of TAOK2 with polysomes

The same previously described standard procedures used for polysome profiling of the
cortex were followed. In addition, in the EDTA treated samples, EDTA was added di-
rectly added to the pre-cleared cytoplasmic lysates (final concentration 30 mM) and
maintained on ice for 10 minutes before loading into the sucrose gradient prior to cen-
trifugation.

2.2.3.2 Polysome profiling of the N2a cells

48h post-transfected and control N2a cells with 70-80% confluency at the harvesting
time were treated with 100 pg/ml cycloheximide at 37°C for 3 minutes prior to lysis.
Cells were washed twice with ice-cold 1X PBS containing 100ug/ml cycloheximide
(CHX). The cells were gently scraped from the plate in the residual PBS/CHX with a
cell scraper. The cells from two 10 cm plates for each gradient were pooled together
and spun down at 1,000 x g for 5 minutes at 4°C. 500 ul of the ice-cold N2a cells
polysomes lysis buffer was added to the pelleted cells and incubated on ice for 10
minutes with a brief vortex every 2-3 minutes to avoid sedimentation of larger cellular
aggregates at the bottom of the tube. Afterwards, the cells were triturated 10 times
using a 27-gauge syringe and the lysates were cleared by centrifugation at 2,000 x g
for 3 minutes followed by 16,900 x g for 7 minutes. The cleared cytoplasmic superna-
tants were transferred into ice-cold microcentrifuge tubes and the ODze0 of each lysate
was measured on the Nanodrop spectrophotometer and volumes were adjusted to en-
sure equal OD unit loading into each 17.5% - 50 % sucrose gradient. Sucrose gradients
preparation, sample ultracentrifugation, gradient profiling, and collections of the frac-

tions were done as previously described above.
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2.2.3.3 Polysome profiling of the LCLs

1.5-2.0 x 10° LCLs per gradient were spun down by centrifugation at 1,000 rpm at RT
then treated with a prewarmed medium supplemented with 100 pg/ml cycloheximide
at 37°C for 5 minutes. After cycloheximide treatment, the cells were pelleted by cen-
trifugation at RT, and washed 2 times with ice-cold 1x PBS supplemented with 100
pg/ml cycloheximide. The pelleted cells were resuspended in 400 ul ice-cold LCLs pol-
ysomes lysis buffer. Cells were incubated on ice for 10 minutes and vortexed briefly
every 2-3 minutes to avoid sedimentation of larger cellular debris at the bottom of the
tube. After triturating the cells 10 times using a 27-gauge syringe, lysates were cleared
by centrifugation at 2,000 x g for 3 minutes followed by 16,900 x g for 7 minutes. The
cleared cytoplasmic supernatants were transferred into ice-cold microcentrifuge tubes
and the OD2so of each lysate was measured on a Nanodrop spectrophotometer and
volumes were adjusted to ensure equal OD unit loading into each 17.5% - 50 % su-
crose gradient. Sucrose gradients preparation, sample ultracentrifugation, gradient
profiling, and collection of the fractions were done a previously described above.

2.2.3.4 Polysomes profiling analysis

The ratio of polysomes to monosomes (P/M) is considered as a ubiquitous readout for
polysomes profiling, where the individual components (80S monosomes and poly-
somes) of each profile were subjected to quantitative analysis. All continuous UV read-
ings from a certain polysome profile were subsequently exported to Microsoft Excel to
adjust the scales of the x / y-axis, if required, by modifying the traces. Afterwards, the
traces were exported to the Adobe lllustrator for sorting. Adobe Photoshop was used
to define the area under the curve by drawing a line at the lowest point at either mon-
osomes or polysomes within the same profile. The pixels above the line and under the
monosomes or polysomes of the same profile were imputed using ImageJ (Schneider
etal., 2012). The P/M ratio was calculated by dividing the area (number of these pixels)

under the curve of polysome peaks by area under the curve of the monosome peak.

For the cell lines, N2a and LCLs profiles, the values of P/M ratio generated from
profiles of a certain experiment were normalized to the mean of P/M ratio of the control
profiles within the same experiment. In the case of cortex and cerebellum profiles, the
values of P/M ratio from all experiments were normalized to the mean one control

value.
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2.2.4 Measurement of protein synthesis by Surface Sensing of Translation “SUn-
SET assay”:

Puromycin is an aminonucleoside anti-microbial agent created by a gram-positive ac-
tinomycete (Streptomyces alboniger). Structurally, it is similar to aminoacyl-transfer
RNA (aminoacyl-tRNA) that can be incorporated into the newly synthesized polypep-
tide chain and stop elongation (Nathans, 1964). Thus, puromycin binding to the grow-
ing polypeptide chain results in early termination of elongation and leads to premature
release of the growing puromycylated polypeptide chain from the ribosomes
(Semenkov et al., 1992). However, pre-treatment with ribosome translocation inhibitors
like cycloheximide blocks puromycin incorporation (Hobden & Cundliffe, 1978). Thus,
cycloheximide pre-treatment is widely used to verify that puromycin is solely labelling

nascent polypeptides.

Interestingly, the development of antibodies against puromycin (Fujiwara et al.,
1982) and its derivatives (Liu et al., 2012) has resulted in extensive use of puromycin
in measurement of the translation level instead of common radioactive amino acids
such as S35 methionine. Furthermore, it enabled to quantify the amount of global pro-
tein synthesis in individual mammalian cells and tissues by a special technique known
by SUNSET (Schmidt et al., 2009).This technique was developed as an alternative to
the usual radioactive labelling methods to monitor cellular mRNA translation. Its idea
is based on the immunological detection of puromycin-bound peptides by an anti-puro-
mycin antibody after application of puromycin with low concentration (below the global
protein synthesis blockage level up to 18.4 uM) to living cells, tissues or living animals.
SUNSET firstly was applied to the cultured cells and the changes in puromycylated
newly synthesized peptides were detected by the traditional western blotting using anti-
puromycin antibodies. In addition to immunoblotting, detection can be achieved in pop-
ulations of live cells using fluorescence-activated cell sorting (FACS). Whereas the
puromycin bound to the membrane proteins reach from the ER to the cell surface and
could be detected without affecting the cells by SUNSET (Schmidt et al., 2009). Fur-
thermore, immunodetection of the puromycin-incorporated peptides in single cells
could be carried out by immunohistochemistry (IHC) (Goodman et al., 2012; Schmidt
et al., 2009). Here, | measured the protein synthesis by using an adapted protocol for
the SUNSET as described by (Schmidt et al., 2009) in different following biological

samples:

31



2.2.4.1 Measurement of protein synthesis in acute brain slices

To measure the protein synthesis in the brain tissue in vivo, we followed an adapted
protocol described by (Hoeffer et al., 2011) and (Schmidt et al., 2009). Briefly, 400 ym
coronal brain slices were prepared from four weeks old TAOK2 **, TAOK2 *d, and
TAOK2 9@ mice with a vibratome in the cutting solution at a low temperature. Slices
were recovered at 32 °C in incubation chamber with the cutting solution for 30 minutes
followed by another 30 minutes with perfused oxygenated ACSF before the treatment.
Slices were then treated with puromycin (10 pg/ml) for 90 minutes to permit the newly
synthesized proteins to be labelled with puromycin. The incubation media with puro-
mycin was removed followed by 2 successive washes with oxygenated ACSF 10
minutes each before lysis for western blot processing or fixation for immunohistochem-
ical investigations. To verify the detected signal of the newly synthesized protein by
anti-puromycin antibody and it is protein synthesis-dependent, slices from wild type
animals were pre-treated with 100pm/ml cycloheximide (protein translation inhibitor)
for 30 minutes, and then incubation medium was supplemented with puromycin (10

pg/ml) for 90 minutes.

For immunostaining, slices were fixed with 4% paraformaldehyde in PBS (4%
PFA) for 1.5 hours at RT followed by 3 washes with 1x PBS. Slices were permeabilized
with 0.3% Triton X-100 in PBS, followed by incubation in blocking buffer (5% Donkey
Serum in TBS, 0.5 % Triton) for 1.5 hours at RT. Slices were then incubated with
mouse anti-puromycin and chicken anti-MAP2 antibodies diluted in the blocking buffer
and incubated 48 hours at RT with gentle shaking. Afterward, the slices were washed
three times every 5 minutes in 1x PBS and incubated with Alexa Fluor conjugated
secondary antibodies in 1 x PBS with 0.3% Triton X-100 for 2 hours at RT. Slices were
washed three times every 5 minutes in 1x PBS prior to incubation with DAPI in 1x PBS
for 30 minutes at RT to stain the nuclei. After 3 times washes with 1x PBS, slices were
then mounted on glass microscope slides. Slices were imaged by Zeiss LSM 900 con-
focal laser microscope equipped with Plan-Apochromat 20x/0.8 objective. Z-series im-
ages were acquired with a step size of 1um in-between z sections. The image acqui-
sition settings were maintained similarly during imaging the different conditions within

the experiment.

For western blotting, the dissected cortical regions were lysed in sterile-filtered
RIPA buffer, containing 1x proteinase inhibitors and 1x phosphatase inhibitors
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(Phosph-stop) by sonication 5X every 10 seconds. The lysates were cleared by cen-
trifugation 20.000 x g for 10 minutes at 4°C. The supernatant was transferred to an-
other pre-chilled tube, and then the protein concentration in the samples was estimated
by the Pierce™ BCA Protein Assay Kit according to the manufacturer’s guidelines.
Subsequently, 50 pg protein was resolved on 10% sodium dodecyl sulphate (SDS)
polyacrylamide gel,western blotted and detected with antibodies against anti-puromy-
cin and (B-actin. Puromycin protein signal in the whole lane was normalized against (3-
actin to calculate the puromycin/ p-actin ratio of the newly synthesized protein using

ImageJ.

2.2.2.2 Measurement of protein synthesis in primary cortical neurons, N2a cells
and LCLs

Immunofluorescence SUNSET assay for cortical neurons and N2a cells

The culture medium was aspirated from the 7DIV or 21DIV cortical culture neurons or
from N2a control cells or cells transfected TAOK23 or TAOK2BA135P plasmids at 40-
48 hours post-transfection. Then, the cells were treated with puromycin (10 pg/ml) in
a pre-warmed medium and incubated for 10 minutes at 37°C, 5% CO2. To verify the
detected signal of newly synthesized protein by anti-puromycin antibody, cells were
pre-treated with 50ug/ml of cycloheximide for 5 minutes, and then 10 pg/ml puromycin
was added for 10 minutes in the culture medium at 37°C, 5% CO2. After puromycin
treatment, cells were rinsed quickly with normal medium, fixed with 4% PFA in PBS
containing 4% sucrose at RT for 10 minutes and washed 3 times every 10 minutes
with 1x PBS. Permeabilization of the cells was conducted with 1X PBS containing 0.3%
Triton X-100 and incubated in blocking buffer (5% Donkey Serum in TBS, 0.5 % Triton)
for 1.5 hours at RT. Cells were immunostained with primary antibodies against the
protein of interest — non-transfected neurons with (anti-puromycin, anti-beta tubulin III),
transfected neurons with (anti-puromycin, anti-TAOK23) and N2a cells with (anti-puro-
mycin and anti-myc tag) — diluted in the same blocking buffer and incubated overnight
at 4°C. The coverslips were washed three times each for 5 minutes in 1x PBS. After-
ward, the cells were incubated with Alexa Fluor conjugated secondary antibodies di-
luted in the blocking buffer for 1.5 hours at RT. Cells were washed three times every
5 minutes in 1x PBS followed by incubation with DAPI to stain the nuclei in 1x PBS for
30 minutes at RT. After washing 3 times with 1x PBS, coverslips were submerged

once in ddH20 water and mounted on glass microscope slides using Fluoromount-G.
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Microscopic imaging

The cells were imaged by Nikon microscope (Eclipse, Ti) using an inverted 60
X oil immersion objective (NA 1.4). Cells were identified by their morphology or its
immunolabelling and fluorescent markers. Non-transfected neurons were identified by
anti-beta tubulin Il antibody, transfected neurons with tDimer (red) and TAOK2[ stain-
ing and N2a transfected cells with GFP (green) and anti Myc-tag antibody against the
expressing signal of its respective TAOK2 protein. Z-series images were acquired with
a step size of 0.3 um in-between z sections. The image acquisition settings were main-

tained similarly during imaging the different conditions within the experiment.

Fluorescent intensity measurements

All z sections for the entire cell were summed together with the maximum intensity
using the z project tool in the ImageJ. Afterward, mean puromycin fluorescent intensity
in cell body was measured in randomly selected labeled cells by ImageJ. Only individ-
ual cells with no adjacent cells were analyzed to avoid false-positive signals from the
other cells. Transfected neurons expressing tDimer and TAOK2[ plus the nearby non-
transfected neurons from one coverslip of one genotype were selected and processed
in parallel to control the conditions. Only N2a cells expressing Myc-tag plus GFP sig-

nals were analyzed.

Western blot - SUnSET assay for N2a cells and LCLs

N2a cells growing on a 10 cm culture dish or 5 x 108 LCLs were treated with a pre-
warmed medium containing puromycin (10 pg/ml) for 10 minutes at 37°C, 5% CO2 to
label the newly synthesized protein. To verify the detected signal of newly synthesized
protein by anti-puromycin antibody, cells were pre-treated with 50 pug/ml of cyclo-
heximide (protein translation inhibitor) for 5 minutes, then 10 pg/ml puromycin was
added for 10 minutes in the culture medium at 37°C, 5% CO2. Following treatment,
cells were washed twice with ice-cold 1x PBS, collected in 1.5 ml tubes, and pelleted
by centrifugation at 1,200 r.p.m for 5 minutes at 4°C. The cells were lysed in RIPA
buffer and immunoblotted for SUNSET analysis as previously described above (West-
ern blot - SUnSET assay for acute slices).
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2.2.4 Extraction of protein from the polysomes:

2.2.4.1 Precipitation of protein from the polysome fractions for western blot anal-
ysis

Precipitation of the protein from polysome fractions was done by using Trichloroacetic
acid (TCA) protein precipitation protocol with little modification (Sanchez, 2001).
Briefly, every 2-3 sucrose fractions were pooled together as in the schemes in the
results section. An equal volume of 20% TCA was added to the sample in a microcen-
trifuge tube and incubated for 30 minutes on ice. Afterward, the tubes were centrifu-
gated at 14, 000 rpm for 5 minutes. The supernatant was gently removed, leaving the
whitish, fluffy protein pellet intact. The pellet was washed with 500ul cold acetone and
spin down at 14,000 rpm for 5 minutes. The supernatants were removed and the wash-
ing step with acetone and centrifugation were again repeated. After the two-acetone
washes, the supernatants were removed, and the pellets were dried by placing the
tube in 50°C heat block for 5 minutes to drive off the acetone. For SDS-PAGE, 50 pl
2x Laemmli sample buffer was added to each pellet followed by a strong vortex to
dissolve the pellets. The pellets of the first 3 pooled fractions were dissolved in 150 pl
2x Laemmli sample buffer. The sample was boiled for 10 minutes at 95°C in a heat
block and 30 pl were loaded onto 10% SDS-polyacrylamide gel.

2.2.4.2 Protein purification from polysomes to detect TAOK2 isoforms by prote-
ome analysis

Sucrose polysome fractions 11-22 (that represent light and heavy polysomes in the
polysomes profile) from TAOK2 ** mouse cortex were collected and pooled together.
The proteins were purified from the sucrose and concentrated up to 200yl final volume
by several washes with ddH20 using Amicon Ultra -15 centrifugation filter at 4°C. Pro-
tein concentration in the sample was determined by BCA method according to the
manufacturer’s instructions and equal amounts of protein were loaded into 10% SDS-
polyacrylamide gel to separate the protein bands electrophoresis. Afterward, the gel
was incubated with Coomassie stain (Roti®-Blue) for 30 minutes at RT to visualize the
bands. Following staining, the gel was washed several times with 25% methanol solu-
tion until the bands were clearly visible. The approximate bands at 100-160 kDa cor-
responding to TAOK2 molecular weight were excised, digested, and analysed by LC-
MS/MS.
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2.2.5 Western blotting

30 pl sample with Laemmli buffer after TCA protein precipitation from each polysomes
fractions or 30-50 pg protein determined by BCA method according to the manufac-
turer’s guidelines from N2a cells, LCLs, and brain lysates were applied SDS gel sepa-

ration and western blotting.

Proteins were separated on 10% or 7.5%-20% gradient SDS-polyacrylamide
gradient gels at 30mA/gel in 1X running buffer. Proteins from the polyacrylamide gel
were transferred to a PVDF membrane with wet transfer method (Gels were electro-
phoresed at 95 V in 1X running buffer for 1.5 hour at 4°C room with an ice block in the
transfer chamber and the transfer chamber surrounded by ice or at 35 V overnight).
Membranes were blocked in TBS-Tween20 0.1% with 5% BSA, or with 5% skim milk
powder or 3% BSA according to the antibody’s datasheet instructions for 1h at RT and
followed by overnight incubation with primary antibodies on a shaker at 4 °C. After
primary antibody incubation, membranes were washed for 30 minutes in 0.1% TBS-
Tween20 and incubated for 2 hours at RT with horseradish peroxidase conjugated anti-
IgG secondary antibodies and then washed for 30 minutes in TBS-Tween20 0.1%.
Afterwards, immunoreactivity signals on the membranes were visualized by enhanced
chemiluminescence NTAS, ChemoStar, ECL Imager. Western blots were analyzed us-
ing software from Fiji Software. Proteins of interest were normalized to the 8 actin sig-
nal as a loading control and the phospho-specific signals were normalized to its re-
spective total protein intensity in the same lane after membrane stripping and redevel-

opment.

2.2.5.1 Membrane stripping

For immunoblotting against the loading control or total proteins, the PVDF membranes
were stripped in the stripping buffer for 10 minutes at 50-60 °C with gentle shaking
under safety hood. Afterward, the membranes were washed in TBS-Tween20 0.1%
(2x 5 minutes) followed by incubation in the blocking buffer and proceeded with normal

immunoblotting procedures.

2.2.6 Immunoprecipitation (IP)

The cortex of TAOK2 ** mouse or N2a cells transfected with wild type TAOK2B were

lysed in ice-cold lysis RIPA buffer (pH 8.2) by a glass homogenizer or sonication 3x

each 10 sec, respectively. The cellular homogenate was cleared from the cell debris

by centrifugation at 13,000 rpm for 10 minutes at 4°C. 1000ug cleared homogenate
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was incubated with polyclonal rabbit Taok2B (SySy) or polyclonal rabbit IgG (Millipore)
antibodies prebound to Dynabeads Protein A undergoing rotation overnight at 4°C.
Following incubation, the supernatant was removed using a magnetic holder and the
immunoprecipitated complex (beads-antibody-antigen) was washed with a pre-cooled
lysis buffer 3x 5minutes at 4°C with rotation (25rpm). This was followed by another 3x
5 washes with Tris-HCI pH 8.2 at 4°C to get rid of the remaining detergents and ana-
lyzed by LC-MS/MS. For analysis of the immunoprecipitated complex by SDS-PAGE,
50 pl Laemmli sample buffer was added to the complex and boiled for 10 minutes at
95°C in a heat block to elute the proteins. Afterwards, the eluted proteins were sepa-
rated from the beads with the help of magnetic holder and loaded on 7.5-20% SDS-
polyacrylamide gel and processed with the routine WB analysis and immunodetection.

2.2.7 Proteomics analysis with Liquid chromatography-mass spectrometry (LC-
MS/MS):

2.2.7.1 Sample preparation for proteome analysis

Tryptic in-gel digestion was conducted following a previously described pro-
tocol (Shevchenko et al., 2007). Shrinking and swelling of gel pieces were performed
with 100 % acetonitrile (ACN) and 100 mM ammonium bicarbonate (NH4HCQO3). The
in-gel reduction was conducted with 10 mM dithiothreitol (DTT) (dissolved in 100 mM
NH4HCO3). Alkylation was performed at room temperature with 55 mM iodoacetamide
(dissolved in 200 mM NH4HCO3). Digestion of proteins in the gel pieces was done by
covering them with a trypsin solution containing (8 ng/pL sequencing-grade trypsin
(Promega), dissolved in 50 mM NH4HCO3 with 10% ACN). The mixture was incubated
overnight at 37 °C. Tryptic peptide products were further yielded by extraction with 2 %
formic acid (FA), 80 % ACN. The extract was evaporated. For LC-MS/MS analysis,
samples were resuspended in 20 pL of 0.1 % FA.

For the immunoprecipitated samples, protein digestion was performed on the
magnetic beads. Therefore, 1% sodium deoxycholate (SDC) in 100 mM triethylammo-
nium bicarbonate was added and the samples were boiled at 95°C for 5 minutes. Di-
thiothreitol was added to the sample (final concentration 10 mM) and incubated at 60°C
for 30 minutes. lodoacetamide was added to the samples (final concentration 20 mM)
and incubated at 37°C for 30 minutes. Proteins were digested with trypsin (sequencing
grade, Promega) at 37°C overnight. After digestion, samples were placed on a mag-

netic rack, left for 1 minute to settle and the supernatant was transferred to a new tube,
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1% FA was added to stop digestion and precipitate SDC. Samples were then centri-
fuged at 16,000 x g for 5 minutes, and the supernatant was transferred to a new tube

and dried in a vacuum centrifuge.

For total proteome of the Prefrontal Cortex (PFC), PFC was isolated from
TAOK2 ** and TAOK2 9d mice brains (at least n=3 per genotype). Tissue was lysed in
8M Urea, protein concentration measured with BCA and 100 ug digested with Tryp-
sin/Lys-C. After desalting, peptides were labelled with TMTpro-16plex. Flow through

was fractionated to analyze the total proteome using data-dependent LC-MS/MS.

2.2.7.2 LC-MS/MS in Data Dependent mode

Samples were reconstituted in 0.1% FA and transferred into a full recovery au-
tosampler vial (Waters). Chromatographic separation was achieved on a Dionex Ulti-
mate 3000 UPLC system (Thermo Fisher Scientific) with a two-buffer system (buffer
A: 0.1% FA in water, buffer B: 0.1% FA in ACN). Attached to the UPLC was an Acclaim
PepMap 100 C18 trap (100 pm x 2 cm, 100 A pore size, 5 pm particle size, Thermo
Fisher Scientific) for desalting a purification followed by a nanoEase M/Z peptide
BEH130 C18 column (75 um x 25 cm, 130 A pore size, 1.7 pm patrticle size, Waters).
Peptides were separated using a 60 min gradient with increasing ACN concentration
from 2% - 30% ACN. The eluted peptides were analyzed on a quadrupole orbitrap lon
trap tribrid mass spectrometer (Fusion, Thermo Fisher Scientific) in data-dependent
acquisition (DDA). The fusion was operated at top speed mode analyzing the most
intense ions per precursor scan (2x10° ions, 120,000 Resolution, 120 ms fill time)
within 3 s and were analyzed by MS/MS in the ion trap (HCD at 30 normalized collision
energy, 1x10% ions, 60 ms fill time) in a range of 400 — 1300 m/z. A dynamic precursor

exclusion with a speed mode of 20 s was used.

2.2.7.3 Data analysis, processing, and bioinformatics
For proteome in polysomes and the immunoprecipitated proteins, the ac-
qguired DDA LC-MS/MS data were searched against the Uniprot mouse protein data-
base (release October 2020, 17,053 protein entries) and the TAOK2 splice variant 2
(Q6Z20Q29-2) using the Sequest algorithm integrated into the Proteome Discoverer soft-
ware version 2.4 in label-free quantification mode. The match between runs was ena-
bled, performing chromatographic retention re-calibration for precursors with a 5 min
retention time tolerance, no scaling, and no normalization for extracted peptide areas
was done. The following parameters were applied in the searches: Mass tolerances
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for precursors were set to 10 ppm and fragment mass tolerance was 0.6 DA. Carbam-
idomethylation was set as a fixed modification for cysteine residues and the oxidation
of methionine, pyro-glutamate formation at glutamine residues at the peptide N-termi-
nus as well as acetylation of the protein N-terminus, loss of methionine at the protein
N-terminus and the Acetylation after methionine loss at the protein N-terminus were
permitted as variable modifications for the search. Peptide areas were summed to pro-
tein areas and used for quantitative analysis. The only peptide with high confidence
(false discovery rate < 1% using a decoy database approach) were accepted as iden-
tified. Peptide areas were summed to protein areas and used for quantitative analysis.

