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Abstract

Neurons critically depend on regulated RNA localization and tight control of spatio-temporal gene
expression to maintain their morphological and functional integrity. Mutations in the kinesin motor
protein gene KIF1C cause Hereditary Spastic Paraplegia, an autosomal recessive disease leading
to predominant degeneration of the long axons of central motoneurons. In this study we aimed to
gain insight into the molecular function of KIF1C and understand how KIF1C dysfunction
contributes to motoneuron degeneration.

We used affinity proteomics in neuronally differentiated neuroblastoma cells (SH-SY5Y) to identify
the protein complex associated with KIF1C in neuronal cells; candidate interactions were then
validated by immunoprecipitation and mislocalization of putative KIF1C cargoes was studied by
immunostainings.

We found KIF1C to interact with all core components of the exon junction complex (EJC);
expression of mutant KIF1C in neuronal cells leads to loss of the typical localization distally in
neurites. Instead, EJC core components accumulate in the pericentrosomal region, here co-
localizing with mutant KIF1C. These findings suggest KIF1C as a neuronal transporter of the EJC.
Interestingly, the binding of KIF1C to the EJC is RNA-mediated, as treatment with RNAse prior to
immunoprecipitation almost completely abolishes the interaction. Silica-based solid-phase
extraction of UV-crosslinked RNA-protein complexes furthermore supports direct interaction of
KIF1C with RNA, as recently also demonstrated for kinesin heavy chain. Taken together, our
findings are consistent with a model where KIF1C transports mRNA in an EJC-bound and
therefore transcriptionally silenced state along neurites, thus providing the missing link between

the EJC and mRNA localization in neurons.
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Introduction

Neurons critically rely on precisely regulated spatio-temporal gene expression and protein
translation as they are highly polarized, display extreme morphological complexity and require a
potent communication between their soma and distal processes (Bentley and Banker 2016).
Consequently, localization of mMRNA and subsequent local protein synthesis contribute to multiple
neuronal functions like synaptogenesis, synapse pruning, axon guidance, axon regeneration, and
synaptic plasticity (Sutton and Schuman 2006; Wang et al. 2010; Perry and Fainzilber 2014; Tom
Dieck et al. 2014). Axons and dendrites thus display a highly complex transcriptome, with more
than 2,000 mRNAs localizing to neurites of hippocampal neurons (Cajigas et al. 2012; Kar et al.
2018).

The exon junction complex (EJC) has been suggested to link transcription, splicing, nonsense-
mediated mMRNA decay, cytoplasmic mRNA localization and local translation (Woodward et al.
2017). Hereby, the EJC assembles upstream of exon-junctions during the nuclear splicing of pre-
MRNA and remains bound to the RNA throughout most its lifecycle until it is removed during the
‘pioneer round of translation’. The eukaryotic Translation Initiation Factor 4A3 (elF4A3) is the
anchor around which the EJC assembles; mago nashi homolog (MAGOH) and RNA-binding
protein 8A / Y14