Protein areas were imported into Perseus software version 1.5.8 for statistical analysis.

STRING v11.5 network analyses were provided by the STRING CONSORTIUM
2021 (Szklarczyk et al., 2021). The most similar abundant proteins (cv cutoff = 0.1)
from the mass spec data were chosen for STRING and subsequent Over representa-
tion (ORA) analyses.

ORA analyses were performed with WebGestalt 2019 (Liao et al., 2019) for the
most similar proteins in cortex and cell line, respectively. Bar plots were depicted with
Benjamini-Hochberg FDR method for biological processes and molecular functions.
For the cell line, the overall list contained the 197 most similar proteins, and 153 pro-
teins for the cortex, respectively. Among them, 17 (14 for cortex) user IDs for the cell
line could not unambiguously be mapped to any entrez gene ID from the selected plat-

form illumina_mouseref_8

For total proteomics in the PFC, database search was done using the
MaxQuant software (v 1.6.2.6) using the Andromeda search engine with the default
search settings including an FDR set at 1% on both the peptide and protein level. The
raw files of the mass-spectra data set from each condition were loaded into the
MaxQuant software and a reporter ion as search type for each parameter group.
TMT16pro isobaric labels were manually entered and used without correction factors.
Reporter mass tolerance was set at 0.003 Da. Spectra were searched against the
mouse proteins in the UniProt database (August 2020) and the common contaminant
list provided by the software. The mass tolerance was set to 20 ppm and 4.5 ppm
respectively. Enzyme specificity was set to Trypsin/P with digestion at C-terminal of
Arg and Lys residues, even when they were followed by a Pro residue, with a maximum

of two missed cleavages. Variable modifications were set to oxidation (Met) and protein
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N-terminal acetylation with carbamidomethylation of Cys-residues set as a fixed mod-
ification. A minimum of one peptide (razor or unique) was required for identification
with a minimum length of 7 residues. Second peptide search was allowed as well as

the matching between runs option (from and to) using a 0.7-minute match time window.

Data was further processed in Perseus v.1.6.15.0. After loading the Protein
Groups txt file, derived from the MaxQuant search, the potential contaminants were
removed, as well as the reversed hits and proteins that were identified only by site.
The reporter intensities were then log2 transformed and filtered for rows 16 valid val-
ues. Columns were normalized by subtracting the median. A multiscatter plot and prin-
cipal component analysis were calculated to assess the quality of the runs. A two-
sample t-test was performed comparing the WT and KO samples with a permutation-
based FDR of 0.05 and an SO value of 0.05 for truncation with 250 randomizations.

Results were visualized as a volcano plot.

Functional classification of the differentially up-regulated proteins in the PFC
from TAOK2 9 was performed by PANTHER (Protein Analysis Through Evolutionary
Relationships, http://www.pantherdb.org).

2.2.8 Image processing

Brightness and contrast of the images were adjusted with similar setting using Pho-

toshop CS 8.0 (Adobe systems) or ImageJ.

2.2.9 Statistical analysis

The GraphPad Prism (version 6.07) analytic software was used to perform all the sta-
tistical analysis. Number of biological replicates, experiments and statistical tests used

for the comparison were mentioned within the figure legends.

3. Results:

3.1 TAOK2 associates with translational control machinery and its deficiency

enhances general translation:

3.1.1 TAOK2 associates with cytoplasmic proteins linked to translational control

To identify the association of TAOK2 with the translational control machinery, | per-

formed IP-MS analysis of immunoprecipitation complexes using a TAOK2 antibody
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in cytoplasmic lysates either from TAOK2 ** mice cortices or N2a cells transfected with
wild-type TAOK2B. The MS analysis of the pulled-down products by using a TAOK2[3
antibody identifies 153 and 197 proteins in cortex and N2a cells, respectively, with a
coefficient of variation (cv) cut-off of 0.1 (Supplementary Figure 1, Supplementary Ta-
ble 1 and Supplementary Figure 2, Supplementary Table 2, respectively). As expected,
the network-based functional analysis using STRING for the mentioned proteins in the
cortex results in a general enrichment of synaptic organization, cytoskeleton structure,
neuronal development, and neurogenesis related GO terms, while 14 and 25 proteins
from the identified enriched proteins in cortex and N2a cell line, respectively, out of 313
proteins accounted for GO:0006412 (translation) (Figure 4 a and 5 a). Furthermore,
the overrepresentation (ORA) analysis - special form of GO analysis - for the men-
tioned proteins revealed the association with translational GO terms is more pro-
nounced in the N2a cells overexpressing TAOK2B3. Among ribosomal proteins, trans-
lational initiation, and elongation factors, general GO terms like ribonucleoprotein com-
plex biogenesis and RNA binding associations account for biological and molecular

functions, respectively (Figure 5 b).
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Figure 4: Functional annotation analysis of the enriched proteins of wild-type mouse cortices
immunoprecipitated by TAOK2-B antibody and identified by IP-MS.

(a) Gene Ontology annotation analysis depicting the biological processes for the proteins enriched with TAOK2( in
the cortex. The four following GO terms were highlighted with different colored buttons: GO:0006412 (translation;
red buttons), GO:0006810 (transport; blue buttons), GO:0022008 (neurogenesis; green buttons), GO:0016358
(dendrite development; yellow buttons); (See Supplementary Table 1 for details).

(b) Over representation analysis (ORA) for the most similar proteins in cortex showing the top 10 most significantly

associated GO terms in cortex. FDR: false discover rate.
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Figure 5: Functional annotation analysis of the enriched proteins in N2a cells overexpressing
with wild type TAOK2-B immunoprecipitated by TAOK2-B antibody and identified by IP-MS.

(a) Gene Ontology annotation analysis depicting the biological processes for the proteins enriched with TAOK2f in
N2a cells transfected with wild type TAOK2-B. The four following GO terms were highlighted with different colored
buttons: GO:0006412 (translation; red buttons), GO:0006810 (transport; blue buttons), GO:0022008 (neurogene-
sis; yellow buttons), GO:0007010 (cytoskeleton organization; green buttons); (See Supplementary Table 2 for de-
tails).

(b) Over representation analysis (ORA) for the most similar proteins in cortex showing the top 10 most significantly
associated GO terms in N2a cells overexpressing TAOK2-3.
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3.1.2 TAOK2 is present in the polyribosome complex, and its deficiency in-
creases global translation

3.1.2.1 Association of TAOK2 with the polyribosome complex

To further investigate the association of TAOK2 with the polyribosome complex, | per-
formed fractionation for the polysome profiles (which is based on the separation of
ribosome-associated mMRNAs by density with sucrose gradient centrifugation and
measuring the OD across the gradient). Afterward, the protein was extracted from the
different collected gradient fractions and followed by western blot (WB) analysis. Im-
munoblot analysis using TAOKZ2B antibody on the purified proteins of polysomes ex-
tracted from different brain regions in mice (e.g., cortex Figure 6 b and cerebellum Sup-
plementary Figure 3 d) revealed the presence of TAOK2[B in polysomes (multiple ribo-
somes bound to an individual mRNA) of wild type mice. The detected TAOK2 signal
across the translationally active polysome-associated mRNAs (heavy polysomes) is
consistent with the presence of PAPB and RPL7a (house-keeping proteins in the cy-
toplasmic ribosomal complex). These data suggest the association of TAOK2 with the

polyribosome complex.
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Figure 6: TAOK?2 associates with cytoplasmic polyribosome complex in wild-type mouse cortex.

(a) Representative polysome profile from 4 weeks old mouse cortex fractionated on 17.5% — 50% sucrose gradient
shows different parts of the polysome profile (free mMRNA and free subunits, monosomes, light polysomes, and

heavy polysomes) across the fractionated gradient.

(b) and (c¢) Immunoblots of the cortical polysome fractions pooled as in the scheme, showing the presence of
TAOK2B across all fractions from polysomes of the TAOK2 T (b) and its absence in the TAOK2 o (c). PABP1 and
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RPL7a were used as positive controls and GAPDH as a negative control to prove the efficiency of polysomes
preparation across the gradient. Input from WT cortex was loaded before the polysomes fractions of KO to verify
the specificity of the TAOK2[ antibody.

To confirm the association of TAOK23 with polysomes, the cytoplasmic lysate
from the cortex of TAOK2 ** mice was treated with the Mg?* chelating agent EDTA that
disrupts polysomes before loading on the sucrose gradient and being fractionated. The
EDTA treated profile shows the disappearance of polysomes peaks due to the disso-
ciation of ribosomes from the polyribosome complex following treatment. In contrast,
the peaks of monosomes (80S) and ribosomal subunits 40S, 60S are increased. Inter-
estingly, immunoblot analysis for the fractionated gradients from EDTA treated profiles
revealed the shift of TAOK2[ signal from the heavier polysome fractions to the lighter
fractions (unbound ribosomal subunits and monosomes). The overall shift of TAOK2[3
with PABP1 and RPL7a toward the lighter fractions of the gradient confirms the pres-
ence of TAOK2[ in polysomes and it is indeed associated with the cytoplasmic riboso-
mal complex (Supplementary Figure 4 a-c). The immunoblots data showing the pres-
ence of TAOK2pB in polysomes from mouse cortex and pulling down several proteins
associated with translation using TAOK23 antibody in the IP-MS experiments clearly
confirm the presence of TAOK2 in the polyribosome complex.

3.1.2.2 TAOK2 isoforms and their de novo mutations are involved in translation
regulation

To investigate whether the presence of TAOK2 in the polyribosome complex is
isoform-specific, | transiently transfected the N2a cells with plasmids expressing the
TAOK2a and B isoforms specifically. Next, polysome profiling was performed and the
extracted protein from the collected polysomes fractions was analyzed by western blot-
ting. Interestingly, WB analysis revealed the presence of both a and 8 isoforms in the
collected polysomes fractions across the gradient (Figure 7 a, b). However, the Myc-
tag signal in polysomes of N2a cells transfected with wild type TAOK2a plasmid was
less pronounced than the detected signal in polysomes from cells transfected with wild
type TAOK2. This in vitro data indicates the more abundance of the TAOK2[ isoforms
than the TAOK2a isoform in polysomes of N2a cells following overexpression of each

isoform individually.
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Figure 7: TAOK2pB isoform is more abundant in polysomes than TAOK2a isoform in N2a cells

individually overexpressing TAOK2 isoforms.

(a) and (b) Immunoblots against the indicated antibodies for the extracted proteins from the pooled polysomes
fractions of N2a cells after overexpression (48h post-transfection) with wild-type TAOK2 (a) and TAOK2a (b) plas-
mids. Note the clear and abundant signal of Myc-tag antibody against the Myc-tag polypeptide protein in the
pCMVhuTAOK2B-myc-tag plasmid in all polysomes across the fractionated sucrose gradient, while the Myc-tag
antibody signal pPCMVhuTAOK2a-myc-tag plasmid is reduced especially in the heavier polysomes fractions. PABP
and RPI7a were used as house-keeping proteins in the cytoplasmic ribosomal complex and GAPDH as a negative
control. Total cytoplasmic lysate from control cells transfected with empty vector control plasmid (pcDNA3.1-myc-
tag) was loaded at the beginning of the blot (input) to prove the specificity of the antibody and the transfection

efficiency (no signal, negative control at the input).

To determine the enrichment amount of each iso- 100 —

form in polysomes in vivo, we performed LC-MS/MS *
analysis for the extracted proteins from polysomes of 807

different Taok2 ** mouse cortices. Interestingly, the B £ o

isoform has a higher abundance percentage in poly- §

somes (65.21%) compared to the less abundance of a g 40—

isoform (34.79%) (Figure 8) and (Supplementary Table

3). These data are consistent with and confirm the in 2%

vitro data obtained by western blotting of proteins pre-

pared from polysomes of N2a cells transfected with ’ ,ﬁl (Ll,
TAOK2B or TAOK2a isoforms. «\*O% «VO+
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Figure 8: TAOK2pB isoform is more abundant in polysomes than TAOK2a in wild type mouse

cortex.

A scatter plot for the TAOK2 isoforms in polysomes of TAOK2 " mouse cortices analyzed by (LC-MS/MS) showing
the increased abundance percent of the TAOK2 (65.21%) compared to the less abundance percent of TAOK2a

isoform (34.79%). n = 4 cortices from 4 weeks old TAOK2 o mouse, n= 8, *P < 0.05, SEM. error bars, unpaired t-

test.

To determine to what level the translational control is affected by each of TAOK2
isoforms and the de novo mutations, | quantified the global translation by the traditional
polysome profiling in N2a cells transfected by TAOK2 isoforms and its mutations. |
expressed TAOK2B, TAOK2a and their respective mutants (A135P missense mutation
in the kinase domain present in a and 8 isoforms, which renders this protein a kinase-
dead form of TAOK2) and the P1022* mutation present in the C-terminal region (pre-
sent only in the B isoform) in N2a cells. Interestingly, the polysome/monosome (P/M)
ratios of polysome profiles from cells either transfected with wild type TAOK2( or wild
type TAOK2a are reduced compared to those from control cells (Supplementary Figure
5 a-f). On the other side, the polysome profiles of cells transfected with the TAOK2[3
mutations, either A135P (Figure 9 a, b) or P1022* (Supplementary Figure 6 a, b), which
regulates the TAOK2[ kinase activity, showed higher P/M ratios than the control pro-
files. Interestingly, while the polysome profiles of cells transfected with the TAOK23
A135P isoform showed higher P/M ratios than the control, the profiles from cells trans-
fected with the TAOK2a A135P isoform did not show a significant change in the P/M
ratios (Figure 9 d, e). Thus, these data suggest that the TAOK2p isoform plays a sig-

nificant role in regulating translation through its kinase function.
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Figure 9: TAOK2B with A135P point mutation at the kinase domain enhances general translation
but not TAOK2a kinase mutation (A135P).

(a) Overlay of representative polysome profiles of N2a cells transiently transfected (48h post-transfection) with
TAOK2BA135P or empty vector control (pcDNA3.1-myc-tag) plasmids

(b) Quantifications of the normalized P/M ratios of polysome profiles from different independent transfection exper-
iments reveal a statistically significant increase of P/M ratio in profiles from TAOK2BA135P transfected cells com-
pared to the ones from the control cells. The number of biological replicates, TAOK2BA135P transfected cells n=
5, control n=5; SEM. error bars; *P < 0.05, unpaired t-test.

(c) Immunoblots for the pooled gradient polysomes fractions representing the corresponding profile gradient against
the presented antibodies for N2a cells transfected with TAOK2BA135P or control plasmids. Note the clear signal of
Myc-tag antibody against the Myc-tag polypeptide protein in the TAOK2B3A135P-myc tag in the all fractions of pol-
ysomes (lower), while there is no Myc-tag signal detected across the fractions of polysome profile from the control
cells (upper). PABP1 and RPI7a were used as house-keeping proteins in the cytoplasmic ribosomal complex and
GAPDH as a negative control across polysome profile fractions across the gradient. Input from the total cytoplasmic
lysate, either from the TAOK2BA135P transfected cells or the control cells was loaded at the beginning of the blot
to verify the specificity of the antibody and the transfection efficiency.

(d) Overlay of representative polysome profiles of N2a cells transiently transfected (48h post-transfection) with
TAOK2aA135 or empty vector control (pcDNA3.1-myc-tag) plasmids.

(e) Quantifications of the normalized P/M ratios of polysome profiles from different independent transfection exper-
iments reveal no significant statistical difference in the P/M ratios between the profiles from TAOK2aA135 trans-
fected cells and the ones from the control cells. The number of biological replicates, TAOK2aA135P transfected

cells n= 9, control n=9; SEM. error bars; n.s., not significant. P= 0.4575, unpaired t-test.
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(f) Immunobilots for the pooled gradient polysomes fractions representing the corresponding profile gradient against
the presented antibodies for N2a cells transfected with TAOK2aA135P or control plasmid. Note the presence signal
of Myc-tag antibody against the Myc-tag polypeptide protein in the TAOK2aA135P in polysomes (lower), while there
is no Myc-tag signal detected across the fractions of polysome profile from the control cells (upper). PABP1 and
RPI7a were used as house-keeping proteins in the cytoplasmic ribosomal complex and GAPDH as a negative
control across polysome profile fractions across the gradient. Input from the total cytoplasmic lysate, either from the
TAOK2aA135P transfected cells or the control cells was loaded at the beginning of the blot to verify the specificity

of the antibody and the transfection efficiency.

Overexpression of wild type TAOK2[B or its A135P mutation (kinase-dead) in
NZ2a cells does not alter only the polysome profiling, but the amount of newly synthe-
sized protein is altered as well. | used the SUNSET assay to quantify the amount of the
newly synthesized protein by WB and histochemical analysis. Interestingly, SUnSET
analysis of N2a cells either transfected by wild type TAOK2[3 or with TAOK2p3 A135P
showed decreased or increased levels of newly synthesized proteins identified by
puromycin incorporation rate, respectively (Figure 10 a-f). Taken together, these find-
ings suggest that TAOK2 isoforms are present in polysomes - especially the 8 isoform
- and that defects in translational control and global protein synthesis are a direct

consequence of the loss of TAOK2p kinase function, but not TAOK2o.
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Figure 10: Wild type TAOK2p decreases protein synthesis while its mutation at the kinase do-
main A135P enhances it in N2a cells.

(a), (b) and (c) Representative Immunostainings N2a untransfected control cells, TAOK2f transfected cells, and
TAOK2BA135P cells respectively, treated after 48 hours post-transfection with puromycin (10pg/ml) for 10 minutes
to label the newly synthesized protein, fixed and immunostained with anti-puromycin (red) and anti-Myc-tag (grey)
antibodies, DAPI (blue) and GFP marker (green).

(d) Quantifications of the normalized puromycin fluorescence intensity in control cells, cells transfected with wild
type TAOK2B and TAOK2BA135P show decreased puromycin intensity in control cells and cells transfected with
TAOK2B compared to cells transfected with TAOK2BA135P. The number of cells from 3 independent transfection
experiments; control transfected cells n=103, wild type TAOK2f transfected cells n=102, TAOK2BA135P trans-
fected cells n=93. SEM error bars; ** p < 0.01, **** p < 0.0001, ordinary one-way ANOVA followed by Tukey's
multiple comparisons test.

(e) Representative WB image for equal amounts of protein from N2a control cells and cells transfected with TAOK23
analyzed by SUnSET assay shows decreased amount of the newly synthesized puromycin-labelled protein in
TAOK2p transfected cells. At the first lane, 50 pg/ml of cycloheximide (protein translation inhibitor) was added to
the cells for 5 minutes before being treated with puromycin (10 pg/ml) for 10 min to verify the specificity of the
puromycin antibody signal and it is protein synthesis dependent. Revert loading control protein stain was used to
show the equal loading of the total protein sample in all lanes.

(f) Quantifications for the WB SUnSET assay of N2a untransfected control cells and TAOK2 transfected cells show
the decreased normalized puromycin/f actin ratio in TAOK23 transfected cells compared to the control. Number of
biological replicates n=6 per condition from 3 different independent transfection experiment, SEM error bars; ** p <
0.01, paired t-test.

3.1.3 TAOK2 mutations in LCLs derived from patients enhances global transla-
tion

Furthermore, | investigated how TAOK2 mutations can affect the general trans-
lation in the disease condition. | used patient-derived LCLs endogenously expressing
either TAOK2 with a mutated kinase domain at residue A135P that renders this protein
into a kinase-dead form of TAOK2, or with the P1022* mutation at the regulatory re-
gion, respectively. Interestingly, polysome profiling and protein synthesis analysis for
patient-derived LCLs with A135P mutation at the kinase domain revealed an increased
P/M ratio and increased the amount of newly synthesized protein compared to cells
derived from the non-affected father (Figure 11 a-d). Consistently, the profiles from
patient cells with the C-terminal P1022* mutation have both, increased P/M ratios by
polysome profiling analysis and global protein synthesis by SUNSET assay (Figure 11
e-h). These data are consistent with our N2a cells data transfected with TAOK2 muta-
tions. Concurrently, these results suggest that patient-derived de novo mutations in
TAOK2 greatly affect its function in translational control and lead to the enhancement
of global translation.
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(d) Quantification graph of the WB in (c) from different experimental replicates shows a significant increase of
puromycin densiometric signal normalized to 3-actin in patient-derived LCLs with A135P mutations in Taok2 kinase
domain compared to LCLs from the unaffected father. The number of puromycin-treated LCLs replicates from un-
affected father and patient were 8 per condition; ***P < 0.001, SEM. error bars, unpaired t-test.

(e) Overlay of representative LCLs polysome profiles from unaffected father and patient with TAOK23 mutated at
P1022* shows increased in (P/M) ratio of LCLs patient profiles.

(f) Quantifications of the normalized P/M ratio for polysomes profiling in (e) from different independent experimental
replicates reveal a statistically significant increase of P/M ratio in profiles of LCLs from patients with TAOK2 mu-

tated at P1022* in the regulatory domain compared to the profiles from the unaffected father. Number of biological
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replicates of LCLs from patients with TAOK2B mutated at P1022* n=8, and n=11 for cells from the unaffected father;
***P < 0.001, SEM. error bars, unpaired t-test.

(9) Representative WB image for equal amounts of protein from patient-derived LCLs with TAOK2B mutated at
P1022* and LCLs from unaffected father analyzed by SUNSET assay shows an increase of the newly synthesized
puromycin-labelled protein in patient cells. Puromycin incorporated proteins were detected by immunoblotting using
an anti-puromycin antibody. Revert loading control protein stain was used to show the equal loading of the total
protein sample in all lanes.

(h) Quantification graph of the WB in (g) from different experimental replicates shows a significant increase in
puromycin densiometric signal normalized to B-actin in the puromycin treated LCLs of P1022* proband compared
to LCLs from the unaffected father. Number of puromycin treated LCLs replicates from unaffected father and from
patients with TAOK23 mutated at P1022* were 8 per condition; *P < 0.05, SEM. error bars, unpaired t-test.

3.1.4 TAOK2 acts as a repressor of translation and protein synthesis in mouse
brain tissues

To assess the effect of TAOK2-dependent translation regulation in brain tissues,
| performed polysome profiling for different brain regions from TAOK2 deficient mice.
Interestingly, quantifications of polysomes profiling in these brain regions show that the
absence of TAOK2 leads to significant changes in the global translation. Cortices (Fig-
ure 12 a, b) and cerebella (Supplementary Figure 3 a-c) from TAOK2 deficient mice
showed increased P/M ratios, which indicates the increased amounts of RNA bound
to the polyribosomes and strongly suggesting enhanced translation in the TAOK2 de-

ficient mice

To investigate the effect of TAOK2-dependent translation control on protein bi-
osynthesis, | used an adapted protocol of SUNSET assay (Hoeffer et al., 2011; Schmidt
et al., 2009) to measure global protein synthesis in acute brain slices from 4 weeks old
mice. Interestingly, the amount of newly synthesized proteins identified by the puromy-
cin incorporation rate in the slices from TAOK2 94 and TAOK2 *d mice is higher com-
pared to TAOK2 ** mice, which suggests the enhanced global protein synthesis in
TAOK2 deficient mice (Figure 12 c-e).
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Figure 12: TAOK2 deficiency enhances global translation and protein synthesis.

(a) Representative overlay of polysome profiles from TAOK2 ** and TAOK2 %@ mouse cortices shows an increase
in P/M ratio in cortices lacking TAOK2.

(b) Quantification from polysome profiles from cortex showing increased P/M ratios in TAOK2 %d and TAOK2 */d
mice cortices and its decrease in cortices from TAOK2 ** mice. Number of animals, TAOK2 **n = 13, TAOK2 *dn
=8, TAOK2 ¥dn = 12; SEM error bars, *P < 0.05; ordinary one-way ANOVA followed by Tukey's multiple compari-
sons test.

(c) Representative images of the prefrontal cortex from cortical acute slices, which were incubated with puromycin
(10ug/ml) for 1.5 hr to label newly synthesized proteins and immuno-stained with anti-puromycin (green), anti-MAP2
(red) antibodies, and DAPI (blue) show increased puromycin fluorescence intensity in TAOK2 deficient cortex.

(d) Representative WB image for equal amounts of protein from acute slices analyzed by SUnSET assay and
immunoblotted against puromycin antibody shows increased newly synthesized proteins in TAOK2 deficient cortex.
WT+CHYX, indicates that the wild-type slices were pre-treated with a translation inhibitor cycloheximide (CHX)
(10mg/ml) for 30 minutes before puromycin treatment to verify the specificity of puromycin antibody signal and it is
protein synthesis-dependent. Revert loading control was used to show equal protein loading for WB.

(e) Quantification for the WB SUNSET assay of cortical acute slices shows the increased normalized puromycin/
actin ratio in TAOK2 ¥ and TAOK2 *d mice. Number of animals, TAOK2 **n =5, TAOK2 *9n = 6, TAOK2 9dn =
5; SEM error bars, *P < 0.05; ordinary one-way ANOVA followed by Tukey's multiple comparisons test.

To investigate the effect of enhanced translation on the protein expression due
TAOK2 loss, we did differential expression protein analysis for TAOK2 %d mice PFC in
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a cooperation with Prof. Joris de Wit’'s lab. (Laboratory of synapse biology, Leuven,

Belgium). Despite the high number of the total proteomics identified in PFC (3,731), 59

proteins were identified as significantly up-regulated proteins in the PFC of TAOK2 dd

mice (Figure 13, Supplementary Table 4). Interestingly, functional classification of the

upregulated proteins by PANTHER analysis revealed 11 proteins as translational pro-

teins (Figure 14), the strongest upregulated functional group in this comparison. More-

over, the expression of large and small ribosomal proteins (Rpl22I1, Rpl36, Rpl36a,

Rps10, Rps21 and Rps6) were among the significantly upregulated proteins, further

indicating the enhanced translational machinery and protein synthesis in TAOK2 defi-

ciency.

Figure 13: Deficiency of TAOK2 increases the
differentially expressed proteins in the PFC

from mouse. Volcano plot of differentially expressed

proteins of PFC proteomics from TAOK2 " and TAOK2

¥ are depicted with the fold change and calculated by

a two-sample t-test with a permutation-based FDR of
0.05 and an SO value of 0.05 for truncation with a total
of 250 randomizations. Blue and orange circles show
the significantly up-regulated and down-regulated pro-

teins in the PFC of TAOK2 ¢ mice, respectively. Green
circle refers to TAOK2 protein.
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Tatal # Genes: 59 Total # protein class hits: 44
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Figure 14: Translational related proteins are highly upregulated in the PFC of TAOK2 4/
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PANTHER bar graph shows the functional classification of the significantly upregulated proteins the PFC of TAOK2

¥ mice. Translational protein (blue bar) has the highest coverage of 11 for all gene categories. (See Supplementary

Table 4 for details).

To further understand the TAOK2-dependent translation effect in neurons, cor-
tical neuronal cultures at 7DIV or 21DIV were treated with puromycin (10pg/ml) to label
the newly synthesized proteins, and quantitative immunofluorescence SUnNSET analy-
sis was performed. Interestingly, TAOK2 94 and TAOK2 *d neurons show a significant
increase in the incorporated puromycin signal compared to the control cells reflecting
the increased neuronal protein synthesis (Figure 15 a-c).

Altogether, these data obtained from polysome profiling from cortices and cere-
bella as well as SUNSET assay from cortex and cortical neurons suggest a functional

role of TAOK2 as a repressor of translation in the brain.
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Figure 15: TAOK2 deficiency increases protein synthesis in neurons.

(a) Representative Immunostainings of primary neurons 7DIV were treated with puromycin (10ug/ml) for 10 minutes
to label the newly synthesized protein, fixed and immunostained with anti-puromycin (green) and anti-tubulin Il
(red) antibodies show increased puromycin labeling intensity in TAOK2 deficient neurons. WT+CHX, indicates that
the cultured neurons were pre-treated with cycloheximide (CHX) (10mg/ml) for 10 minutes before puromycin treat-
ment to verify the specificity of puromycin antibody signal and it is protein synthesis dependent.

(b) and (c) Quantifications of normalized puromycin fluorescence intensity at 7DIV neurons or 21DIV, respectively,

show increased newly synthesized protein by SUnSET assay in TAOK2 deficient neurons compared to the control
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neurons. Number of 7DIV cells, TAOK2 ** n= 236, TAOK2 *d n= 113, TAOK2 % n= 166, from 5 different individual
embryos for TAOK2 ** and 4 embryos for each TAOK2 **+ and TAOK2 %d, Number of 21DIV cells, TAOK2 ** n=
81, TAOK2 *d n= 73, TAOK2 9 n= 79, from 3 different individual embryos for TAOK2 ** and TAOK2 %4 and from 2
embryos for TAOK2 *d. SEM error bars, *** p < 0.0001, ordinary one-way ANOVA followed by Tukey's multiple

comparisons test.

3.2 16p11.2 microdeletion displays dysregulated global translation that can be
corrected with TAOK2:

3.2.1 Enhanced global translation and protein synthesis in cortex and neurons
of 16p11.2del *@ mice.

Since our data from a BT T <
- . . —— 16p11.2 del +/- (Het) ’ *
TAOK?2 deficient mice, patient Polysomes ” -
S <1E’1.5— .
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C WT

whether hallmark translational
defects were also present in the
16pl11.2 microdeletion mouse
model. Similarly, | found that cor-
tices from a mouse model of
16p11.2 deletion have increased

P/M ratios by polysome profiling

analysis; thus, reflecting en-

hanced global translation. Fur- g ) - .
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WT cells (Figure 16 a-e).

Figure 16: 16p11.2del *¥ mice show increase in the P/M ratio and global protein synthesis.

(a) Representative overlay of polysome profiles from 16p11.2del ** and 16p11.2del *d mice cortices shows an

increase in P/M ratio in cortices of 16p11.2del ¥ mice.
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(b) Quantification from (a) showing significantly increased P/M ratios in 16p11.2del *¢ mouse cortex in comparison
with the WT cortex. Number of animals, 16p11.2del **n =8, 16p11.2del *dn = 8; SEM error bars, *P < 0.05; SEM.
error bars, unpaired t test.

(c) Representative Immunostainings of primary neurons 7DIV treated with puromycin (10ug/ml) for 10 minutes to
label newly synthesized protein, fixed and immunostained with anti-puromycin (green) and anti-tubulin Bl (red)
antibodies show increased puromycin labelling intensity in 16p11.2del */¢ deficient neurons.

(d) and (e) Quantifications of puromycin fluorescence intensity at 7DIV neurons or 21DIV, respectively, show in-
creased newly synthesized protein by SUnSET assay in 16p11.2del */d deficient neurons compared to the control
neurons. Number of 7DIV cells, 16p11.2del ** n= 107, 16p11.2del ¥ n= 119, from 3 different individual embryos of
16p11.2del **and 4 embryos of 16p11.2del ¥d. Number of 21DIV cells, 16p11.2del ** n= 85, 16p11.2del ¥ n= 68,
from 5 different individual embryos of 16p11.2del ** and 4 embryos of 16p11.2del *d. SEM error bars, *** p <
0.0001, ordinary one-way ANOVA followed by Tukey's multiple comparisons test.

3.2.2 TAOK2p rescues the increased protein synthesis in 16p11.2del *d cortical
neurons.

My data show the overexpression of TAOK2[3 in the N2a cells represses trans-
lation and decreases protein synthesis, while its kinase mutation enhances translation
and increase the amount of newly synthesized protein (Figure 10 a-f), therefore we
predicted that the re-introduction of TAOK2p in cultured neurons derived from cortices
of 16p11.2del *¥ mice could rescue the observed translational defects (Figure 16 a-e).
We first transfected the cortical neurons of 16p11.2del ¥4 embryos with TAOK2 via in

utero electroporation (IUE) fol- g Het + TAOK2B

lowed by primary culture neu-
ron preparation at 72 hours
post-transfection to ensure the
expression of TAOK2B in the

neurons. Afterward, the neu-

tDimer

rons were treated with puromy- b

cin to label the nascent pro- 5] *kk

teins after 7 days culture and é: 201 e

immune-stained with puromy- g 15 % .

cin antibody. As expected, the g 104 B s
introduction of TAOK2B via £ 0 &

IUE decreased the puromycin 2 00 | |

immunostaining intensity in & R ‘f;o\@% *f\;o*&Qz

cultured 16p11.2del *d cortical
neurons to similar levels detected in WT neurons (Figure 17 a, b).

57



Figure 17: TAOK2B normalizes the increased protein synthesis in the electroporated 16p11.2del

*d cortical neurons.

(a) Representative Immunostaining of 16p11.2del */¢ cortical neurons after IUE at E15.5 with TAOK2B and t-dimer
plasmids treated at 7DIV with puromycin (10ug/ml) for 10 minutes to label newly synthesized protein, fixed and
immunostained with anti-puromycin (green) and anti-TAOK2( (grey) antibodies shows a reduction of puromycin
fluorescence intensity in the transfected cells.

(b) Quantifications from (a) show a significant decrease in puromycin intensity in 16p11.2del *d (to the normal level
in 16p11.2del ** neurons) and 16p11.2del ** cortical neurons transfected with TAOK2B compared to their corre-
sponding controls, non-transfected 16p11.2del *9 and 16p11.2del *** cortical neurons, respectively. Number of cells,
non-transfected wild type cells n= 71, wild type cells + TAOK2B n=60 from 4 different embryos; non transfected
type 16p11.2del ¥/ cells n= 99, 16p11.2del *d + TAOK2B n=84 from 4 different embryos. SEM error bars, **P <
0.001, **** p < 0.0001, ordinary one-way ANOVA followed by Tukey's multiple comparisons test.

This normalization of the upregulated protein synthesis in the 16p11.2 micro-
deletion neuron supports the role of TAOK2[ as a repressor of translation. Altogether,
my results suggest that TAOK2 is a major risk gene causally involved in ASDs linked
to 16p11.2 microdeletion, due to translation dysregulation.

3.3 TAOK2 involved in regulation of translation initiation and translation elonga-

tion.

3.3.1 TAOK2 is involved in phosphorylation of the eukaryotic initiation factor
(elF2a)

Phosphorylation of the elF2a at its Ser51 by the four elF2a kinases, PKR-like ER ki-
nase (PERK), dsRNA dependent protein kinase (PKR), general control nonderepress-
ible-2 (GCN2), and heme-regulated inhibitor (HRI) is considered a major regulator of
translation initiation (Donnelly et al., 2013). Once elF2a is phosphorylated at its residue
Ser51, it becomes a competitive inhibitor to the guanine nucleotide exchange factor
(GEF), elF2B. This leads to decreased availability of elF2-GTP for ternary complex
formation required to start translation initiation, thus resulting in reduced global protein
synthesis (Sonenberg & Hinnebusch, 2009). Therefore, | analyzed how TAOK2 is
mechanistically involved in protein synthesis. | examined the phosphorylation level of
Ser51 of the elF2a that is targeted by all four elF2a kinases by WB analysis. Interest-
ingly, TAOK2 deficient cortices and patient-derived LCLs with a TAOK2 point mutation
at A135P in the kinase domain revealed reduced levels of elF2a phosphorylation (Fig-
ure 18 a-d). On the other hand, overexpression of TAOK2B in N2a cells showed in-

creased levels of elF2a phosphorylation (Figure 18 e and f). These results suggest
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that TAOK2 might regulate translation control at the initiation stage through phosphor-

ylation of the elF2a.
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Figure 18: TAOK2 phosphorylates elF2a.

(a) Representative WB images for the cortex of TAOK2 ** and TAOK2 % and (b) quantifications for (a) show sig-
nificantly increased P-elF2a normalized to the total elF2a level in cortices of WT animals. Number of animals per

genotype n=4; *P < 0.05, SEM. error bars, unpaired t-test.
(c) Representative WB images for LCLs with TAOK2 mutations A135P at its kinase domain and non-affected father
and (d) quantifications for (c) show significantly decreased level of P-elF2a to the total elF2a. Number of biological

replicates n=6 per condition; *P < 0.05, SEM. error bars, unpaired t test.

(e) Representative WB images for N2a cells transfected with wild type TAOK2( and its respective control and (f)
guantifications for (e) show significantly increased level of P-elF2a to the total elF2a in the cells transfected with
wild type TAOK23 compared to the non-transfected control cells. Number of biological replicates n=6 per condition

from different independent transfection experiments; **P < 0.05, SEM. error bars, unpaired t-test.

My data suggest that TAOK2 phosphorylates elF2a. However, IP-MS analysis
of immunoprecipitation complexes using TAOK2 antibody did not identify elF2a as a
direct binding partner to TAOK2. Additionally, TAOK2 does not interact with any of
the elF2a-phosphorylating kinases, which increases the probability that TAOK2 phos-
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phorylates elF2a indirectly through activation of one or more the elF2a kinases. Inter-
estingly, our IP-MS analysis revealed that TAOK2[ interacts with GCN1 (Supplemen-
tary Figure 2 and Supplementary Table 2), an activator of GCN2 that forms a trimeric
complex with the translating ribosomes and GCN2 and simultaneously stimulates
GCN2 kinase activity (Cambiaghi et al., 2014; Roffé et al., 2013). These data suggest
one possible mechanism by which TAOK2 phosphorylates elF2a through activity mod-
ulation of GCN1 and GCN2 leading to a subsequent inhibition of translation initiation
and reduction of protein synthesis. Further work will be required to provide mechanistic
insights into the molecular pathway by which TAOK2 regulates translation initiation
through elF2a phosphorylation, and its consequences on neuronal development due

to altered synaptic protein synthesis, this will be discussed later.

3.3.2 TAOK2 binds and phosphorylates the eukaryotic elongation factor eEF2
Regulation of translation at the elongation step mainly depends on the active
less phosphorylated status of the elongation factor eEF2, which help in binding the
ribosomes to the mRNA (Schuller & Green, 2018). My western blots data suggest that
TAOK2 phosphorylates the Thr56 of the eEF2, which might lead to inactivation of the
eEF2 and subsequent slowing down the translation elongation step. Cortices form
TAOK?2 9 mice show decreased phosphorylated eEF2/total eEF2 ratios (Figure 19 a).
While LCLs from ASD patient with mutated TAOK2 in its kinase domain and N2a cells
overexpressing the kinase dead form of TAOK2 (TAOK2BA135P) show a reduction in
the phosphorylated eEF2 (Figure 19 b and c), N2a cells overexpressing wild type
TAOKZ2 show increased phosphorylation of the eEF2 (Figure 19 d). This suggest that
TAOK?2 is phosphorylating the eEF2 via its kinase functional domain. To further under-
stand how TAOK2 can modulate the activity of the eEF2, | did TAOK2 IPs from cyto-
plasmic lysate from transfected N2a cells expressing Wild type TAOK2[3: Proteins cap-
tured by TAOK2[ antibodies were immunodetected by WB. Interestingly, the detection
of eEF2 by an eEF2 antibody revealed its presence in the protein complex of TAOK2,
which was clearly detectable after overexpression of TAOK2@3 compared to endoge-
nously expressed TAOK2B in N2a cells (Figure 19 e). This data shows that eEF2 in-
teracts with TAOK2 and suggests that TAOK2 might phosphorylate eEF2 directly. Fur-
ther studies will be required to investigate whether the TAOK2 directly binds and phos-

phorylates eEF2 or acts on the upstream molecules of eEF2.
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Figure 19: TAOK2 phosphorylates and binds the elongation factor eEF2.

(a) Representative WB image and quantifications for the cortex of TAOK2 ** and TAOK2 9d show significantly
increased P-eef2 normalized to the eef2 levels in cortices of WT animals. Number of animals per genotype n=5; *P
< 0.05, SEM. error bars, unpaired t-test.

(b) Representative WB images and quantifications for LCLs with TAOK2 mutations A135P at its kinase domain and
non-affected father show significantly decreased level of P-eef2 to the total eef2. Number of biological replicates
n=3 per condition; **P < 0.05, SEM. error bars, unpaired t test.

(c) Representative WB image and quantifications for N2a cells transfected with TAOK2BA135P and its respective
control show significantly decreased levels of P-eef2 to the eef2 in the cells transfected with TAOK2BA135P com-
pared to the non-transfected control cells. Number of biological replicates n=4 per condition from different inde-
pendent transfection experiments; **P < 0.01, SEM. error bars, unpaired t-test.

(d) Representative WB image and quantifications for N2a cells transfected with wild type TAOK2f and its respective
control significantly increased levels of P-eef2 to the eef2 in the cells transfected with wild type TAOK2f3 compared
to the non-transfected control cells. Number of biological replicates n=3 per condition from different independent
transfection experiments; *P < 0.05, SEM. error bars, unpaired t-test.
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(e) WB image of the TAOK2B immunoprecipitation (IPs) from non-transfected N2a cells and cells overexpressing
wild type TAOK2[ shows the interaction of TAOK2[3 with the eEF2. Membrane was immunoblotted against TAOK2(3
and eEF2. Unspecific rabbit IgGs and total cytoplasmic lysate (input) were used as IP controls.

Collectively, my data are shedding the light on a new function for TAOKZ2 as a
novel candidate controls translation for the following summarized reasons: The IP-MS
analysis of immunoprecipitation complexes using a TAOK2[ antibody in cytoplasmic
lysates from mouse cortex and N2a cells overexpressed with wild type TAOK2[ re-
vealed the interaction of TAOK2 with several proteins associated with translational
control machinery. Moreover, | could show for the first time that TAOK2 isoforms, a
and [, are present in the polyribosome complex and regulate translation in different
biological samples, like brain tissues (cortex, cerebellum), primary neurons, human
LCLs from ASD patients and N2a cells. | show that TAOK2 isoforms affect general
translation and their mutations — especially in the isoform {3 - increase the puromycin
incorporation rate into the newly synthesized proteins in neuronal and non-neuronal
cells, which reflects the increased protein synthesis. Furthermore, | could demonstrate
that TAOK2 deficiency increases translation in mice brain tissues, and | showed that
TAOK2 contributes to the altered global translation in the mouse model of 16p11.2
deletion. These data suggest the role of TAOK2 as a repressor of translation. Finally,
| provided mechanistic insights by which TAOK2 regulates translation at both initiation
and elongation steps where it phosphorylates the elF2a, interacts with, and phosphor-
ylates the eEF2 respectively.

4. Discussion:

ASDs are complex neurodevelopmental disorders characterized by cognitive
impairments, behavioral and social abnormalities and have a 1-2% worldwide preva-
lence (Kim et al., 2011). Moreover, ASD represents a growing financial and emotional
overload on the societies because it is a long-lasting condition and the autistic patients
require special support in the early life (Lavelle et al., 2014). The main reasons for
development of the ASD have not yet been well understood, which are reflected on the
limited availability of effective treatment for ASD. Importantly, recent studies suggest
that the development of ASD results from the dysregulation of the neuronal translation,

which leads to deficits and neurotransmission imbalance at the synaptic level (Kelleher
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et al., 2008). Here, | show that TAOK2 — an ASD susceptibility gene — regulates trans-
lation in neuronal and non-neuronal tissues. Wherein, TAOK2 deficiency and the de
novo mutations in TAOKZ2, identified in ASD patients, display upregulated global trans-
lation and increased protein synthesis. Moreover, | showed that TAOK2 represses
translation by phosphorylation of the elF2a and eEF2 that inhibits translation initiation
and translation elongation, respectively. In accordance with that TAOK2 could normal-

ize the dysregulated global translation observed in 16p11.2 *d deletion models.

In this study, | used polysome profiling, SUNSET assay, and different analytic
protein assays to study the role of TAOK2 in translational regulation in brain tissues
and primary neurons from the TAOK2 and 16p11.2 *d del autistic mice models, non-

neuronal cells (LCLs) from ASD patients and N2a cells.

4.1 The ASD relevant gene TAOK2 is involved in translational regulation

TAOK2 is an autism-associated gene and its loss leads to impaired dendrite and
synapse formation, autistic-like behaviors and altered brain anatomy in mice, such as
increased midbrain size and reduced cortical volumes (De Anda et al., 2012; M. Richter
et al., 2019). Here, we described a new function for TAOK2 due to its association with
the translational control machinery. The polysome profiling analysis revealed en-
hanced global translation in cortices and cerebella of TAOK2 deficient mice. Further-
more, analysis of the proteins extracted from polysomes of Taok2 ** cortices revealed
the presence of TAOK2 in the polyribosome complex while the 3 isoform is more abun-
dant in polysomes than a isoform. Accordingly, the IP/MS analysis of immunocom-
plexes purified using a TAOK2B antibody showed the association of TAOK2 with many
proteins involved in translational regulation, ribonucleoprotein complex formation, pep-
tide biosynthesis, and RNA binding in addition to its association with proteins regulating
synapse and cytoskeleton organization. These results suggest the involvement of
TAOK2 in the translational control machinery through protein-protein interactions, as
TAOK2 has no RNA binding site and it was not identified as an mRNA-binding protein
in the global MRNA interactome capture experiments (Castello et al., 2012; Caudron-
Herger et al., 2019).

It is noteworthy to mention that many ASD-associated genes, which are classi-
fied as SFARI group | genes, encode proteins (elF4E, elF3g, eEF1A2, RPL10,
elF4EBP2, and UPF3B) that are present in the translational machinery complex and
involved in the different stages of translation (Chen et al., 2019). Additionally, many
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RNA-binding proteins (RBPs), that regulate mMRNA translation processes, are known
ASD risk genes. For example, FMRP, a well-known ASD-associated gene, is one of
the best characterized translation repressing RBPs, where its deficiency or mutations
participates in the pathogenesis of the fragile X syndrome (FXS) (Zalfa et al., 2003).
Cell cycle-associated protein 1 (Caprinl) is another RNA-binding protein present in
polyribosomes where it interacts with FMRP and modulates its activity (El Fatimy et
al., 2012) and upon deficiency, CAPRIN1 heterozygous mice exhibit autistic like be-
haviors (Ohashi et al., 2016). Janus kinase and microtubule-interacting protein 1 (JAK-
MIP1) is present in the polyribosome complex interacting with several translation-as-
sociated proteins and ribosomal subunits, such as FMRP, poly (A) binding protein cy-
toplasmic 1 (PABPC1), eEF1A, eEF2 to regulate neuronal translation. JAKMIP1 defi-
ciency leads to abnormal translation in neurons and JAKMIP1 deficient mice exhibit
social abnormalities and autistic-like behaviors (Berg et al., 2015). Translin is also an-
other RNA binding protein that regulates neuronal translation by regulating the mRNA
transport via its association with microtubules and motor proteins (Wu et al., 2011).
Translin deficient mice show neurochemical and behavioral abnormalities resembling
several neurological disorders, including ASD, due to disturbances in protein synthesis
(Stein et al., 2006). My data suggest that TAOK2 shares common features described
for the previously mentioned ASD risk genes as it associates with the translation com-
plex and regulates neuronal translation. | thereby hypothesize that this translational
dysregulation, due to TAOK2 deficiency in mice or due to functional mutations or loss
of TAOK2 (16p11.2 microdeletion) in humans, contributes to the autistic-like behaviors
displayed in TAOK2 deficient mice (M. Richter et al., 2019) as well as in autistic hu-

mans, respectively.

4.2 Deficiency of TAOK2 and its de novo mutations increases the amount of the
newly synthesized proteins in neuronal and non-neuronal cells

Several studies suggest that disturbances in translational control machinery and
the subsequent dysregulated synaptic proteins are one of the molecular mechanisms
underlying the etiology for synaptopathies in ASD (Kelleher et al., 2008; Santini et al.,
2013; Suzuki et al., 2015). Therefore, dysregulated protein synthesis is considered a
common feature in most of the autistic phenotypes, particularly excessive neuronal
protein synthesis are observed in FXS pathogenesis (Santoro et al., 2012), and in dif-

ferent forms of autism (Gkogkas et al., 2013; Santini et al., 2013). Surprisingly, meas-
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urement of the amount of the newly synthesized protein by SUnSET assay shows en-
hanced protein synthesis in cortex and neurons from TAOK2 deficient mice compared
to the wild type controls. This data suggest that TAOK2 is a repressor of the neuronal
translation, similar to the most known autism-linked genes, such as FMRP, PTEN, and
TSC1/2, wherein mutations in these genes disturb the translation repression, cause
aberrant protein synthesis and lead to the autistic phenotypes (Kelleher et al., 2008).
Consistently, analysis of the de novo global protein synthesis in animal models of FXS,
and in different cells derived from FSX patients, such as lymphoblastoid cells, fibro-
blasts as well as induced pluripotent stem cell (iPSC)-derived neural progenitor
(NPCs), revealed the increased global protein synthesis due to the absence of trans-
lation repression by FMRP (Gross & Bassell, 2012; Jacquemont et al., 2018; Raj et al.,
2021). Similarly, lymphoblastoid cells from autistic patients with TAOK2 mutated at the
at residue A135P in the kinase domain, which leads to loss of the TAOK2 kinase func-
tion, showed enhanced global translation by polysome profiling analysis and increased
amount of newly synthesized proteins compared to cells derived from the non-affected
father. These data indicate that the role of TAOK2 in translational repression is mainly
achieved through its kinase function and suggest that TAOK2 regulates translation in
non-neuronal tissues. Furthermore, N2a cells, a neural crest-derived cell line, trans-
fected with wild type TAOK2[ or wild type TAOKZ2aq, revealed reduced translation com-
pared to the control. However, when these cells were transfected with the kinase-dead
TAOK2B A135P mutation, the global translation, as analyzed by calculating the P/M
ratio and the amount of protein synthesis measured by puromycin incorporation rate,
were elevated in comparison with control cells. In contrast, cells expressing the
TAOK2a A135P mutated isoform did not reveal any significant change in the global
translation, wherein the P/M ratios were similar to the control. Thus, these data suggest
that the defects in translational control and global protein synthesis are a direct
consequence of the loss of TAOK2B kinase function, but not TAOK2a. One possible
explanation for the isoform-specific role of TAOK2 in regulating transaltion is the
isoform abundance in the polyribosome complex. Wherein, the B isoform is more abun-
dant in polysomes than the a isoform as identified by LC-MS/MS analysis for extracted
proteins from polysomes of Taok2 ** cortices and by WB analysis for the polysomes
of N2a cells transfected with wild type TAOK2[ or wild type TAOKZ2a. Another possible
explanation is the expression levels of the TAOK2a A135P isoform in the N2a cells

that might not be expressed proficiently to produce any striking effect on translation.
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However, we concluded that the first explanation is more realistic since my data show
less abundance of TAOK2a isoform in the polyribosome complex, and the transfection
efficiency for the cells used in the experiments were more than 70% with good expres-

sion level (Figure 9 F).

4.3 Deficiency of TAOK2 upregulates ribosomal proteins and proteins involved
in translation regulation

Loss of TAOK2 or loss-of-function TAOK2 de novo mutations increases protein
synthesis in murine cortex or derived neurons. Accordingly, the differential expression
protein analysis for the PFC from TAOK2 knock out mice showed significantly upreg-
ulated proteins of the translational machinery components, especially the ribosomal
proteins. Recently, Griesi-Oliveira et al. (2021) examined the transcriptome of iPSC-
derived neurons from ASD patients and they showed upregulation of the co-expressed
genes involved in the translation processes in the NPCs, which leads to abnormalities
of the expressed genes related to synaptic functions in neurons. Interestingly, genes
encoding ribosomal proteins were also upregulated in post-mortem cortical tissues and
iPSC- derived neural progenitor cells, as well as in the non-neuronal cell types such
as lymphocytes from ASD patients (Lombardo, 2020; Tylee et al., 2017). Collectively,
our data suggest that the upregulation of ribosomal genes and its subsequent effects
on cellular translation are important for ASD biology. These insights highlighting ques-
tions for future work to understand the mechanisms that lead to the increased riboso-
mal proteins in the brain and their relevance for the development of ASD. Here, in case
of TAOK2 deficiency, the upregulation of ribosomal proteins could be due to two pos-
sible reasons. First, the increased translation of the existing mRNAs is due to the ab-
sence of the translational repressor role of TAOK2 at the initiation and elongation
stages, which subsequently modulates the expression of these genes. Second,
TAOK2 - especially TAOK2 - has a cytoplasmic and nuclear localization, as indicated
by the myc-tag signal in the N2a cells expressing Wild type TAOK2[3 (Figure 10 b),
where the ribosome biogenesis takes place. Thus, the ribosome biogenesis is possibly
activated that might leads to stimulation of protein synthesis in case of lack of TAOK2.
Accordingly, further future investigations exploring ribosome biogenesis in TAOK2 de-
ficient samples could be relevant for ASD research, particularly the dysregulated ribo-
some biogenesis could lead to excitation/inhibition imbalance if it affects specifically
certain types of neurons such as the excitatory neurons, inhibitory neurons, or radial

glia cells as previously suggested (Lombardo, 2020).
66



4.4 TAOK?2 is a key contributor within 16p11.2 microdeletion and restores the
protein homeostasis in the 16p11.2 microdeletion phenotypes

While many genes have been linked to ASDs, the CNVs in 16p11.2 microdele-
tion account for more than 1% of all individuals diagnosed with ASD suggesting it is a
major risk factor (Weiss et al., 2008). Several evidences suggest that TAOK2 is a major
player among the 30 genes, located in the 16p 11.2 locus, for the development of ASD.
Recently, we identified ASD-linked mutations in TAOK2. Consistently, Taok2 knockout
mouse models recapitulate key morphological, physiological, and behavioral abnor-
malities of the 16p11.2 microdeletion syndrome (M. Richter et al., 2019). Furthermore,
unpublished data from our group revealed that TAOK2 — especially the isoform a that
localizes mainly in microtubules — could rescue migration defects of cortical neurons
in the 16p 11.2 *'d microdeletion mouse model. Additionally, in this study, polysome
profiling and SUNSET assays analysis for 16p 11.2 * microdeletion models recapitu-
late upregulated global translation in the cortex and increased protein synthesis in the
cultured cortical neurons. This exaggerated protein synthesis and enhanced transla-
tion in 16p 11.2 *9 microdeletion are probably due to the absence of TAOK2 as a
translational repressor, particularly, since none of the other genes located in the 16p
11.2 chromosomal region has been identified yet to be involved translation regulation.
Together with the original studies, these data strongly suggest the high relevance of
TAOK2 within the 16p 11.2 locus.

Disturbance in translational control and its implications on neuronal protein syn-
thesis are considered a major mechanism responsible for the synaptopathies in ASD.
Thus, several pharmacological and genetic interventions have been successfully cor-
rected the dysregulated protein synthesis and ameliorated its related autistic pheno-
types in ASD mouse models (Ddlen et al., 2007; Gkogkas et al., 2013). Targeting inhi-
bition of the metabotropic glutamate receptors (mGIuR) activity ameliorates the autistic
phenotype in Fmrl deficient mice (Bear et al., 2004; Délen et al., 2007), while inhibition
of mTOR pathway using rapamycin reverses the cognitive abnormalities in Tsc2
*~ mice (Ehninger et al., 2008). Moreover, pharmacological downregulation of the ex-
aggerated cap-dependent translation observed in different autistic mouse models
(transgenic mice overexpressing elF4E, 4EBP2 deficient mice, and FMRP deficient
mice) by 4EGI-1 that inhibits elF4AE—elF4G complex formation, rescues the autistic be-
haviors and the dysregulated protein synthesis (Gkogkas et al., 2013; Santini et al.,

2013, 2017). Several noteworthy findings suggest that pharmacological inhibition of

67



MAP kinase-interacting kinases (MNKSs), which regulate the mRNA translation in sig-
naling dependent pathways, could rescue the dysregulated translation and the autistic
phenotypes in two different studies. It restored the abnormal translational level and the
autistic behaviors in the synaptic adhesion protein NIgn3 knock out mice via restoring
oxytocin signaling activity (Hérnberg et al., 2020), as well as correction of FXS patho-
physiologies in Fmrl knockout mice (J. D. Richter et al., 2015). Our results show sig-
nificant upregulation of 59 proteins identified in the PFC of TAOK2 %d mice (Supple-
mentary Table 4), including the metabotropic glutamate receptor 2. Several studies
highlighted the importance of the mGIuR in the synaptic neurotransmission and devel-
opment of ASD (Edfawy et al., 2019; Salpietro et al., 2019). Therefore, future studies
targeting the activity of these differentially expressed proteins will elucidate new ave-
nues for therapeutic strategies overcoming morphological and functional defects of ge-
netic forms of ASD linked to the TAOK2 pathway.

Interestingly, studies based on compensating translation function have been
done to restore the translational homeostasis in ASD pathogenesis. Wherein they used
genetic and pharmacological manipulations to compensate the loss effect of a positive
translational regulator with the loss effect of a negative translational regulator and vice
versa. For example, Fmrl=¥ / Cpeb1~~ knockout mice — result from the crossing of Fmr
¥ mice (lacks the translational repressor FMRP) with Cpeb1 - mice (lack cytoplasmic
polyadenylation element—binding protein (CPEB), a translational activator) — display
normalized translation and different phenotypes associated with FXS since the ablation
of the translational activator CPEB1 compensates for deficiency of the translational
repressor FMRP (Udagawa et al., 2013). Consistently, the dysregulated transcriptional
activity and the decreased protein synthesis in MECP2 knockout human embryonic
stem cell-derived neurons, a model of Rett syndrome that related to ASD, are restored
by stimulation of AKT/mTOR signaling by growth factors or by knocking down PTEN,
a negative regulator of AKT/mTOR pathway (Yun Li et al., 2013). Our results are con-
sistent with these previous studies, where re-introduction of TAOK2 — a translational
repressor - via IUE in cortices of 16p11.2del *¥ mice could rescue the translational
defects. Accordingly, the puromycin immunostaining intensities, identified by SUnSET
assay in cultured 16p11.2del *d cortical neurons transfected with wild type TAOK2p,
were normalized to similar levels of wild type neurons. This data highlights the potential

role of TAOK2[ as a translational repressor and its role as a risk gene for mental dis-
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orders, including ASDs linked to 16p11.2 microdeletion, due to translational dysregu-
lation. It will be interesting to explore the role of TAOK2 as a translational repressor in
the 16p11.2del ** mouse model in a wider view. Our group has produced a 16p11.2del
*d | TAOK2 ** mouse — a mouse model with heterogenous 16p11.2 microdeletion with
genomic re-introduction of TAOK2 - to analyze whether TAOK2 rescues morphologi-
cal, functional, and behavioral abnormalities in the 16p11.2 microdeletion mouse

model.

4.5 TAOK?2 regulates translation through phosphorylation of the initiation factor
elF2a and the elongation factor eEF2

Translational control is important for gene expression in response to different physio-
logical and pathological conditions, such as development and differentiation, neuronal
function, aging, stress and nutrient deprivation, as well as diseases (Hershey et al.,
2019). Currently, elucidating the mechanisms regulating translation, particularly at the
initiation and the elongation stages, are considered a hot spot in different physiological
and pathological conditions. Accordingly, protein kinases phosphorylate different com-
ponents of the translational machinery complex, especially the initiation and elongation
factors. These phosphorylation events regulate the activity and interactions of these
factors with other molecules in the translational machinery complex and thereby regu-
late translation (Proud, 2019).

MTOR pathway with its two multi-subunit complexes (NMTORC1 and mTORC2) is
considered the main kinase that regulates the translational machinery components as
well as the kinases that phosphorylate different elongation and initiation factors
(Saxton & Sabatini, 2017). In neurons, the PI3K-mTOR and the RAS-ERK signaling
pathways regulate phosphorylation of multiple factors in the translational complex such
as elF4E, 4E-BP, elF4B, eEF2, and RPS6, that subsequently affects protein synthesis
(Chen et al., 2019). Furthermore, both signaling pathway controls protein synthesis
and local translation at synapses in response to neuronal activity (Costa-Mattioli et al.,
2009; Sutton & Schuman, 2006). Therefore, dysregulation in these signaling pathways
exaggerates general protein and synaptic protein synthesis, and this imbalance partic-

ipates in the development of ASD.

elF2a is phosphorylated by the four elF2a kinases in response to different cellular

stimuli that activates the adaptive pathway of the integrated stress response (ISR)
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(Pakos-Zebrucka et al., 2016). Activation of the ISR leads to phosphorylation of the a
subunit of the elF2 on Ser51 with subsequent inhibition of the translation initiation and
protein synthesis (Harding et al., 2003). In this study, my western blot data revealed
increased elF2a phosphorylation in N2a cells overexpressing TAOK2[ and reduced
phosphorylation in TAOK2 deficient cortices and patient-derived LCLs with a loss-of-
function mutation of TAOK2 at A135P in the kinase domain. Consistently, general
translation and protein synthesis after overexpressing wild type TAOK2 is decreased
in neuronal cells, while increased in cortices of TAOK2 deficiency mice or after over-
expression of functional mutations in neuronal cells, respectively. This suggests that
TAOK2 regulates translational control through phosphorylation of the elF2a. In accord-
ance with that, our IP-MS analysis revealed that TAOK2p interacts with GCN1, an ac-
tivator of GCN2 that forms a trimeric complex with the translating ribosomes and GCN2
and stimulates GCN2 kinase activity (Cambiaghi et al., 2014; Roffé et al., 2013). This
suggests, that TAOK2 regulates translation through the activity of the GCN1-GCN2-
elF2a pathway. Further studies are required to investigate how TAOK2 kinase activity
modulates the activity of GCN1, like in vitro kinase assay using the commercially avail-
able GCN1 recombinant protein. Additionally, the activity level of other kinases up-
stream of elF2a (PERK, PKR, and HRI) need to be explored to understand how TAOK?2
deficiency affects their activity and leads to reduced elF2a phosphorylation and en-

hanced protein synthesis.

Moreover, my results show less phosphorylation of elF2a in TAOK2 %d mice and
LCLs cells with functional mutations in the kinase domain of TAOK2, resulting in in-
creased translation compared to controls. Therefore, we are assuming that the in-
creased translation in case of TAOK2 deficiency is due to reduced phosphorylation of
elF2a, and further studies are required to test this hypothesis. Thus, | suggest to di-
rectly induce elF2a phosphorylation pharmacologically to test whether increased phos-
phorylation of elF2a in TAOK2 deficient cells can normalize the dysregulated transla-
tion. As targeting the upstream kinases of elF2a is difficult, targeting the activity of
phospho-elF2a phosphatases pharmacologically will be a straightforward approach. In
fact, Salubrinal is a specific inhibitor for phospho-elF2a phosphatases (GADD34/PP1c
and CReP/PP1c) and reduces the dephosphorylation of elF2a (Boyce et al., 2005).
Therefore, treatment of primary cortical neurons from TAOK2 % embryos or cells ex-
pressing TAOK2 mutations especially the kinase domain with Salubrinal as previously

described (Boyce et al., 2005; O’Connor et al., 2008) will be necessary to induce elF2a
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phosphorylation. Thereafter, monitoring the translation level in the treated cells will
provide mechanistic evidence that TAOK2 represses translation by elF2a phosphory-
lation depending on its kinase function. Providing mechanistic insight into how TAOK?2
controls translation through the elF2a phosphorylation pathway will substantially im-
pact this highly relevant field of ASD research. Additionally, the pharmacological inter-
ventions of elF2a phosphorylation will elucidate new avenues for therapeutic strategies
overcoming morphological and functional defects of genetic forms of ASD linked to the
TAOK2 pathway.

My study not only suggests that TAOK2 regulates translation at the initiation
stage but is also involved in the regulation of translation elongation through its effect
on the elongation factor eEF2. Studies showed that the phosphorylation of the eEF2
at Thr56 by eEF2 kinase (eEF2K) inactivates it and subsequently inhibits ribosomes
translocation and represses translation elongation (Price et al., 1991; Redpath et al.,
1993; Ryazanov, A., Shestakova, E. & Natapov, 1988). Interestingly, the eEF2K is de-
pendent on calcium and calmodulin levels and its activity is regulated by mTOR sig-
naling (Browne & Proud, 2004; Redpath et al., 1996) as well as several regulatory
synaptic proteins in neurons such as Arc/Arg3.1, a CamK Il and BDNF (Park et al.,
2008; Scheetz et al., 2000; Verpelli et al., 2010). Here we show that TAOK2 phosphor-
ylates residue Thr56 of eEF2 in neuronal and non-neuronal tissues. Wherein loss of
TAOK?2 in mouse cortex and its kinase mutations in the LCLs cells show reduced eEF2
phosphorylation, and overexpression of wild type TAOK2f increases eEF2 phosphor-
ylation. Furthermore, data from a phosphoproteomics analysis for different brain re-
gions identified residue Thr56 of eEF2 as a target phosphorylation site by TAOK2 (data
not shown here). Consistently, my IP experiments using Taok2@ antibody identified
eEF2 is an interacting partner for TAOK2. Altogether, these data strongly suggest that
TAOK2 regulates translation through phosphorylation of the eEF2 that inhibits transla-
tion elongation. As regulation of translation at the elongation steps is acquiring great
interest in maintaining different functions in neuronal and non-neuronal cells (Kenney
et al., 2014), it will be necessary to elucidate in detail the underlying mechanism by
which TAOK2 is phosphorylating eEF2. Either by investigating the role of TAOK2 in
direct phosphorylation of Thr56 by an in vitro kinase assay or indirectly by analyzing
eEF2K activity and its upstream effectors in the absence of TAOK2.

Taken together, the consequence of an absence of TAOK2 phosphorylating

elF2a and eEF2 is an increase in protein synthesis observed in cortices and cortical
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neurons deficient for TAOK2 as well as in N2a cells and LCLs bearing loss-of-function
kinase mutations of TAOK2. These findings support the role of TAOK2 in repressing
translation at both initiation, and elongation steps. Interestingly, FMRP represses
translation at the initiation step, where it binds with CYFIP1 and inhibits cap dependent
translation initiation by blocking elF4E— elF4G interaction (Napoli et al., 2008) as well
as at the elongation step by stalling ribosomes on its target mRNAs (Darnell et al.,
2011). Here, | report that TAOK2 can halt translation initiation as it phosphorylates
residue Ser51 of elF2a. Since phosphorylated elF2a serves as a competitive inhibitor
for the guanine nucleotide exchange factor, elF2B leading to a decrease in the availa-
bility of elF2-GTP for the ternary complex formation to start translation initiation. Fur-
thermore, TAOK2 phosphorylates Thr56 of the elongation factor eEF2 at the elonga-
tion step resulting in reduced translation elongation and global protein synthesis.

In this study, we show that TAOK2 is associated with several translational pro-
teins and present in the polyribosome complex, where its deficiency increases protein
synthesis similar to the effect of some ASD-risk genes controlling translation. Moreo-
ver, TAOK2 deficiency upregulates several ribosomal proteins, which is considered a
common feature in different autistic models as well as autistic patients. Additionally,
like different kinases controlling translation by their phosphorylating action of different
components of the translational complex, TAOK2 is involved in phosphorylation of the
initiation factor elF2a and the elongation factor eEF2 through its kinase function, which
leads to translation inhibition. Accordingly, TAOK2 acts as a translational repressor

within the 16p11.2 chromosomal region.

5. Future Perspectives

In addition to the points previously described in the discussion section as future per-
spectives, noteworthy points that have important implications in ASD research are in-
teresting to be highlighted. Imbalance in excitatory and inhibitory synaptic transmission
is a common feature in ASDs (Nelson & Valakh, 2015). Therefore, a primary goal in
ASD research is to identify the dysregulated synaptic proteins, and how up - or down-
regulation of these proteins contributes to the phenotypes of ASD. We showed that the
TAOK2[ isoform - the abundant isoform of TAOK2 in the polyribosome complex — ac-
cumulates in synapses and binds RhoA to maintain normal synaptic connectivity. Ad-
ditionally, the IP-MS data revealed that TAOK2[3 interacts with synaptic proteins (Sup-
plementary Figure 1, Supplementary Table 1), including Synl, Syn2 and Shank2,
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which are associated with autism (Fassio et al., 2011; Zaslavsky et al., 2019). Based
on our data shedding the light on new functions of TAOKZ2 in controlling translation and
general protein synthesis, we predict that TAOK2 affects synthesis of proteins related
to synaptic functions. Therefore, it will be essential to identify changes in nascent syn-
aptic proteins due to the loss of the translational repressor TAOK2B. In order to check
this, we take advantage of O-propargyl- puromycin (OPP) -mediated identification
(OPP-ID) technique (Forester et al., 2018) combined with preparation of synaptoneu-
rosomes (intact presynaptic and postsynaptic structures), a commonly used method to
study translation and protein synthesis in synapses (Kuzniewska et al., 2018; Scheetz
et al., 2000). This technique will be applied to acute coronal brain slices (where all
synaptic networks are established and maintained in situ) from 4 weeks old TAOK?2 4
and TAOK2 ** mice as depicted in (Figure 20). This approach will provide precise
identification and quantification of the newly synthetized synaptic proteome from syn-
aptic material. Furthermore, it will provide information on the altered landscape of syn-
aptic proteins regulated by TAOK2 leading to a better understanding of the neuronal
processes essential for synaptic connectivity. Additionally, it will be ample evidence
that TAOK2 can directly affect synaptic transmission through its control of protein syn-
thesis. Identification of the altered potential candidates and targeting of these synaptic
proteins will open new fields for investigating therapeutic targets for the treatment of
ASDs, also in the context of 16p11.2 deletion.
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Figure 20: OPP-ID technique combined with synaptoneurosomes (SNs) preparation.

(1) Treatment of acute brain slices with OPP where it is incorporated into the nascent elongating polypeptides and
leads to early termination of translation and release of polypeptides bearing OPP. (2, 3, 4) Synaptoneurosomes
preparation from the micro dissected cortex. (5) The nascent polypeptides tagged with OPP in SNs are conjugated
to biotin-azide, using click chemistry. The biotinylated proteins are captured with streptavidin beads, followed by
on-bead digestion of the immobilized samples and the digests are analyzed LC-MS/MS. Figure modified from
(Forester et al., 2018; Kuzniewska et al., 2018).

Dysregulation of protein synthesis in different neuronal compartments at the neu-
ronal pre-and post-synaptic synaptic sites participates in the abnormal neurotransmis-
sion and connectivity in different neurological disorders including ASD (reviewed by
Holt & Schuman, 2013). A study from Poon et al., (2006) provided a suitable approach
to study the translation regulation of the local mMRNAs in different compartments of the
neurons: Here, they used polycarbonate filters where the neuronal soma grows above
the surface while dendrites and axons pass through to grow beneath the filter surface.
Another recent study by Biever et al. (2020) used this approach, combined with poly-
some profiling together with ribosome footprinting, showed the enrichment of mono-
somes in neurites/neuropil of pyramidal neurons, while polysomes were enriched in
the soma. Moreover, monosomes actively translate synaptic mRNAs; thus, mono-

somes contribute to the local (synaptic) neuronal proteome.

In this study, we show that cortices from Taok2 KO mice and from cortices lacking

the 16p11.2 chromosomal region have increased polysome/monosome ratios which
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suggests an altered translational control in both ASD mouse models. Thus, it will be
relevant to explore how TAOK2 controls gene expression through regulation of the
local mRNAs in different neuronal compartments. Particularly, TAOK2 associates with
myosin Va and facilitates its localization in the synapses (Ultanir et al., 2014) and
MRNASs transcripts bound to specific RBPs are transported to the dendritic spines by
different motor proteins, including myosin Va (Hirokawa & Takemura, 2005; Yoshimura
et al., 2006). To address this, it will be interesting to culture the neurons derived from
the two ASD models used in this study and from patient iPSCs on the perforated mem-
brane. Afterward, polysome profiling analysis for the neurites versus cell bodies will be
necessary to identify the differences in the P/M ratios as well as ribosome profiling and
RNAseq to identify altered mRNAs transcripts. These experiments will be crucial to
understand how TAOK2 regulates local protein synthesis in different neuronal com-
partments that might affect dendritic spine maturation, the wiring process in the neuron
and, eventually, the development of a functional neuronal network. Additionally, target-
ing the altered translational candidates at the specific compartments of the neuron will

open new avenues for potential therapeutics in ASD research.
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6. Summary

6.1 English Summary

The TAOK2 gene encodes a serine/threonine protein kinase that is involved in
many different processes, including cell signaling, microtubule organization and stabil-
ity and neuronal differentiation. Alternatively spliced transcript variants encode differ-
ent isoforms (e.g. murine TAOK2a and B). The human TAOK2 gene is localized in the
16pl11.2 genomic region (TAOK2 is one of ~30 genes) and copy number variations
(CNVs) of this locus are associated with Autism Spectrum Disorders (ASDs). Previ-
ously, we performed whole-genome and exome sequencing of ASD families and iden-
tified novel de novo and inherited mutations in both isoforms of TAOK2, further provid-

ing major relevance for TAOK2 as an important ASD-risk gene.

The etiology of ASDs has recently been linked to altered translational control
causing an imbalance in synaptic excitation/inhibition and autistic phenotypes. Here, |
have shown for the first time that the ASD susceptibility gene TAOK2 is present in the
polyribosome complex and regulates translation in neuronal tissue and cells. By west-
ern blot and LC/MS protein analysis extracted from polysomes, | could detect both, a
and 3 isoforms of TAOK2, in polysomes with more abundance of TAOK2f in the poly-
ribosome complex. Accordingly, | could demonstrate that TAOK2 deficiency and func-
tional mutations of both isoforms, especially the isoform B, enhance global translation
and protein synthesis with a concomitant upregulation of ribosomal proteins. Addition-
ally, I showed that the functional mutations of TAOK2 in LCLs derived from ASD pa-
tients display upregulated global translation and protein synthesis. My data suggest
that TAOK2 is a repressor of translation. Importantly, | observed a similar phenotype
in the 16p11.2 *d microdeletion mouse and through re-introduction of TAOK2 in
16p11.2 *d del neurons via IUE, | rescued the dysregulated global translation. | identi-
fied how TAOK2 regulates translation mechanistically: | could show that TAOK2 phos-
phorylates residue Ser51 of the initiation factor elF2a, while elF2a phosphorylation
inhibits translation at the initiation step. Furthermore, | demonstrated that TAOK2 binds

and phosphorylates the elongation factor eEF2 which slows down the translation elon-
gation.

My data provide mechanistic insights into the role of TAOK2 in translational re-
pression, both in initiation and elongation steps, in 16p11.2 microdeletions (CNVSs)
which could be causative for the development of 16p11.2-linked ASDs.
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6.2 German Summary (Zusammenfassung auf Deutsch)

Das TAOK2-Gen kodiert eine Serin/Threonin-Proteinkinase, die an Prozessen wie Sig-
naltransduktion, Mikrotubuli-Organisation/-Stabilitat und neuronale Differenzierung be-
teiligt ist. Alternativ gespleildte Transkriptvarianten kodieren verschiedene Isoformen
(z. B. murines TAOK2a und B). Das humane TAOK2-Gen ist in der genomischen Re-
gion 16p11.2 lokalisiert (TAOK2 ist eines von ~30 Genen) und Variationen in der Ko-
pienzahl dieser Region (CNVs) sind mit Autismus-Spektrum-Storungen (ASDs) asso-
ziiert. Wir haben Gesamtgenom- und Exom-Sequenzierungen in ASD-Familien durch-
gefuhrt und de novo sowie vererbbare Mutationen in beiden Isoformen von TAOK2

identifiziert, was die Rolle von TAOK2 als wichtiges ASD-Risikogen bestarkt.

Die Atiologie von ASDs wird mit einer gestorten Kontrolle der Translation assoziiert,
die ein Ungleichgewicht der synaptischen Erregung/Hemmung und autistische Phéano-
typen verursacht. Ich konnte zeigen, dass das ASD-Risikogen TAOK2 im Polyriboso-
menkomplex vorhanden ist und die Translation in neuronalem Gewebe und Zellen re-
guliert. In Western-Blot- und LC/MS-Proteinanalyse von Polysomen konnte ich die a-
und B-Isoform von TAOK2 nachweisen, mit einer hdheren Expression von TAOK2( im
Polyribosomenkomplex. TAOK2-Defizienz sowie funktionelle Mutationen beider Isof-
ormen, insbesondere der B-Isoform, verstarken die globale Translation und Protein-
synthese bei gleichzeitiger Hochregulation ribosomaler Proteine. Ferner zeige ich,
dass funktionelle Mutationen von TAOK2 in LCLs von ASD-Patienten eine hochregu-
lierte globale Translation und Proteinsynthese aufweisen. Meine Daten legen nahe,
dass TAOK2 ein Translationsrepressor ist. Einen vergleichbaren Phanotyp konnte ich
in der 16p11.2 */d-Mikrodeletionsmaus beschreiben und durch Wiedereinfiihrung von
TAOK2 in 16p11.2 *d del Neurone mittels in utero Elektroporation konnte ich die fehl-
regulierte globale Translation wiederherstellen. Ich konnte mechanistisch beschreiben,
wie TAOK2 die Translation reguliert: TAOK2 phosphoryliert den Initiationsfaktors
elF2a an der Position Ser51, um mittels elF2a-Phosphorylierung die Translation wah-
rend der Initiation zu hemmen. Ich konnte ferner zeigen, dass TAOK2 den Elongati-
onsfaktor eEF2 bindet und phosphoryliert, um die Elongation zu verlangsamen. Meine
Daten liefern mechanistische Erkenntnisse Uber die Rolle von TAOK2 bei der Trans-
lationsrepression, sowohl bei Initiations- als auch bei Elongationsschritten, in 16p11.2-
Mikrodeletionen (CNVs), die ursachlich an der Entstehung von 16pl1.2-assoziierten

ASDs beteiligt sein kdnnte.
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7. Abbreviations:

ASDs:
NDDs:
CNVs:
TAOKZ2:
STEZ20:
MAP3K:
FMRP:
Sema3A:
Nrp1l:
JNK:
MST3:
PSD95:
RhoA:
MRNA:
tRNASs:
aa-tRNA:
Met-tRNAI:
GTP:
GDP:
MRNP:
elFs:
elF2:
elF1:

elF1A:

Autism spectrum disorders
Neurodevelopmental disorders

Copy number variations

Thousand And One amino acid Kinase 2
Mammalian sterile 20

Mitogen Activated Protein (MAP) kinase kinase kinase
Fragile X Mental Retardation Protein
Semaphorin 3A

Neuropilin 1

c-Jun N-Terminal Kinase

Mammalian Ste20-like protein kinase 3
Postsynaptic density protein 95

Ras homolog family member A
Messenger RNA

Transfer RNAs

aminoacyl-transfer RNA
methionyl-tRNA
Guanosine-5'-triphosphate

Guanosine diphosphate

Messenger ribonucleoprotein
eukaryotic translation initiation factors
eukaryotic translation initiation factor2
eukaryotic translation initiation factorl

eukaryotic translation initiation factor 1A
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elF5:
elF3:
elF4F:
elF2a:
elF2:
elF4E:
elF4G:
elF2B:
PABP:
PABPC1:
elF3g:
elFAEBP2:
4EGI-1:
RPL7A:
RPL10:
Caprinl:
JAKMIP1:
MNKs:
eEFs:
eEF2:
eEF2K:
eRF1:
eRF3:
ABCEL1:

AUG:

eukaryotic translation initiation factor 5
eukaryotic translation initiation factor 3
eukaryotic initiation factor 4F

eukaryotic translation initiation factor 2 alpha
eukaryotic translation initiation factor2
eukaryotic initiation factor 4E

eukaryotic initiation factor 4G

eukaryotic initiation factor 2B

Poly (A) binding protein

Poly(A) binding protein cytoplasmic 1
eukaryotic translation initiation factor 3 subunit g
eukaryotic translation initiation factor 4E-binding protein 2
elF4E/elFAG interaction inhibitor

Ribosomal Protein L7a

Ribosomal Protein L10

Cell cycle-associated protein 1

Janus kinase and microtubule-interacting protein 1
MAP kinase-interacting kinases

eukaryotic elongation factors

eukaryotic elongation factor 2

eukaryotic elongation factor 2 kinase

eukaryotic translation release factor 1
eukaryotic translation release factor 3

ATP binding cassette protein 1

Adenine, Uracil, Guanine
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UAA:

UGA:

UAG:

A-site:

P-site:

ISR:

GEF:

PERK:

PKR:

GCN1:

GCN2:

HRI:

PP1:

PPlc:

CReP:

GADD34:

4E-BPs:

MmTOR:

MTORC1:

mTORC2:

S6Ks:

Ras- MAPK:

FXS:

FMR1:

CYFIP1:

Uracil, Adenine, Adenine

Uracil, Guanine, Adenine

Uracil, Adenine, Guanine

Ribosomal Acceptor site

Ribosomal Peptidyl site

Integrated stress response

Guanine nucleotide exchange factor

Protein Kinase RNA-like Endoplasmic Reticulum Kinase
dsRNA dependent protein kinase

General control nonderepressible-1

General control nonderepressible-2
Heme-regulated inhibitor

Protein phosphatase 1

Catalytic subunit of protein phosphatase 1
Constitutive Repressor of elF2a phosphorylation
Growth arrest and DNA damage-inducible 34
Eukaryotic translation initiation factor 4E-binding proteins
mammalian target of rapamycin

mammalian target of rapamycin complex 1
mammalian target of rapamycin complex 2

S6 kinases

Rat sarcoma - mitogen-activated protein kinase
Fragile X syndrome

Fragile X mental retardation 1 gene

Cytoplasmic FMRL1 Interacting Protein 1
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Ras/ERK:

PIBK/mTOR:

NF1:

TSC:

PTEN:

PIP3:

PIP2:

RHEB:

P70S6K:

Ser51:

Thr56:

Arc/Arg3.1:

CPEB:

MECP2:

2a CamK Il:

mMGIluRs:
Syn1l:
Syn2:
SFARI:
AREB:
OD:

uv:
EDTA:

SUNSET:

Rat sarcoma / extracellular signal-regulated kinase
Phosphatidylinositol-3-kinase / mammalian target of rapamycin
Neurofibromatosis type 1

Tuberous sclerosis complex

Phosphatase and tensin homolog
Phosphatidylinositol-3, 4, 5-triphosphate
Phosphatidylinositol-4, 5-bisphosphate

Ras homologue enhanced in brain

70 kDa ribosomal protein S6 kinase

Serine 51

Threonine 56

Activity-regulated cytoskeletal-associated protein/ Activity-regu-

lated gene 3.1

Cytoplasmic polyadenylation element binding protein
Methyl CpG binding protein

Calcium/calmodulin dependent protein kinase Il alpha
metabotropic glutamate receptors

Synapsin |

Synapsin Il

Simons Foundation Autism Research Initiative
Animal Research Ethics Board

Optical density

Ultraviolet

Ethylenediaminetetraacetic acid

Surface Sensing of Translation
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FACS: Fluorescence-activated cell sorting

IHC: Immunohistochemistry

ICC: Immunocytochemistry

IP: Immunoprecipitation

LC-MS/MS: Ligquid chromatography-mass spectrometry

IP-MS: Immunoprecipitation - mass spectrometry

OPP-ID: O-propargyl- puromycin-mediated identification technique
TRAP: Translating ribosome affinity purification

gRT-PCR: Qunaitative reverse transcription - Polymerase chain reaction
HTS: High-throughput sequencing

PFC: Prefrontal Cortex

LCLs: Lymphoblastoid cell line cells

N2a: Neuro 2a

iPSC: induced pluripotent stem cell

NPCs: Neural progenitor cells

GO: Gene ontology

STRING: Search Tool for the Retrieval of Interacting Genes/Proteins
ORA: Over Representation Analysis

PANTHER: Protein Analysis Through Evolutionary Relationships
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Supplementary Figure 1: Network graph from STRING analysis visualizes of the 153 proteins that were

immunoprecipitated by TAOK2-B antibody and identified by IP-MS in the cortex (coefficient of variation (CV)

cutoff = 0.1).

The “confidence” link visualization was selected with a medium confidence interaction score (0.400). For details,

(Supplementary Table 1)
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Supplementary Table 1: list of the 153 enriched protein from wild type cortex
identified by IP coupled with LC-MS/MS analysis using TAOK2p antibody. The
enriched proteins from the 2 experiments are ordered in a descending order depending

on the number of unique peptides identified for each protein. The log2 values of the

identified proteins from the 2 experiments separately were showed in their respective

columns.
Uniprot | Gene name Protein Name log2 experi- | log2 experi- | # Peptides
Acces- ment 1 ment 2
sion #
088737 | Bsn Protein bassoon OS=Mus musculus | 8.586772627 | 8.655663543 134
0X=10090 GN=Bsn PE=1 SV=4
Q8VvDD | Myh9 Myosin-9 0OS=Mus musculus | 6.940571035 | 6.488397513 95
5 0X=10090 GN=Myh9 PE=1 SV=4
P11881 | Itprl Inositol 1,4,5-trisphosphate receptor | 7.850189888 | 6.950732779 64
type 1 OS=Mus musculus OX=10090
GN=ltprl PE=1 SV=2
P39053 | Dnm1l Dynamin-1 ~ OS=Mus  musculus | 8.025646961 | 7.786364901 59
0X=10090 GN=Dnm1 PE=1 SV=2
Q9QYX | Pclo Protein piccolo OS=Mus musculus | 7.120384229 | 7.145817535 49
7 0X=10090 GN=Pclo PE=1 SV=4
Q6ZQ2 | Taok2 Isoform 2 of Serine/threonine-protein | 7.227374383 | 7.18660128 45
9-2 kinase TAO2 OS=Mus musculus
0X=10090 GN=Taok2
Q3UU9 | Cdc42bpa Serine/threonine-protein kinase | 5.117427956 | 5.021320411 32
6 MRCK alpha OS=Mus musculus
OX=10090 GN=Cdc42bpa PE=1
Sv=2
Q9QXS | Plec Plectin OS=Mus musculus | 5.99165085 | 5.397015091 32
1 0X=10090 GN=Plec PE=1 SV=3
P63260 | Actgl Actin, cytoplasmic 2 OS=Mus muscu- | 10.57512499 | 9.19237003 23
lus OX=10090 GN=Actgl PE=1
Sv=1
P99024 | Tubb5 Tubulin beta-5 chain OS=Mus mus- | 6.406424781 | 5.857780736 21
culus OX=10090 GN=Tubb5 PE=1
Sv=1
P68369 | Tubala Tubulin alpha-1A chain OS=Mus | 5.968914187 | 5.408384482 19
musculus OX=10090 GN=Tubala
PE=1 Sv=1
Q7TMM | Tubb2a Tubulin beta-2A chain OS=Mus mus- | 6.593270513 | 6.033454703 19
9 culus OX=10090 GN=Tubb2a PE=1
Sv=1
Q9CWF | Tubb2b Tubulin beta-2B chain OS=Mus mus- | 11.26279395 | 10.97008201 19
2 culus OX=10090 GN=Tubb2b PE=1
Sv=1
P28652 | Camk2b Calcium/calmodulin-dependent pro- | 8.394697058 | 7.687060814 19
tein kinase type Il subunit beta
OS=Mus  musculus  OX=10090
GN=Camk2b PE=1 SV=2
P68368 | Tubada Tubulin alpha-4A chain OS=Mus | 7.903023581 | 6.957164471 18
musculus OX=10090 GN=Tubada
PE=1 Sv=1
Q62108 | Dig4 Disks large homolog 4 OS=Mus mus- | 7.077929782 | 6.799144892 18
culus OX=10090 GN=DIlg4 PE=1
Sv=1
P97434 | Mprip Myosin phosphatase Rho-interacting | 13.27884048 | 11.71171194 18
protein OS=Mus musculus
0X=10090 GN=Mprip PE=1 SV=2
P63017 | Hspa8 Heat shock cognate 71 kDa protein | 5.202696098 | 4.936826968 15
OS=Mus  musculus  OX=10090
GN=Hspa8 PE=1 SV=1
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Q03265

Atp5fla

ATP synthase subunit alpha, mito-
chondrial 0OS=Mus musculus
OX=10090 GN=Atp5fla PE=1 SV=1

5.324529879

4.818903192

15

P08553

Nefm

Neurofilament medium polypeptide
OS=Mus musculus OX=10090
GN=Nefm PE=1 SV=4

13.28698254

12.39547901

13

E9PZ19

Igsfob

Protein turtle homolog B OS=Mus
musculus  OX=10090 GN=Igsfob
PE=1Sv=1

9.490698212

9.494540303

13

P17426

Ap2al

AP-2  complex
0OS=Mus musculus
GN=Ap2al PE=1 SV=1

subunit alpha-1
OX=10090

13.1768101

12.95827409

12

P17427

Ap2a2

AP-2  complex subunit alpha-2
OS=Mus  musculus  OX=10090
GN=Ap2a2 PE=1 SV=2

11.51433876

11.173153

12

P57780

Actn4

Alpha-actinin-4 OS=Mus musculus
OX=10090 GN=Actn4 PE=1 SvV=1

9.510409369

8.360603054

12

P48962

Slc25a4

ADP/ATP translocase 1 OS=Mus
musculus OX=10090 GN=Slc25a4
PE=1 Sv=4

6.387645198

6.579431539

12

P46735

Myolb

Unconventional myosin-lb OS=Mus
musculus OX=10090 GN=Myolb
PE=1 SV=3

12.64974006

11.29678317

12

QB6IFX2

Krt42

Keratin, type |
OS=Mus musculus
GN=Krt42 PE=1 SV=1

cytoskeletal 42
0OX=10090

1.975438706

2.244379008

11

P17182

Enol

Alpha-enolase OS=Mus musculus
OX=10090 GN=Enol PE=1 SV=3

6.441625164

6.316394449

11

Q60902

Eps15I1

Epidermal growth factor receptor
substrate 15-like 1 OS=Mus muscu-
lus OX=10090 GN=Epsi5l1 PE=1
Sv=3

6.384853256

7.214178027

11

Q9DBG
3

Ap2bl

AP-2 complex subunit beta OS=Mus
musculus  OX=10090 GN=Ap2bl
PE=1 Sv=1

13.01365175

12.62488695

11

Q68FD5

Cltc

Clathrin heavy chain 1 OS=Mus mus-
culus OX=10090 GN=Cltc PE=1
Sv=3

10.94620746

10.68158429

10

Q8VDN
2

Atplal

Sodium/potassium-transporting
ATPase subunit alpha-1 OS=Mus
musculus OX=10090 GN=Atplal
PE=1 SV=1

10.62229834

9.925080539

Q6PHZ

Camk2d

Calcium/calmodulin-dependent pro-
tein kinase type Il subunit delta
OS=Mus  musculus  OX=10090
GN=Camk2d PE=1 SV=1

11.53597223

10.17749548

Q80238

Shank?2

SH3 and multiple ankyrin repeat do-
mains protein 2 OS=Mus musculus
OX=10090 GN=Shank2 PE=1 SV=2

12.0304015

10.53279197

Q8BX10

Pgam5

Serine/threonine-protein  phospha-
tase PGAMS5, mitochondrial OS=Mus
musculus OX=10090 GN=Pgam5
PE=1 Sv=1

13.81488017

13.52377776

Q9EQZ
6

Rapgef4

Rap guanine nucleotide exchange
factor 4  OS=Mus  musculus
0OX=10090 GN=Rapgef4 PE=1 SV=1

6.318995393

6.397871092

P16858

Gapdh

Glyceraldehyde-3-phosphate dehy-
drogenase  OS=Mus  musculus
0X=10090 GN=Gapdh PE=1 SV=2

7.287788754

6.48769073

Q8BIZ1

Ankslb

Ankyrin repeat and sterile alpha motif
domain-containing protein 1B
OS=Mus  musculus  OX=10090
GN=Anks1b PE=1 SV=3

12.61123317

11.16780865

P84091

Ap2m1l

AP-2 complex subunit mu OS=Mus
musculus OX=10090 GN=Ap2m1l
PE=1 SV=1

7.76743992

6.924700657
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P10126 | Eeflal Elongation factor 1-alpha 1 OS=Mus | 4.833776966 | 4.674490793
musculus OX=10090 GN=Eeflal
PE=1 SV=3
Q8CH7 | Navl Neuron navigator 1 OS=Mus muscu- 10.401597 9.74591425
7 lus OX=10090 GN=Navl PE=1 SV=2
Q60598 | Cttn Src substrate cortactin  OS=Mus | 6.039859626 | 6.757892727
musculus OX=10090 GN=Cttn PE=1
Sv=2
Q99NE | Rimsl Regulating synaptic membrane exo- | 11.07800883 | 10.74930641
5 cytosis protein 1 OS=Mus musculus
0X=10090 GN=Rims1 PE=1 SV=2
P17710 | Hk1 Hexokinase-1 0OS=Mus musculus | 11.09925878 | 10.14140364
0X=10090 GN=Hk1 PE=1 SV=3
Q3TLIO | Trappcl Trafficking protein particle complex | 3.956258056 3.943917
subunit 10 OS=Mus musculus
OX=10090 GN=Trappcl0 PE=1
Sv=2
Q64332 | Syn2 Synapsin-2 ~ OS=Mus  musculus | 13.76875274 | 13.19566938
0X=10090 GN=Syn2 PE=1 SV=2
P18872 | Gnaol Guanine nucleotide-binding protein | 6.32539494 | 5.536818308
G(0) subunit alpha OS=Mus muscu-
lus OX=10090 GN=Gnaol PE=1
Sv=3
Q9D6M | SlIc25a22 Mitochondrial glutamate carrier 1 | 11.75722274 | 11.65577627
3 OS=Mus  musculus  OX=10090
GN=SIc25a22 PE=1 SV=1
P63011 | Rab3a Ras-related protein Rab-3A OS=Mus | 6.197619466 | 6.132974552
musculus OX=10090 GN=Rab3a
PE=1 Sv=1
008599 | Stxbpl Syntaxin-binding protein 1 OS=Mus | 11.32998634 | 11.00200674
musculus OX=10090 GN=Stxbpl
PE=1SVvV=2
088935 | Synl Synapsin-1  OS=Mus  musculus | 10.25805026 | 9.759083021
0X=10090 GN=Synl1 PE=1 SV=2
Q3TWN | Cnnm2 Metal transporter CNNM2 OS=Mus | 12.03521084 | 11.53103786
3 musculus OX=10090 GN=Cnnm2
PE=1 SV=3
Q3UHD | Agap2 Arf-GAP with GTPase, ANK repeat | 9.428668365 | 9.555026851
9 and PH domain-containing protein 2
OS=Mus  musculus  OX=10090
GN=Agap2 PE=1 SvV=1
P59999 | Arpc4 Actin-related protein 2/3 complex | 12.83209874 | 11.86597911
subunit 4 OS=Mus musculus
0X=10090 GN=Arpc4 PE=1 SV=3
Q8BVE | Atp6vlh V-type proton ATPase subunit H | 11.55114376 | 10.51091071
3 OS=Mus  musculus  OX=10090
GN=Atp6vlh PE=1 SV=1
Q60930 | Vdac2 Voltage-dependent anion-selective | 5.497287796 | 5.333522559
channel protein 2 OS=Mus musculus
0X=10090 GN=Vdac2 PE=1 SV=2
035737 | Hnrnphl Heterogeneous nuclear ribonucleo- | 4.60841384 | 4.663194613
protein H OS=Mus musculus
0X=10090 GN=Hnrnph1 PE=1 SV=3
Q9DOM | DynlI2 Dynein light chain 2, cytoplasmic | 11.53957012 | 10.72045155
5 OS=Mus  musculus  OX=10090
GN=DynlI2 PE=1 SV=1
P62242 | Rps8 40S ribosomal protein S8 OS=Mus | 5.629558061 | 5.980807584
musculus  OX=10090 GN=Rps8
PE=1 SV=2
P47857 | Pfkm ATP-dependent 6-phosphofructoki- | 10.57312187 | 10.47491479
nase, muscle type OS=Mus muscu-
lus OX=10090 GN=Pfkm PE=1 SV=3
Q3THE | Myl12b Myosin regulatory light chain 12B | 13.20645927 | 12.23409499
2 OS=Mus  musculus  OX=10090

GN=Myl12b PE=1 SV=2
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P63168 | Dynll1 Dynein light chain 1, cytoplasmic | 13.86695722 | 12.99681623
OS=Mus  musculus  OX=10090
GN=Dynll1 PE=1 SV=1

P01867 | Igh-3 Ig gamma-3 chain C region OS=Mus | -7.34082083 | 0.881858273
musculus OX=10090 PE=1 SV=2

Q91Vv41l | Rabl14 Ras-related protein Rab-14 OS=Mus | 3.307740149 | 3.06468219
musculus OX=10090 GN=Rab14
PE=1 SV=3

Q9Z0R6 | Itsn2 Intersectin-2 OS=Mus musculus | 9.247454357 | 9.360680741
0X=10090 GN=ltsn2 PE=1 SV=2

P35980 | Rpll18 60S ribosomal protein L18 OS=Mus - -
musculus OX=10090 GN=Rpl18 | 1.060405424 | 0.676743708
PE=1 SvV=3

Q9JM52 | Mink1 Misshapen-like kinase 1 OS=Mus | 10.31534591 | 9.845998934
musculus  OX=10090 GN=Minkl
PE=1 SV=3

Q62425 | Ndufad Cytochrome ¢ oxidase subunit | 6.299899953 | 6.863261189
NDUFA4 OS=Mus musculus
0X=10090 GN=Ndufa4 PE=1 SV=2

Q7TMQ | Wdrol WD repeat-containing protein 91 | 10.41777014 | 9.410722608

7 OS=Mus  musculus  OX=10090
GN=Wdr91 PE=1 SV=1

P25444 | Rps2 40S ribosomal protein S2 OS=Mus | 5.104284974 | 5.621795826
musculus  OX=10090 GN=Rps2
PE=1 Sv=3

P60202 | PIpl Myelin proteolipid protein OS=Mus | 6.799611806 | 7.539882052
musculus OX=10090 GN=PIp1 PE=1
Sv=2

Q99LC2 | Cstfl Cleavage stimulation factor subunit 1 | 9.928093082 | 9.978143575
OS=Mus  musculus  OX=10090
GN=Cstfl PE=1 SV=1

P35438 | Grinl Glutamate  receptor ionotropic, | 11.38828067 | 10.28357108
NMDA 1 OS=Mus musculus
0OX=10090 GN=Grinl PE=1 SV=1

Q8VEM | SlIc25a3 Phosphate carrier protein, mitochon- | 4.232527355 | 4.253139923

8 drial OS=Mus musculus OX=10090
GN=SIc25a3 PE=1 SV=1

P50516 | Atp6vla V-type proton ATPase catalytic subu- | 10.65616943 | 9.381010331
nit A OS=Mus musculus OX=10090
GN=Atp6vla PE=1 SV=2

Q3UL36 | Arglul Arginine and glutamate-rich protein 1 | 0.605339951 | 0.643075951
OS=Mus  musculus  OX=10090
GN=Arglul PE=1 SV=2

Q3UOM | Trappc9 Trafficking protein particle complex | 11.21138967 | 10.72181846

1 subunit 9 OS=Mus musculus
OX=10090 GN=Trappc9 PE=1 SV=2

P97351 | Rps3a 40S ribosomal protein S3a OS=Mus | 6.162624524 | 6.33919236
musculus OX=10090 GN=Rps3a
PE=1 SvV=3

P01867 | Igh-3.0 Ilg gamma-2B chain C region | 0.372671885 -
OS=Mus  musculus  OX=10090 0.978544689
GN=Igh-3 PE=1 SV=3

P23242 | Gjal Gap junction alpha-1 protein | 12.75264312 | 11.88426179
OS=Mus  musculus  OX=10090
GN=Gjal PE=1 SV=2

Q9ESX | Zcchcl7 Nucleolar protein of 40 kDa OS=Mus | 2.376591188 | 2.110390947

4 musculus OX=10090 GN=Zcchcl7
PE=1 SvV=1

008539 | Binl Myc box-dependent-interacting pro- | 9.23975828 | 9.979449837
tein 1 OS=Mus musculus OX=10090
GN=Bin1 PE=1 SV=1

Q80XN | Bdhl D-beta-hydroxybutyrate dehydrogen- | 11.43236715 | 10.70712062

0 ase, mitochondrial OS=Mus muscu-
lus OX=10090 GN=Bdh1 PE=1 SV=2

P61161 | Actr2 Actin-related protein 2 OS=Mus mus- | 10.53757147 | 9.319321925

culus OX=10090 GN=Actr2 PE=1
Sv=1
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Q8R326

Pspcl

Paraspeckle component 1 OS=Mus
musculus  OX=10090 GN=Pspcl
PE=1 Sv=1

11.33414399

11.03656935

P01837

Igkc

constant
0X=10090

Immunoglobulin  kappa
OS=Mus musculus
GN=Igkc PE=1 SV=2

0.822377545

0.773715114

Q7TSJ2

Map6

Microtubule-associated protein 6
OS=Mus  musculus  OX=10090
GN=Map6 PE=1 SV=2

9.437617746

9.103434673

Q9CQF
3

Nudt21

Cleavage and polyadenylation speci-
ficity factor subunit 5 OS=Mus mus-
culus OX=10090 GN=Nudt21 PE=1
Sv=1

11.11988445

10.91962533

PO7427

Crmpl

Dihydropyrimidinase-related protein
1 OS=Mus musculus 0OX=10090
GN=Crmpl PE=1 SvV=1

9.443271451

8.972183741

Q7TQF
7

Amph

Amphiphysin  OS=Mus musculus
OX=10090 GN=Amph PE=1 SV=1

4.613478203

4.911107707

Q6NVF
9

Cpsf6

Cleavage and polyadenylation speci-
ficity factor subunit 6 OS=Mus mus-
culus OX=10090 GN=Cpsf6 PE=1
Sv=1

11.40470447

10.55601518

P12382

Pkl

ATP-dependent 6-phosphofructoki-
nase, liver type OS=Mus musculus
0OX=10090 GN=Pfkl PE=1 SV=4

8.954441637

8.802497235

P54285

Cacnb3

Voltage-dependent L-type calcium
channel subunit beta-3 0OS=Mus
musculus 0OX=10090 GN=Cacnb3
PE=1 SV=2

9.167559487

9.043085374

Q62318

Trim28

Transcription intermediary factor 1-
beta OS=Mus musculus OX=10090
GN=Trim28 PE=1 SV=3

10.73374258

10.65061096

Q61656

Ddx5

Probable ATP-dependent RNA hel-
icase DDX5 OS=Mus musculus
OX=10090 GN=Ddx5 PE=1 SV=2

3.392288985

3.760718087

Q5ND3
4

Wdr81

WD repeat-containing protein 81
OS=Mus  musculus  OX=10090
GN=Wdr81 PE=1 SV=2

8.658599941

8.374625088

P63101

Ywhaz

14-3-3 protein zeta/delta OS=Mus
musculus  OX=10090 GN=Ywhaz
PE=1 Sv=1

4.569900118

4.192255986

P62821

RablA

Ras-related protein Rab-1A OS=Mus
musculus OX=10090 GN=RablA
PE=1SV=3

7.843336262

7.092971941

Q9R0Q
6

Arpcla

Actin-related protein 2/3 complex
subunit 1A OS=Mus musculus
OX=10090 GN=Arpcla PE=1 SV=1

10.57201213

9.512971943

P50518

Atp6vlel

V-type proton ATPase subunit E 1
OS=Mus musculus OX=10090
GN=Atp6vlel PE=1 SV=2

10.18458516

8.866972588

Q8KOTO

Rtnl

Reticulon-1  OS=Mus  musculus
0X=10090 GN=Rtn1 PE=1 Sv=1

10.23891242

9.653519667

Q8BI08

Mal2

Protein MAL2 OS=Mus musculus
0OX=10090 GN=Mal2 PE=1 SV=1

11.37803298

10.27376199

Q9DB2
0

Atp5po

ATP synthase subunit O, mitochon-
drial OS=Mus musculus OX=10090
GN=Atp5po PE=1 SV=1

10.2698195

10.02463705

P60879

Snap25

Synaptosomal-associated protein 25
OS=Mus  musculus  0OX=10090
GN=Snhap25 PE=1 SV=1

4.666868891

4.881911781

P01831

Thyl

Thy-1 membrane  glycoprotein
OS=Mus musculus 0OX=10090
GN=Thyl PE=1 SV=1

2.613444283

2.290578168

Q9JKC6

Cendl

Cell cycle exit and neuronal differen-
tiation protein 1 OS=Mus musculus
0X=10090 GN=Cend1 PE=1 SV=1

7.045222567

6.377407813
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P61264

Stx1b

Syntaxin-1B OS=Mus  musculus
0OX=10090 GN=Stx1b PE=1 Sv=1

9.752598803

9.665029427

Q62167

Ddx3x

ATP-dependent RNA  helicase
DDX3X 0OS=Mus musculus
0OX=10090 GN=Ddx3x PE=1 SV=3

10.60229625

10.35284173

Q8R1Q
8

Dync1lil

Cytoplasmic dynein 1 light intermedi-
ate chain 1 0OS=Mus musculus
0X=10090 GN=Dyncllil PE=1 SV=1

8.817172168

9.169373558

Q62Q3
8

Candl

Cullin-associated = NEDDB8-dissoci-
ated protein 1 OS=Mus musculus
0X=10090 GN=Cand1 PE=1 SV=2

8.761306423

8.665841495

P61982

Ywhag

14-3-3 protein gamma OS=Mus mus-
culus OX=10090 GN=Ywhag PE=1
Sv=2

9.713033622

8.963667649

Q5SQX
6

Cyfip2

Cytoplasmic FMR1-interacting pro-
tein 2 OS=Mus musculus OX=10090
GN=Cyfip2 PE=1 SV=2

9.623789526

9.253146191

Q91VR
2

Atp5fic

ATP synthase subunit gamma, mito-
chondrial OS=Mus musculus
0OX=10090 GN=Atp5flc PE=1 SV=1

10.06285093

9.339939074

Q76MZ
3

Ppp2rla

Serine/threonine-protein  phospha-
tase 2A 65 kDa regulatory subunit A
alpha isoform OS=Mus musculus
0OX=10090 GN=Ppp2rla PE=1 SV=3

8.499182889

7.475713643

A2AEV7

Ccdcl120

Coiled-coil domain-containing protein
120 OS=Mus musculus OX=10090
GN=Ccdc120 PE=1 SV=1

9.537242577

9.285793616

Q9JLMS

Dclk1

Serine/threonine-protein kinase
DCLK1 0OS=Mus musculus
0X=10090 GN=Dclkl1 PE=1 SV=1

9.625589128

9.418571195

Q9IDCX
2

Atp5pd

ATP synthase subunit d, mitochon-
drial OS=Mus musculus OX=10090
GN=Atp5pd PE=1 SV=3

10.18766771

9.497687653

P27659

Rpl3

60S ribosomal protein L3 OS=Mus
musculus OX=10090 GN=RpI3 PE=1
Sv=3

9.855326701

9.629707769

P56480

Atp5f1b

ATP synthase subunit beta, mito-
chondrial OS=Mus musculus
0X=10090 GN=Atp5flb PE=1 SV=2

7.863867618

7.542216903

Q9CRG6
2

Slc25al11

Mitochondrial 2-oxoglutarate/malate
carrier protein OS=Mus musculus
OX=10090 GN=SlIc25all PE=1
SV=3

8.780698348

8.357531065

Q02105

Clqc

Complement C1lg subcomponent
subunit C OS=Mus musculus
0X=10090 GN=C1qc PE=1 SV=2

11.34572603

11.26499531

P62281

Rpsl1

40S ribosomal protein S11 OS=Mus
musculus  OX=10090 GN=Rpsll
PE=1 SV=3

7.631668881

6.984784715

P19253

Rpl13a

60S ribosomal protein L13a OS=Mus
musculus OX=10090 GN=Rpl13a
PE=1 SV=4

8.844790513

8.980213594

Q8K310

Matr3

Matrin-3 OS=Mus musculus
OX=10090 GN=Matr3 PE=1 SV=1

8.437947723

8.045520385

P62702

Rps4x

40S ribosomal protein S4, X isoform
OS=Mus musculus OX=10090
GN=Rps4x PE=1 SV=2

7.697210241

7.350342495

Q91W3
9

Ncoa5

Nuclear receptor coactivator 5
OS=Mus  musculus  0OX=10090
GN=Ncoa5 PE=1 SV=1

6.50205093

6.978202373

Q80U40

Rimbp2

RIMS-binding protein 2 OS=Mus
musculus OX=10090 GN=Rimbp2
PE=1SVvV=3

9.797604734

9.191034884

Q3UHL
1

Camkv

CaM kinase-like vesicle-associated
protein 0OS=Mus musculus
OX=10090 GN=Camkv PE=1 SV=2

9.454261997

9.265242463
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P0O3977

Ig kappa
chain V-IIl re-
gion 50S10.1

Ig kappa chain V-III region 50S10.1
OS=Mus musculus OX=10090 PE=1
Sv=1

0.343287953

1.002676952

P01029

C4b

Complement C4-B OS=Mus muscu-
lus OX=10090 GN=C4b PE=1 SV=3

8.710067759

8.247819034

QICVB
6

Arpc2

Actin-related protein 2/3 complex
subunit 2 OS=Mus musculus
0X=10090 GN=Arpc2 PE=1 SV=3

9.475276387

8.37233278

P61750

Arf4

ADP-ribosylation factor 4 OS=Mus
musculus OX=10090 GN=Arf4 PE=1
Sv=2

3.200780884

3.426142732

Q78IK2

Atp5mk

ATP synthase membrane subunit
DAPIT, mitochondrial OS=Mus mus-
culus OX=10090 GN=Atp5md PE=1
Sv=1

9.42636023

8.564932933

P62830

Rpl23

60S ribosomal protein L23 OS=Mus
musculus  OX=10090 GN=Rpl23
PE=1 Sv=1

8.814342385

8.149601852

P14131

Rps16

40S ribosomal protein S16 OS=Mus
musculus OX=10090 GN=Rpsl16
PE=1 SV=4

9.366856983

8.264854038

P53994

Rab2a

Ras-related protein Rab-2A OS=Mus
musculus OX=10090 GN=Rab2a
PE=1 Sv=1

8.28832807

7.921077288

P62908

Rps3

40S ribosomal protein S3 OS=Mus
musculus  OX=10090 GN=Rps3
PE=1 Sv=1

8.883102094

8.39943414

P62751

Rpl23a

60S ribosomal protein L23a OS=Mus
musculus OX=10090 GN=Rpl23a
PE=1 Sv=1

2.559650905

2.47476581

Q8R191

Syngr3

Synaptogyrin-3 OS=Mus musculus
OX=10090 GN=Syngr3 PE=1 SV=1

9.675763148

9.429677203

Q61743

Kcnj11

ATP-sensitive inward rectifier potas-
sium channel 11 OS=Mus musculus
0OX=10090 GN=Kcnj11 PE=1 SV=1

8.551009518

8.692171699

QOWV6
9

Dmtn

Dematin OS=Mus musculus
0OX=10090 GN=Dmtn PE=1 Sv=1

10.19955733

9.047569612

Q9D032

Ssbp3

Single-stranded DNA-binding protein
3 0OS=Mus musculus 0OX=10090
GN=Ssbp3 PE=1 SV=2

9.063874943

8.566752734

Q61885

Mog

Myelin-oligodendrocyte glycoprotein
OS=Mus  musculus  OX=10090
GN=Mog PE=1 SV=1

7.74636301

7.481016329

Q60875

Arhgef2

Rho guanine nucleotide exchange
factor 2 OS=Mus  musculus
0OX=10090 GN=Arhgef2 PE=1 SV=4

8.822360378

8.605882887

P03975

lap

IgE-binding protein OS=Mus muscu-
lus OX=10090 GN=lap PE=2 SV=1

6.298278248

6.077745909

Q9QX1
1

Cythl

Cytohesin-1  OS=Mus  musculus
0OX=10090 GN=Cyth1 PE=1 SV=2

8.868795714

8.654734022

P60764

Rac3

Ras-related C3 botulinum toxin sub-
strate 3 0OS=Mus musculus
0OX=10090 GN=Rac3 PE=1 SV=1

8.779962864

7.993039782

Q9D819

Ppal

Inorganic pyrophosphatase OS=Mus
musculus  OX=10090 GN=Ppal
PE=1Sv=1

7.937204256

7.647051581

Q9CPW
4

ArpcS

Actin-related protein 2/3 complex
subunit 5 OS=Mus musculus
0OX=10090 GN=Arpc5 PE=1 SV=3

10.29516279

9.272721823

P10922

H1-0

Histone H1.0 OS=Mus musculus
0OX=10090 GN=H1-0 PE=2 SV=4

2.28896045

2.575090193

P56135

Atp5mf

ATP synthase subunit f, mitochon-
drial OS=Mus musculus OX=10090
GN=Atp5mf PE=1 SV=3

9.403678201

9.00124582

Q9R269

Ppl

Periplakin OS=Mus musculus
0OX=10090 GN=Ppl PE=1 SV=1

10.27160707

9.936136027
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055013 | Trappc3 Trafficking protein particle complex | 8.702850329 | 8.821481376 1
subunit 3 OS=Mus musculus
OX=10090 GN=Trappc3 PE=1 SV=1

Supplementary Figure 2: Network graph from STRING analysis visualizes the 197 proteins that were im-
munoprecipitated by TAOK2-8 antibody and identified by IP-MS in the N2a cells transfected with wild type
TAOK2-B (CV) cutoff = 0.1).

The “confidence” link visualization was selected with a medium confidence interaction score (0.400). For details,
(Supplementary Table 2).

Supplementary Table 2: list of the 197 enriched proteins from N2a cells overex-
pressed with wild type TAOK2p identified by IP coupled with LC-MS/MS analysis
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using TAOK2 antibody. The enriched proteins from the 2 experiments are ordered

in a descending depending on the number of unique peptides identified for each pro-

tein. The log2 values of the identified proteins from the 2 experiments separately were

showed in their respective columns.

Uniprot
Acces-
sion #

Gene name

Protein Name

log2 experi-
ment 1

log2 experi-
ment 2

# Pepti-
des

Q61879

Myh10

Myosin-10 OS=Mus  musculus
0X=10090 GN=Myh10 PE=1 SV=2

5.151009429

4.886296047

119

Q62Q29-
2

Taok2

Isoform 2 of Serine/threonine-pro-
tein kinase TAO2 OS=Mus muscu-
lus OX=10090 GN=Taok2

10.73040582

10.72942309

82

Q9JKF1

Iggapl

Ras GTPase-activating-like protein
IQGAP1 OS=Mus musculus
0X=10090 GN=Iqgapl PE=1 SV=2

3.714355261

3.757263671

42

P20152

Vim

Vimentin 0OS=Mus musculus
OX=10090 GN=Vim PE=1 SV=3

6.24552837

5.493200446

37

P15331

Prph

Peripherin  OS=Mus  musculus
0OX=10090 GN=Prph PE=1 SV=2

6.0941751

6.726227403

32

P46735

Myolb

Unconventional myosin-lb OS=Mus
musculus OX=10090 GN=Myolb
PE=1 SV=3

6.480237633

6.419708392

30

P11499

Hsp90abl

Heat shock protein HSP 90-beta
OS=Mus musculus 0OX=10090
GN=Hsp90abl PE=1 SV=3

5.544637012

6.211940779

28

P63260

Actgl

Actin, cytoplasmic 2 OS=Mus mus-
culus OX=10090 GN=Actgl PE=1
Sv=l

12.14308095

11.12497273

23

P60710

Actb

Actin, cytoplasmic 1 OS=Mus mus-
culus OX=10090 GN=Actb PE=1
Sv=1

9.29323274

8.116083723

23

P05213

Tubalb

Tubulin alpha-1B chain OS=Mus
musculus OX=10090 GN=Tubalb
PE=1 SV=2

13.49143147

12.52531565

21

Q9ERD7

Tubb3

Tubulin beta-3 chain OS=Mus mus-
culus OX=10090 GN=Tubb3 PE=1
Sv=1

8.61942311

7.709378505

20

P17182

Enol

Alpha-enolase OS=Mus musculus
0X=10090 GN=Enol PE=1 SV=3

5.288645675

4.797811098

19

P10126

Eeflal

Elongation factor 1-alpha 1 OS=Mus
musculus OX=10090 GN=Eeflal
PE=1 SV=3

6.026714595

5.428471161

18

P50446

Krtéa

Keratin, type |l
OS=Mus musculus
GN=Krt6a PE=1 SV=3

cytoskeletal 6A
OX=10090

1.248898983

1.156454738

18

P80318

Cct3

T-complex protein 1 subunit gamma
OS=Mus musculus 0OX=10090
GN=Cct3 PE=1 SVv=1

9.12692456

7.98340829

17

Q8CAQ8

Immt

MICOS complex subunit Mic60
OS=Mus musculus OX=10090
GN=Immt PE=1 SV=1

7.861208997

6.910107194

16

P17710

Hk1

Hexokinase-1 OS=Mus musculus
0X=10090 GN=Hk1 PE=1 SV=3

4.895369015

5.54017374

16

Q62318

Trim28

Transcription intermediary factor 1-
beta OS=Mus musculus OX=10090
GN=Trim28 PE=1 SV=3

9.698816228

8.697947072

15

E9PVAS8

Genl

elF-2-alphakinase activator GCN1
OS=Mus musculus 0X=10090
GN=Gcnl PE=1 SV=1

5.193400246

5.340738078

15

P60843

Eif4al

factor 4A-I
0X=10090

Eukaryotic initiation
OS=Mus  musculus
GN=Eif4al PE=1 SV=1

8.053995677

7.710484701

14
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Q91ZW3

Smarcab

SWI/SNF-related matrix-associated
actin-dependent regulator of chro-
matin subfamily A member 5
OS=Mus musculus 0OX=10090
GN=Smarcab PE=1 SV=1

13.08115505

11.73114095

14

035129

Phb2

Prohibitin-2 OS=Mus musculus
0X=10090 GN=Phb2 PE=1 SV=1

6.282354401

5.70644796

14

Q3TKT4

Smarca4

Transcription activator BRG1
OS=Mus musculus 0OX=10090
GN=Smarca4 PE=1 SV=1

4.766433398

4.623227184

13

P47753

Capzal

F-actin-capping protein subunit al-
pha-1 OS=Mus musculus
0X=10090 GN=Capzal PE=1 SV=4

14.58111329

13.88336271

11

P67778

Phb

Prohibitin OS=Mus musculus
0OX=10090 GN=Phb PE=1 SV=1

5.892575848

5.217582088

11

P0O7901

Hsp90aal

Heat shock protein HSP 90-alpha
OS=Mus musculus OX=10090
GN=Hsp90aal PE=1 SV=4

9.296540279

8.700329751

11

Q8K310

Matr3

Matrin-3 OS=Mus musculus
0OX=10090 GN=Matr3 PE=1 SV=1

4.434590127

4.247214192

11

008528

Hk2

Hexokinase-2 OS=Mus musculus
0X=10090 GN=Hk2 PE=1 SV=1

5.744594521

5.486600664

11

Q01320

Top2a

DNA topoisomerase 2-alpha
OS=Mus musculus OX=10090
GN=Top2a PE=1 SV=2

3.563672007

3.294489425

11

P47757

Capzb

F-actin-capping protein subunit beta
OS=Mus musculus 0OX=10090
GN=Capzb PE=1 SV=3

8.494797702

7.745490183

10

P63038

Hspdl

60 kDa heat shock protein, mito-
chondrial 0OS=Mus musculus
0X=10090 GN=Hspd1 PE=1 SVv=1

4.59911468

4.909785486

10

P47754

Capza2

F-actin-capping protein subunit al-
pha-2 0OS=Mus musculus
0OX=10090 GN=Capza2 PE=1 SV=3

13.28093809

13.05282176

10

Q91VC3

Eif4a3

Eukaryotic initiation factor 4A-IIl
OS=Mus musculus OX=10090
GN=Eif4a3 PE=1 SV=3

6.189526849

6.658189084

10

Q8BTM8

Flna

Filamin-A OS=Mus musculus
0OX=10090 GN=Flna PE=1 SV=5

10.65832512

9.909773765

10

Q9z2K1

Krtl6

Keratin, type | cytoskeletal 16
OS=Mus musculus 0OX=10090
GN=Krt16 PE=1 SV=3

0.767720796

0.872141582

P62806

H4cl, H4c4,
H4c6, H4c8,
H4c9, H4f16,
Histlh4m

Histone H4 OS=Mus musculus
0OX=10090 GN=H4c1 PE=1 SV=2

2.359781996

2.463368155

P62301

Rps13

40S ribosomal protein S13 OS=Mus
musculus OX=10090 GN=Rps13
PE=1 SV=2

6.156263881

5.345850897

Q61881

Mcm7

DNA replication licensing factor
MCM7 OS=Mus musculus
0X=10090 GN=Mcm7 PE=1 SV=1

11.49173761

10.75596216

P80317

Cctba

T-complex protein 1 subunit zeta
OS=Mus musculus 0OX=10090
GN=Cctba PE=1 SV=3

12.84951784

11.91476678

Q3U9G9

Lbr

Delta(14)-sterol reductase LBR
OS=Mus musculus 0OX=10090
GN=Lbr PE=1 SV=2

5.719621846

4.968866011

Q8K224

Nat10

RNA cytidine acetyltransferase
OS=Mus musculus OX=10090
GN=Nat10 PE=1 SV=1

11.91006196

10.44672733

P14873

Map1lb

Microtubule-associated protein 1B
OS=Mus musculus OX=10090
GN=Maplb PE=1 SV=2

12.09134369

11.06289288

P97427

Crmpl

Dihydropyrimidinase-related protein
1 OS=Mus musculus OX=10090
GN=Crmpl PE=1 SV=1

11.83142666

10.41630465
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Q9ERKA4

Csell

Exportin-2 OS=Mus  musculus
0OX=10090 GN=Csell PE=1 SV=1

2.296697294

2.437509872

P43277

H1-3

Histone H1.3 OS=Mus musculus
OX=10090 GN=H1-3 PE=1 SV=2

2.714818096

2.546865096

Q61753

Phgdh

D-3-phosphoglycerate dehydro-
genase OS=Mus musculus
0X=10090 GN=Phgdh PE=1 SV=3

10.77900793

10.29771838

QOWTI7

Myolc

Unconventional myosin-lc OS=Mus
musculus OX=10090 GN=Myolc
PE=1 SV=2

11.18501911

11.16111842

P97432

Nbrl

Next to BRCA1 gene 1 protein
OS=Mus musculus OX=10090
GN=Nbrl PE=1 SV=1

10.87172216

10.22239193

P43274

H1-4

Histone H1.4 OS=Mus musculus
0OX=10090 GN=H1-4 PE=1 SV=2

2.060649576

2.06221718

Q8VDWO

Ddx39a

ATP-dependent RNA helicase
DDX39A 0OS=Mus musculus
0OX=10090 GN=Ddx39a PE=1 SV=1

11.85245984

11.08313891

P61255

Rpl26

60S ribosomal protein L26 OS=Mus
musculus  OX=10090 GN=Rpl26
PE=1Sv=1

5.459944504

5.383186815

Q9z2X1

Hnrnpf

Heterogeneous nuclear ribonucleo-
protein  F OS=Mus musculus
0X=10090 GN=Hnrnpf PE=1 SV=3

6.39387217

6.816557999

Q64475

H2bc3

Histone H2B type 1-B OS=Mus mus-
culus OX=10090 GN=H2bc3 PE=1
Sv=3

3.268044242

3.025534858

P56480

Atp5f1b

ATP synthase subunit beta, mito-
chondrial 0OS=Mus musculus
0X=10090 GN=Atp5flb PE=1 SV=2

12.36547163

11.48807149

Q9DBYS8

Nvl

Nuclear valosin-containing protein-
like OS=Mus musculus OX=10090
GN=Nvl PE=1 SV=1

11.06965967

9.987720677

Q9EQ61

Pesl

Pescadillo homolog OS=Mus mus-
culus OX=10090 GN=Pesl PE=1
Sv=1

3.626805561

3.390752644

Q9Z0R9

Fads2

Acyl-CoA 6-desaturase OS=Mus
musculus 0OX=10090 GN=Fads2
PE=1 Sv=1

12.09622825

10.63131761

088291

Znf326

DBIRD complex subunit ZNF326
OS=Mus musculus OX=10090
GN=Znf326 PE=1 SV=1

12.28585724

11.39501238

P35979

Rpl12

60S ribosomal protein L12 OS=Mus
musculus  OX=10090 GN=Rpl12
PE=1 SvV=2

12.56845909

11.9688519

P42932

Cct8

T-complex protein 1 subunit theta
OS=Mus musculus 0OX=10090
GN=Cct8 PE=1 SV=3

5.67164244

5.40430725

PODP27

Calm2

Calmodulin-2 OS=Mus musculus
OX=10090 GN=Calm?2 PE=1 SV=1

13.60622638

13.53359822

Q99LEG

Abcf2

ATP-binding cassette sub-family F
member 2 OS=Mus musculus
0X=10090 GN=Abcf2 PE=1 SV=1

2.896020052

2.774155795

Q4VA53

Pds5b

Sister chromatid cohesion protein
PDS5 homolog B OS=Mus muscu-
lus OX=10090 GN=Pds5b PE=1
Sv=1

9.118045357

8.316161357

P63325

Rps10

40S ribosomal protein S10 OS=Mus
musculus OX=10090 GN=Rps10
PE=1 Sv=1

5.436019908

5.895114246

Q3THE2

Myl12b

Myosin regulatory light chain 12B
OS=Mus musculus OX=10090
GN=Myl12b PE=1 SV=2

13.46935035

12.62778779

P16627

Hspall

Heat shock 70 kDa protein 1-like
OS=Mus musculus OX=10090
GN=Hspall PE=1 SV=4

8.750578807

8.157719926
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Q62188

Dpysl3

Dihydropyrimidinase-related protein
3 0OS=Mus musculus OX=10090
GN=Dpysl3 PE=1 SV=1

10.06430287

8.807844596

Q61749

Eif2b4

Translation initiation factor elF-2B
subunit delta OS=Mus musculus
OX=10090 GN=Eif2b4 PE=1 SV=2

12.7723324

11.70139182

P43276

H1-5

Histone H1.5 OS=Mus musculus
OX=10090 GN=H1-5 PE=1 SV=2

3.103932583

2.948808493

Q99PL5

Rrbp1

Ribosome-binding protein 1
OS=Mus musculus OX=10090
GN=Rrbpl PE=1 SV=2

10.15105154

9.326305286

P47758

Srprb

Signal recognition particle receptor
subunit beta OS=Mus musculus
0OX=10090 GN=Srprb PE=1 SV=1

10.6524249

9.330155116

Q6PB66

Lrpprc

Leucine-rich  PPR motif-containing
protein, mitochondrial OS=Mus
musculus OX=10090 GN=Lrpprc
PE=1 SV=2

9.341190047

8.395126357

P67984

Rpl22

60S ribosomal protein L22 OS=Mus
musculus  OX=10090 GN=Rpl22
PE=1 SV=2

8.109193797

7.385480095

P11440

Cdk1

Cyclin-dependent kinase 1 OS=Mus
musculus OX=10090 GN=Cdkl
PE=1 SV=3

12.05656743

11.3019643

P63323

Rps12

40S ribosomal protein S12 OS=Mus
musculus OX=10090 GN=Rps12
PE=1 SV=2

7.062590834

6.151819903

Q8BYL4

Yars2

Tyrosine--tRNA ligase, mitochon-
drial OS=Mus musculus OX=10090
GN=Yars2 PE=1 SV=2

12.63970431

11.72184827

Q8BFZ9

Erlin2

Erlin-2 OS=Mus musculus
0OX=10090 GN=Erlin2 PE=1 SV=1

11.30478616

9.865068623

P60229

Eif3e

Eukaryotic translation initiation fac-
tor 3 subunit E OS=Mus musculus
0OX=10090 GN=Eif3e PE=1 SV=1

11.38999169

10.22543815

Q8BFU2

H2aw

Histone H2A type 3 OS=Mus mus-
culus OX=10090 GN=H2aw PE=1
Sv=3

2.417463905

2.300219293

Q99JR1

Sfxnl

Sideroflexin-1 OS=Mus musculus
OX=10090 GN=Sfxn1 PE=1 SV=3

11.67908428

10.71499013

P59999

Arpc4

Actin-related protein 2/3 complex
subunit 4 OS=Mus musculus
0X=10090 GN=Arpc4 PE=1 SV=3

9.504238604

10.25531537

Q9D880

Timm50

Mitochondrial import inner mem-
brane translocase subunit TIM50
OS=Mus musculus 0OX=10090
GN=Timm50 PE=1 SV=1

13.19736915

11.97406756

Q99JY9

Actr3

Actin-related protein 3 OS=Mus
musculus  OX=10090 GN=Actr3
PE=1SV=3

11.33895581

10.26334851

P60867

Rps20

40S ribosomal protein S20 OS=Mus
musculus OX=10090 GN=Rps20
PE=1 Sv=1

6.448407842

6.368681625

P61222

Abcel

ATP-binding cassette sub-family E
member 1 OS=Mus musculus
OX=10090 GN=Abcel PE=1 SV=1

2.843688727

2.997122132

QO9WUA3

Pfkp

ATP-dependent 6-phosphofructoki-
nase, platelet type OS=Mus muscu-
lus OX=10090 GN=Pfkp PE=1 SV=1

9.51920881

8.390425028

054825

Bysl

Bystin 0OS=Mus musculus
0OX=10090 GN=Bysl| PE=1 SV=3

9.229909758

9.839889489

P80313

Cct7

T-complex protein 1 subunit eta
OS=Mus musculus OX=10090
GN=Cct7 PE=1 SV=1

10.23200533

9.131739353

070194

Eif3d

Eukaryotic translation initiation fac-
tor 3 subunit D OS=Mus musculus
0OX=10090 GN=Eif3d PE=1 SV=2

11.08141206

10.20691276
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Q92239

Farl

reductase 1
0X=10090

Fatty acyl-CoA
OS=Mus  musculus
GN=Farl PE=1 SV=1

12.02100977

10.91254219

P80316

Cctb5

T-complex protein 1 subunit epsilon
OS=Mus musculus 0OX=10090
GN=Cct5 PE=1 SV=1

10.36623282

9.031841933

P23116

Eif3a

Eukaryotic translation initiation fac-
tor 3 subunit A OS=Mus musculus
0OX=10090 GN=Eif3a PE=1 SV=5

9.103400515

9.023643688

QOWV70

Noc2l

Nucleolar complex protein 2 homo-
log OS=Mus musculus OX=10090
GN=Noc2l PE=1 SV=2

10.25466649

9.67984822

Q99PVO0

Prpf8

Pre-mRNA-processing-splicing fac-
tor 8 OS=Mus musculus OX=10090
GN=Prpf8 PE=1 SV=2

9.771712738

8.87831337

Q8BK64

Ahsal

Activator of 90 kDa heat shock pro-
tein ATPase homolog 1 OS=Mus
musculus OX=10090 GN=Ahsal
PE=1 SV=2

10.95502905

10.24201478

QICQX2

Cyb5b

Cytochrome b5 type B OS=Mus
musculus OX=10090 GN=Cyb5b
PE=1Sv=1

9.642727322

10.17568937

P99027

Rplp2

60S acidic ribosomal protein P2
OS=Mus musculus OX=10090
GN=Rplp2 PE=1 SV=3

10.57225647

9.94311003

Q9JIF7

Copb1l

Coatomer subunit beta OS=Mus
musculus OX=10090 GN=Copbl
PE=1 Sv=1

8.750527952

8.026778911

Q9ZON1

Eif2s3x

Eukaryotic translation initiation fac-
tor 2 subunit 3, X-linked OS=Mus
musculus OX=10090 GN=Eif2s3x
PE=1 SV=2

9.382928461

8.438828045

P63101

Ywhaz

14-3-3 protein zeta/delta OS=Mus
musculus OX=10090 GN=Ywhaz
PE=1 Sv=1

9.666394955

9.721718154

Q5SSI6

Utp18

U3 small nucleolar RNA-associated
protein 18 homolog OS=Mus mus-
culus OX=10090 GN=Utp18 PE=1
Sv=l

9.192925055

8.434936881

P61750

Arf4

ADP-ribosylation factor 4 OS=Mus
musculus  OX=10090 GN=Arf4
PE=1 SV=2

11.86006345

11.23826501

Q91YRY

Prpf6

Pre-mRNA-processing factor 6
OS=Mus musculus OX=10090
GN=Prpf6 PE=1 SV=1

10.0693379

9.078695816

P97807

Fh

Fumarate hydratase, mitochondrial
OS=Mus musculus OX=10090
GN=Fh PE=1 SV=3

9.50444084

8.840172502

Q8CI61

Bag4

BAG family molecular chaperone
regulator 4 OS=Mus musculus
0X=10090 GN=Bag4 PE=1 SV=2

10.71495288

10.18008634

Q91YN9

Bag2

BAG family molecular chaperone
regulator 2 OS=Mus musculus
OX=10090 GN=Bag2 PE=1 SV=1

10.34040754

9.128309837

Q922R8

Pdia6

Protein  disulfide-isomerase A6
OS=Mus musculus 0OX=10090
GN=Pdia6 PE=1 SV=3

0.597940123

0.607753326

035658

Clqgbp

Complement component 1 Q sub-
component-binding protein, mito-
chondrial OS=Mus musculus
0OX=10090 GN=C1gbp PE=1 SV=1

10.35547282

9.517705517

QOESX4

Zcchel?

Nucleolar protein of 40 kDa OS=Mus
musculus OX=10090 GN=Zcchcl7
PE=1Sv=1

1.407415366

1.489855012

Q9DB20

Atp5po

ATP synthase subunit O, mitochon-
drial OS=Mus musculus OX=10090
GN=Atp5po PE=1 SV=1

12.35585598

11.02055859
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Q6ZWU9

Rps27

40S ribosomal protein S27 OS=Mus
musculus OX=10090 GN=Rps27
PE=1 SV=3

9.379212428

8.197924261

Q8BJ71

Nup93

Nuclear pore complex protein
Nup93 0OS=Mus musculus
0X=10090 GN=Nup93 PE=1 SV=1

8.880661475

9.031165412

Q91YQ5

Rpnl

Dolichyl-diphosphooligosaccharide-
-protein glycosyltransferase subunit
1 OS=Mus musculus OX=10090
GN=Rpnl PE=1 SV=1

10.12994705

9.19312556

QIWUM
4

Corolc

Coronin-1C  OS=Mus musculus
0X=10090 GN=Corolc PE=1 SV=2

9.798743209

9.114744001

PO7742

Cptla

Carnitine O-palmitoyltransferase 1,
liver isoform OS=Mus musculus
0X=10090 GN=Cptla PE=1 SV=4

9.933874542

8.81609323

P53994

Rab2a

Ras-related protein Rab-2A
OS=Mus musculus OX=10090
GN=Rab2a PE=1 SV=1

9.939226323

8.687131736

Q91V92

Acly

ATP-citrate synthase OS=Mus mus-
culus OX=10090 GN=Acly PE=1
Sv=1

2.216931794

2.259731788

Q99020

Hnrnpab

Heterogeneous nuclear ribonucleo-
protein A/B OS=Mus musculus
OX=10090 GN=Hnrnpab PE=1
Sv=l

3.454175874

3.850331752

P63037

Dnajal

DnaJ homolog subfamily A member
1 OS=Mus musculus OX=10090
GN=Dnajal PE=1 SV=1

10.21999797

9.266747694

Q61937

Npm1

Nucleophosmin OS=Mus musculus
OX=10090 GN=Npm1 PE=1 SV=1

10.94994971

10.13536708

Q8CG48

Smc2

Structural maintenance of chromo-
somes protein 2 OS=Mus musculus
0X=10090 GN=Smc2 PE=1 SV=2

7.258276034

7.292785568

Q9D819

Ppal

Inorganic pyrophosphatase
OS=Mus musculus 0OX=10090
GN=Ppal PE=1 Sv=1

11.55525968

10.70257728

Q9JKR6

Hyoul

Hypoxia up-regulated protein 1
OS=Mus musculus OX=10090
GN=Hyoul PE=1 SV=1

9.380590533

8.612736746

P97434

Mprip

Myosin phosphatase Rho-interact-
ing protein OS=Mus musculus
OX=10090 GN=Mprip PE=1 SV=2

8.868457009

7.973158163

P17426

Ap2al

AP-2 complex subunit alpha-1
OS=Mus musculus OX=10090
GN=Ap2al PE=1 Sv=1

9.80621939

8.63934783

P97311

Mcm6

DNA replication licensing factor
MCM6 OS=Mus musculus
OX=10090 GN=Mcm6 PE=1 SVv=1

8.874275562

8.557747998

Q921N6

Ddx27

Probable ATP-dependent RNA hel-
icase DDX27 OS=Mus musculus
OX=10090 GN=Ddx27 PE=1 SV=3

9.045288694

7.887611185

Q9JJI8

Rpl38

60S ribosomal protein L38 OS=Mus
musculus  OX=10090 GN=Rpl38
PE=1 SV=3

12.50178971

11.11227337

QI9CPQ3

Tomm?22

Mitochondrial import receptor subu-
nit TOM22 homolog OS=Mus mus-
culus OX=10090 GN=Tomm22
PE=1 SV=3

10.3883897

9.614068269

Q9DBG6

Rpn2

Dolichyl-diphosphooligosaccharide-
-protein glycosyltransferase subunit
2 0OS=Mus musculus 0OX=10090
GN=Rpn2 PE=1 SV=1

8.682552205

8.16306457

Q8RO010

Aimp2

Aminoacyl tRNA synthase complex-
interacting multifunctional protein 2
OS=Mus musculus OX=10090
GN=Aimp2 PE=1 SV=2

10.55985685

9.560519721
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Q05920

Pc

Pyruvate carboxylase, mitochondrial
OS=Mus musculus OX=10090
GN=Pc PE=1 SvV=1

8.261131224

7.402860228

Q8BTI8

Srrm2

Serine/arginine repetitive matrix pro-
tein 2 OS=Mus musculus OX=10090
GN=Srrm2 PE=1 SV=3

7.135871925

7.514176956

Q60972

Rbbp4

Histone-binding protein RBBP4
OS=Mus musculus OX=10090
GN=Rbbp4 PE=1 SV=5

4.024955328

3.941177603

Q61029

Tmpo

Lamina-associated polypeptide 2,
isoforms beta/delta/epsilon/gamma
OS=Mus musculus 0OX=10090
GN=Tmpo PE=1 SV=4

8.875132975

8.416743933

Q8R1B4

Eif3c

Eukaryotic translation initiation fac-
tor 3 subunit C OS=Mus musculus
0X=10090 GN=Eif3c PE=1 SV=1

9.296010033

8.804266545

BOEJRS

Dnaaf5

Dynein assembly factor 5, axonemal
OS=Mus musculus 0OX=10090
GN=Dnaaf5 PE=1 SV=1

7.292696556

6.619289968

P47857

Pfkm

ATP-dependent 6-phosphofructoki-
nase, muscle type OS=Mus muscu-
lus OX=10090 GN=Pfkm PE=1
Sv=3

9.008041983

8.529748423

P08752

Gnai2

Guanine nucleotide-binding protein
G(i) subunit alpha-2 OS=Mus mus-
culus OX=10090 GN=Gnai2 PE=1
SVv=5

7.532949774

7.1325002

QSBVE3

Atp6vlh

V-type proton ATPase subunit H
OS=Mus musculus OX=10090
GN=Atp6vlih PE=1 SV=1

9.777671021

8.591217774

QOOPI9

Hnrnpul2

Heterogeneous nuclear ribonucleo-
protein U-like protein 2 OS=Mus
musculus OX=10090 GN=Hnrnpul2
PE=1 SV=2

9.152122767

8.9274023

Q3TUH1

Tamm41

Phosphatidate cytidylyltransferase,
mitochondrial OS=Mus musculus
OX=10090 GN=Tamm4l PE=1
Sv=2

9.712742662

9.324504432

Q9DBRO

Akap8

A-kinase anchor protein 8 OS=Mus
musculus OX=10090 GN=Akap8
PE=1 Sv=1

8.299842295

8.406397066

Q5U458

Dnajcl1

DnaJ homolog subfamily C member
11 OS=Mus musculus OX=10090
GN=Dnajc1l PE=1 SV=2

9.545402815

8.897735291

Q9D8NO

Eeflg

Elongation factor
OS=Mus  musculus
GN=Eeflg PE=1 SV=3

1-gamma
0OX=10090

4.904342545

4.499734271

Q64331

Myo6

Unconventional myosin-VI OS=Mus
musculus OX=10090 GN=Myo6
PE=1 Sv=1

8.29900408

8.275000697

Q99P88

Nup155

Nuclear pore complex protein
Nup155 OS=Mus musculus
0X=10090 GN=Nup155 PE=1 SV=1

7.77619676

7.190827496

Q91VK1

Bzw2

Basic leucine zipper and W2 do-
main-containing protein 2 OS=Mus
musculus OX=10090 GN=Bzw2
PE=1 Sv=1

10.02022496

9.377520014

P28656

Napll1

Nucleosome assembly protein 1-like
1 OS=Mus musculus OX=10090
GN=Naplll PE=1 SV=2

9.197149488

9.023629497

Q9Z277

Bazlb

Tyrosine-protein  kinase BAZ1B
OS=Mus musculus OX=10090
GN=Bazlb PE=1 SV=2

9.452341517

8.540827934

Q9JKK7

Tmod?2

Tropomodulin-2 OS=Mus musculus
0X=10090 GN=Tmod2 PE=1 SV=2

9.742037792

9.434605959
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P56135

Atp5mf

ATP synthase subunit f, mitochon-
drial OS=Mus musculus OX=10090
GN=Atp5mf PE=1 SV=3

6.4230947

5.619781823

Q9CPW4

Arpc5

Actin-related protein 2/3 complex
subunit 5 OS=Mus musculus
0X=10090 GN=Arpc5 PE=1 SV=3

9.476369588

9.467414751

P05132

Prkaca

cAMP-dependent protein kinase cat-
alytic subunit alpha OS=Mus mus-
culus OX=10090 GN=Prkaca PE=1
Sv=3

9.611939459

8.476227049

QIQX47

Son

Protein SON OS=Mus musculus
OX=10090 GN=Son PE=1 SV=2

7.5710412

7.031104315

Q8BG32

Psmd11

26S proteasome non-ATPase regu-
latory subunit 11 OS=Mus musculus
OX=10090 GN=Psmdil PE=1
Sv=3

9.562013271

8.958572893

Q02105

Clqgc

Complement Clg subcomponent
subunit C OS=Mus musculus
0X=10090 GN=C1qc PE=1 SV=2

10.95621154

11.09377728

QICVB6

Arpc2

Actin-related protein 2/3 complex
subunit 2 OS=Mus musculus
0X=10090 GN=Arpc2 PE=1 SV=3

9.990886377

8.942534282

Q9CZW5

Tomm70

Mitochondrial import receptor subu-
nit TOM70 OS=Mus musculus
OX=10090 GN=Tomm70 PE=1
SvV=2

9.325153427

8.647909227

Q6PGG6

Gnl3|

Guanine nucleotide-binding protein-
like 3-like protein OS=Mus musculus
0OX=10090 GN=GnI3I PE=1 SV=1

8.341695805

7.603201173

Q92474

Cers2

Ceramide synthase 2 OS=Mus mus-
culus OX=10090 GN=Cers2 PE=1
Sv=l

9.025137027

8.112740788

Q791V5

Mtch2

Mitochondrial carrier homolog 2
OS=Mus musculus OX=10090
GN=Mtch2 PE=1 SV=1

9.680263685

8.779495594

Q80ZW?2

Them6

Protein THEM6 OS=Mus musculus
0OX=10090 GN=Them6 PE=1 SV=1

8.28462433

7.658370148

P29387

Gnb4

Guanine nucleotide-binding protein
subunit beta-4 OS=Mus musculus
0OX=10090 GN=Gnb4 PE=1 SV=4

4124312171

4.398376971

P49717

Mcm4

DNA replication licensing factor
MCM4 OS=Mus musculus
OX=10090 GN=Mcm4 PE=1 Sv=1

8.519856134

8.25717402

055142

Rpl35a

60S ribosomal protein L35a
OS=Mus musculus  OX=10090
GN=Rpl35a PE=1 SV=2

3.697111783

3.253919576

P53026

Rpl10a

60S ribosomal protein L10a
OS=Mus musculus  OX=10090
GN=Rpll0a PE=1 SV=3

10.71440584

10.29271446

Q8C854

Myef2

Myelin expression factor 2 OS=Mus
musculus OX=10090 GN=Myef2
PE=1 Sv=1

9.00205197

8.051149725

Q6PDQ2

Chd4

Chromodomain-helicase-DNA-bind-
ing protein 4 OS=Mus musculus
OX=10090 GN=Chd4 PE=1 SV=1

4.404162914

4.043781272

Q8BMAG

Srp68

Signal recognition particle subunit
SRP68 OS=Mus musculus
0X=10090 GN=Srp68 PE=1 SV=2

8.446678217

7.332560275

Q3UFY8

Trmt10c

tRNA methyltransferase 10 homolog
C 0OS=Mus musculus OX=10090
GN=Trmt10c PE=1 SV=2

8.711829003

7.810437389

035682

Myadm

Myeloid-associated differentiation
marker OS=Mus musculus
0X=10090 GN=Myadm PE=1 SV=2

8.070933444

8.017805278

P61982

Ywhag

14-3-3 protein gamma OS=Mus
musculus OX=10090 GN=Ywhag
PE=1 SV=2

7.025895861

7.446516307
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088696

Clpp

ATP-dependent Clp protease prote-
olytic subunit, mitochondrial
OS=Mus musculus OX=10090
GN=Clpp PE=1 SV=1

9.732827093

8.643607303

P68254

Ywhaq

14-3-3 protein theta OS=Mus mus-
culus OX=10090 GN=Ywhaq PE=1
Sv=1

8.977680571

8.222803156

Q62186

Ssr4

Translocon-associated protein sub-
unit delta OS=Mus musculus
OX=10090 GN=Ssr4 PE=1 SV=1

10.49152738

9.137851856

P62892

Rpl39

60S ribosomal protein L39 OS=Mus
musculus  OX=10090 GN=Rpl39
PE=1SV=2

1.581386352

1.419670736

QI9DCH4

Eif3f

Eukaryotic translation initiation fac-
tor 3 subunit F OS=Mus musculus
0OX=10090 GN=Eif3f PE=1 SV=2

7.91890972

7.930895034

E9Q414

Apob

Apolipoprotein B-100 OS=Mus mus-
culus OX=10090 GN=Apob PE=1
Sv=1

8.059531122

8.38677912

Q9DBS85

Rrp8

Ribosomal RNA-processing protein
8 OS=Mus musculus OX=10090
GN=Rrp8 PE=1 SV=1

7.352839946

6.797316289

Q9ROP5

Dstn

Destrin OS=Mus musculus
OX=10090 GN=Dstn PE=1 SV=3

10.02251885

8.725203453

Q06185

AtpSme

ATP synthase subunit e, mitochon-
drial OS=Mus musculus OX=10090
GN=Atp5me PE=1 SV=2

9.737729476

8.669425654

035216

Cenpa

Histone H3-like centromeric protein
A OS=Mus musculus OX=10090
GN=Cenpa PE=2 SV=1

5.774558862

5.870749815

Q97127

Slc7a5

Large neutral amino acids trans-
porter small subunit 1 OS=Mus mus-
culus OX=10090 GN=SIc7a5 PE=1
Sv=2

9.455372031

8.67217486

P52293

Kpna2

Importin subunit alpha-1 OS=Mus
musculus 0OX=10090 GN=Kpna2
PE=1 SV=2

8.785734018

8.091747056

P61161

Actr2

Actin-related protein 2 OS=Mus
musculus  OX=10090 GN=Actr2
PE=1 Sv=1

8.84707446

8.539087324

P50136

Bckdha

2-oxoisovalerate
subunit alpha,
OS=Mus musculus
GN=Bckdha PE=1 SV=1

dehydrogenase
mitochondrial
0OX=10090

5.162983005

5.197038022

P01872

Ighm

Immunoglobulin heavy constant mu
OS=Mus musculus  OX=10090
GN=Ighm PE=1 SV=2

12.28100476

12.21673002

P70168

Kpnbl

Importin subunit beta-1 OS=Mus
musculus OX=10090 GN=Kpnbl
PE=1 SV=2

8.290886477

7.558121482

Q99J16

Raplb

Ras-related protein
OS=Mus  musculus
GN=Raplb PE=1 SV=2

Rap-1b
OX=10090

7.995144594

7.845177996

P83887

Tubgl

Tubulin gamma-1 chain OS=Mus
musculus OX=10090 GN=Tubgl
PE=1 Sv=1

9.833010988

8.74834745

Q9D1ES

Agpat5

1-acyl-sn-glycerol-3-phosphate
acyltransferase epsilon OS=Mus
musculus OX=10090 GN=Agpat5
PE=1 SV=2

7.561180946

7.500436368

Q9JKV1

Adrm1

Proteasomal  ubiquitin  receptor
ADRM1 OS=Mus musculus
0X=10090 GN=Adrm1 PE=1 SV=2

8.093108029

7.717183774

Q7TMBS

Cyfipl

Cytoplasmic FMR1-interacting pro-
tein 1 OS=Mus musculus OX=10090
GN=Cyfipl PE=1 SV=1

8.053728552

7.041019399
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Q99J56 Derll Derlin-1 OS=Mus musculus | 9.16395657 | 8.558775926 1
0X=10090 GN=Derl1 PE=1 SV=1
Q9CPQ1 | Cox6ec Cytochrome c oxidase subunit 6C | 7.522306744 | 7.475009268 1
OS=Mus musculus OX=10090
GN=Cox6c PE=1 SV=3
Q9CQQ7 | Atp5pb ATP synthase F(0) complex subunit | 10.89938984 | 9.901975177 1
B1, mitochondrial OS=Mus muscu-
lus OX=10090 GN=Atp5pb PE=1
Sv=1
a b c
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Supplementary Figure 3: TAOK2 associates with the cytoplasmic polyribosome complex in wild

type mouse cerebellum and its deficiency enhance general translation.

(a) and (b) Representative polysome profiles for cerebella of 4 weeks old TAOK2 ** and TAOK2 %d mice respec-
tively, fractionated on 17.5% —50% sucrose gradient shows an increase in polysome-to-monosome (p/m) ratio in
the profiles of TAOK2 9d mice.

(c) Quantifications of normalized p/m ratio for polysomes profiles of TAOK2 ** and TAOK2 %@ mice cerebella, shows
a statistically significant increase in the P/M ratio in the profiles from TAOK2 %d mice. Number of animals, TAOK2
**n=7, TAOK2 % n=6; SEM. error bars, *P < 0.05, unpaired t-test.

(d) and (e) Immunoblots of the cerebellar polysomes fractions pooled as in the scheme, showing the presence of
TAOK2B across all fractions from polysomes of the TAOK2 ** (d) and its absence in the TAOK2 9d (e). PABP1 and
RPL7a were used as positive controls and GAPDH as a negative control to prove the efficiency of polysomes
preparation across the gradient. Input from WT cortex was loaded before the polysomes fractions to verify the

specificity of the TAOK2[3 antibody.
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Supplementary Figure 4: TAOK?2 associates with the actively translating polyribosome complex.

(a) Representative polysome profiles of cortical TAOK2 ** lysate under normal basal conditions or after EDTA
treatment to disrupt polysomes, fractionated on 17.5% — 50% sucrose gradients and subjected to polysome profil-
ing. In the EDTA treated profile, the EDTA dissociated the ribosomes leading to the disappearance of polysomes
peaks and increase in peaks of monosomes, and the ribosomal subunits 40S and 60S.

(b) and (c) Immunoblots against the indicated antibodies from the indicated pooled fractions aligned with the corre-
sponding profile gradient. Note the presence of TAOK2@ with PAPB and RPL7a (house-keeping proteins in the
cytoplasmic ribosomal complex) across all heavier polysomes fractions from the untreated cortex. In the EDTA-
treated fractions, the distribution of PABP1, RPL7a, and TAOK2[ signals are not detected in the deeper polysomes
fractions and instead accumulate in the unbound and monosome fractions. TAOK2f with PABP1 and RPL7a show
the same distribution pattern with an overall shift toward lighter fractions of the gradient, which confirm the presence

of TAOK2 in the cytoplasmic ribosomal complex. GAPDH was used as a negative control.
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Supplementary Figure 5: Overexpression TAOK2 isoforms B or a in N2a cells suppresses the

cellular general translation.

(a) Overlay of representative polysome profiles of transiently transfected (48h post-transfection) with wild type
TAOK2p or empty vector control plasmids. pcDNA3.1-myc-tag.

(b) Quantifications of the normalized P/M ratios of polysome profiles from different independent transfection exper-
iments reveal a statistically significant decrease of the P/M ratio in profiles from wild type TAOK2[3 overexpressed
cells compared to the ones from the control cells. The number of biological replicates, wild type TAOK2f transfected
cells n=7, control n= 8, SEM. error bars, *P < 0.05, unpaired t-test.

(c) Immunoblots for the pooled gradient polysomes fractions representing the corresponding profile gradient against
the presented antibodies for N2a cells transfected with wild type TAOK2 or control plasmids. Note the clear signal
of Myc-tag antibody against the Myc-tag polypeptide protein in the pCMVhuTAOK2B-myc tag isoform in the all
fractions of polysomes after wild type TAOK2( isoform overexpression (lower), while there is no Myc-tag signal
detected across the fractions of polysome profile from the control cells (upper). PABP1 and RPI7a were used as
house-keeping proteins in the cytoplasmic ribosomal complex and GAPDH as a negative control across polysome
profile fractions across the gradient. Input from the total cytoplasmic lysate, either from the TAOK2f isoform trans-
fected cells or the control cells was loaded at the beginning of the blot to verify the specificity of the antibody and
the transfection efficiency.

(d) Overlay of representative polysome profiles of N2a cells transiently transfected (48h post-transfection) with wild
type TAOK2a or control plasmids.

(e) Quantifications of the normalized P/M ratios of polysome profiles from different independent transfection exper-

iments reveal a statistically significant decrease of P/M ratio in profiles from wild type TAOK2a overexpressed cells
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compared to the ones from the control cells. The number of biological replicates, wild type TAOK2a transfected
cells n= 8, control n= 7, SEM. error bars, **** p < 0.0001, unpaired t-test.

(f) Immunobilots for the pooled gradient polysomes fractions representing the corresponding profile gradient against
the presented antibodies for N2a cells transiently transfected with wild type TAOK2a or control plasmids. Note the
presence signal of Myc-tag antibody against the Myc-tag polypeptide protein in the pCMVhuTAOK2a-myc tag iso-
form in most fractions of polysomes after wild type TAOKZ2a isoform overexpression (lower), while there is no Myc-
tag signal detected across the fractions of polysome profile from the control cells (upper). PABP1 and RPI7a were
used as house-keeping proteins in the cytoplasmic ribosomal complex and GAPDH as a negative control across
polysome profile fractions across the gradient. Input from the total cytoplasmic lysate, either from the TAOK2a
isoform transfected cells or the control cells was loaded at the beginning of the blot to verify the specificity of the

antibody and the transfection efficiency.
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Supplementary Figure 6: TAOK2B mutations P1022* enhances general translation.

(a) Overlay of representative polysome profiles of N2a cells transiently transfected (48h post-transfection) with
TAOK2BP1022* or empty vector control plasmids.

(b) Quantifications of the normalized P/M ratios of polysome profiles from different independent transfection exper-
iments reveal a statistically significant increase of P/M ratio in profiles from TAOK2BP1022* transfected cells com-
pared to the ones from the control cells. The number of biological replicates, TAOK2BP1022* transfected cells n=
7, control n= 8; SEM. error bars, **P < 0.01, unpaired t-test.

(c) Immunoblots for the pooled gradient polysomes fractions representing the corresponding profile gradient against
the presented antibodies for N2a cells transiently transfected with TAOK2(3-P1022* or control plasmids. Note the
clear presence of TAOK2B (driven by pCMVhuTAOK2(3-P1022* overexpression) in polysomes compared to the
less detected endogenous TAOK2f in polysomes of control cells. PABP1 and RPI7a were used as house-keeping
proteins in the cytoplasmic ribosomal complex and GAPDH as a negative control across polysome profile fractions.
Input from the total cytoplasmic lysate, either from the TAOK2B-P1022* transfected cells or the control cells was

loaded at the beginning of the blot to verify the specificity of the antibody and the transfection efficiency.

Supplementary Table 3: TAOK2 isoforms in polysomes from TAOK2 ** cortex
identified by LC-MS analysis.

Proteins Unique Se- -7.1E+18 9E+18
quence ID

Checked TRUE TRUE
Accession Q62Q29 Q62Q29-2
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Protein Name

Serine/threonine - protein kinase
TAO2 0OS=Mus musculus
OX=10090 GN=Taok2 PE=1
SV=3 (TAOK2 a isoform)

Isoform 2 of Serine/threonine-protein
kinase TAO2 0OS=Mus musculus
OX=10090 GN=Taok2

(TAOK2 B isoform)

# Peptides 6 10

# PSMs 12 21

# Unique Peptides 4 8

MW [kDa] 139.2 119.9
Score Sequest HT: Se- | 33.13 62.92
quest HT

Abundance: Cortex-1 49311054 72746653
Abundance: Cortex-2 11276796 32734750
Abundance: Cortex-3 53828327 79178135
Abundance: Cortex-4 15039645 31026162

Supplementary Table 4: List of the significantly upregulated proteins in the PFC

of TAOK2 94 mice from the differential expression protein analysis. The values

are shown with protein intensity difference and the log2 (P value) as in the columns.

The blue color highlights the proteins with translation function.

Protein IDs Gene Protein names Difference |- LOG (P- | Peptides
names value)

AOAQU1RPIO;A | 1110004F | Small acidic protein -0.49801 3.939593 |1

OAOU1RPJ7;D6 | 10Rik;Sm

RI64;D3YVR9;Q | ap

9ROP4

AOA338P6L5;Q | Abcf3 ATP-binding cassette sub- | -0.86294 3.976373 |2

8K268;A0A338P family F member 3

774

Q99PT1 Arhgdia Rho GDP-dissociation in- -0.26566 3.896775 | 15

hibitor 1

P45591;A0A1Y7 | Cfl2 Cofilin-2 -0.50544 7.355158 | 11

V371

P60824;K4DI65; | Cirbp Cold-inducible RNA-binding | -0.5976 4.613841 |7

D3YU80 protein

EOCXH4;A0A21 | Cmbl Carboxymethylenebutenoli- | -0.46519 3.916539 |2

3BPJ4;Q8R1G2 dase homolog

;EOCXT6

Q9WUMS3;A0A4 | Corolb Coronin-1B -0.19208 5.622938 | 12

94B9Y4;A0A494

BAI1;D3YUG6
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AOAO0JO9YUM4;A | Ctbpl C-terminal-binding protein 1 | -0.20094 4.622307 | 10

0A0J9YU62;08

8712;A0A0J9YT

W3;A0A0J9YUR

5;A0A0J9YUE6;

AOA0J9YVI3;E9

QO0T4

Q9JLV5;E9Q4T | Cul3 Cullin-3 -0.24951 3.600556 | 12

8;F6UY44;F62Z

KO

Q91YW3 Dnajc3 DnaJ homolog subfamily C | -0.46341 3.125777 |3
member 3

Q8BZ98;E9QLL | Dnm3 Dynamin-3 -0.32695 5.415404 | 23

2;F27460;E0CX

Z8

AOAL1Y7VLY2;P | Dock4 Dedicator of cytokinesis -0.36883 2.339841 |5

59764 protein 4

Q8BHA3 Dtd2 Probable D-tyrosyl- -0.32432 3.268549 | 2
tRNA(Tyr) deacylase 2

QB80UES5;07031 | Epb4.112; | Band 4.1-like protein 2 -0.38184 2.782093 | 23

8;Q80UE4;Q8C | Epb41li2

928;A0A1W2P6I

5;A0A1W2P7I12;

AOAIW2P6HZ2;A

0A1W2P714;A0

A1W2P896;A0A

1W2P7H7;A0A1

W2P8CO0

A2BDQ4;Q6177 | Epha7 Receptor protein-tyrosine -0.98835 9.617365 |5

2;G1K381;Q031 kinase;Ephrin type-A recep-

45;062413 tor7

P54763 Ephb2 Ephrin type-B receptor 2 -0.32078 2.918805 |5

Q6P5B5;Q9WV | Fxr2 Fragile X mental retardation | -0.49849 5.041863 | 3

R4 syndrome-related protein 2

P63213 Gng2 Guanine nucleotide-binding | -0.42095 3.91404 7
protein G(1)/G(S)/G(O) sub-
unit gamma-2

Z4YJU8;A0A6I8 | Golga2 Golgin subfamily A member | -0.2243 4.97995 7

MWY5;E9PUQ5
:AOABIBMX07;Q

2
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921M4;A2AN46;

A2AN48;A2AN4
5
Q60631;B1AT9 | Grb2 Growth factor receptor- -0.18459 5.28051
2;B1AT95 bound protein 2
Q14BI2;A0A0J9 | Grm2 Metabotropic glutamate re- | -0.56213 3.386644
YVFO;A0A0J9Y ceptor 2
uas
Q99N15;A2AFQ | Hsd17b10 | 3-hydroxyacyl-CoA dehy- -0.32696 3.995538
2;008756 drogenase type-2
P05532 Kit Mast/stem cell growth fac- -0.35829 2.67921
tor receptor Kit
Q9QYH6 Magedl Melanoma-associated anti- | -0.21393 5.123702
gen D1
AOAOABYXE3;A | Mbnll Muscleblind-like protein 1 -0.33049 3.853954
OAOABYWBO;G
3X9Q0;A0A0A6
YVV8;Q9JKP5;
AOAOABYXP3;A
OAOABYXL7;A0
AOAGYWJ5;A0A
213BRX8:Q3U5
70;A0A0AGYW
G1;Q3U581;A0
AOAGBYXQ4;S4R
267,Q8R003
A2A845;Q9DCS | Mecr Trans-2-enoyl-CoA reduc- -0.49501 2.939272
3 tase, mitochondrial
Q8BG81;Q3UD | Poldip3 Polymerase delta-interact- -0.34108 3.868911
D3 ing protein 3
AOAON4SVL9;Q | Ppp6c Serine/threonine-protein -0.37886 2.887118
9CQR6;A0AON4 phosphatase 6 catalytic
SVE2 subunit;Serine/threonine-
protein phosphatase 6 cat-
alytic subunit, N-terminally
processed
Q9WTX2 Prkra Interferon-inducible double- | -0.38855 3.112466

stranded RNA-dependent

protein kinase activator A
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Q61136 Prpfdb Serine/threonine-protein ki- | -0.32104 4.052412 | 2
nase PRP4 homolog

Q52KR3 Prune2 Protein prune homolog 2 -0.35937 4200427 | 2

009114 Ptgds Prostaglandin-H2 D-iso- -0.41003 2278132 | 2
merase

Q8R4E6 Purg Purine-rich element-binding | -0.39094 4.404852 |7
protein gamma

089086;Q8BG1 | Rbm3 RNA-binding protein 3 -0.53754 3.047815 |5

3

Q9D8S4;A0AL1L | Rexo2 Oligoribonuclease, mito- -0.33459 3.154261 |3

1SS58 chondrial

Q9CQE5 Rgs10 Regulator of G-protein sig- | -0.78885 4,338501 |2
naling 10

H3BJB4;Q99MB | Rnf141 RING finger protein 141 -0.75688 3.903246 |1

7

Q3TDKG6;A0A0J | Rogdi Protein rogdi homolog -0.39869 5.572412 |3

9YUG1

Q9D7S7 Rpl22I11 60S ribosomal protein L22- | -0.34397 2.610141 | 3
like 1

Q62ZWZ4;P4796 | Rpl36 60S ribosomal protein L36 -0.44578 4.115999 | 4

4

AOA2I3BPG9;P | Rpl36a;G | 60S ribosomal protein L36a | -0.4176 2.238067 |2

83882;A0A0A6Y | m6525

W33

P63325 Rps10 40S ribosomal protein S10 | -0.57824 4987783 | 6

Q9CQR2 Rps21 40S ribosomal protein S21 | -0.30691 5.105988 | 7

P62754 Rps6 40S ribosomal protein S6 -0.43845 3.292349 |9

Q9D1MO Secl13 Protein SEC13 homolog -0.36765 3.879319 |2

A2BE92;A2BE9 | Set Protein SET -0.39544 4827507 | 3

3;Q9EQUS5

Q8VHLO Sicl4al Urea transporter 1 -0.60879 3.114884 | 2

Q6PGE7 Slcéa7 Sodium-dependent proline -0.27693 3.806459 | 2
transporter

Q91VvZ6;D3YVX | Smapl Stromal membrane-associ- | -0.36099 3.285337 | 3

4 ated protein 1

P62317 Snrpd2 Small nuclear ribonucleo- -0.21199 4481814 | 3
protein Sm D2

AOAOR4J124;0 | Srpk2 SRSF protein kinase -0.35416 4299307 |3

54781;A0A3B2 2;SRSF protein kinase 2 N-
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W716;,A0A3B2W
883

terminal;SRSF protein

kinase 2 C-terminal

protein A

H7BX95;Q6PD | Srsfl Serine/arginine-rich splicing | -0.37349 3.698437 | 12

M2;F7AI47;F6Q factor 1

XN3

Q9CQA1 Trappc5 Trafficking protein particle -0.39995 2962404 |1
complex subunit 5

Q61187;A0A1B | Tsgl01 Tumor susceptibility gene -0.213 4861522 |9

0GS09;A0A1BO 101 protein

GS10;A0A1B0OG

RX2;D322V5;D

320S9

Q9WV55;A0A3 | Vapa Vesicle-associated mem- -0.40543 4.035833 |5

B2wW837 brane protein-associated

Supplementary Table 5: List of the significantly down-regulated proteins in the

PFC of TAOK2 9 mice from the differential expression protein analysis. The val-

ues are shown with protein intensity difference and the log2 (P value) as in the col-

umns.
Protein IDs Gene Protein names Differ- - LOG (P- | Peptides
names ence value)
F274B3;035207 | Cdk2apl; | Cyclin-dependent kinase 2- | 0.333499 | 3.032975 |1
;QICPY4 Cdk2ap2 | associated protein 1;Cyclin-
dependent kinase 2-associ-
ated protein 2
Q8BGD5 Cptlc Carnitine O-palmitoyltransfer- | 1.022719 | 1.844631 | 2
ase 1, brain isoform
Q62095;P16381 | Ddx3y;D1 | ATP-dependent RNA hel- | 0.809737 | 1.927956 | 14
Pasl icase DDX3Y;Putative ATP-
dependent RNA helicase
PI10
Q68FM6 Elfn2 Protein phosphatase 1 regu- | 0.359496 | 2.69313 2
latory subunit 29
P07901;B7ZC50 | Hsp90aal | Heat shock protein HSP 90- | 0.207462 | 3.912967 | 46
;A2A6A2;B7Z2C4 alpha
9
D3YXG2;Q9QZ | Nagk N-acetyl-D-glucosamine  ki- | 0.400807 | 3.251424 | 2
08;Q9D997 nase
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Q9JIH2 Nup50 Nuclear pore complex protein | 0.271797 | 3.365532
Nup50

Q8C7K6 Pcyox1l Prenylcysteine oxidase-like 0.356265 | 2.727487

Q6PB44 Ptpn23 Tyrosine-protein ~ phospha- | 0.296004 | 4.33002
tase non-receptor type 23

Q99N57 Rafl RAF proto-oncogene ser- | 0.523838 | 4.197362
ine/threonine-protein kinase

Q62Q29 Taok2 Serine/threonine-protein  ki- | 0.657589 | 4.757195

nase TAO2
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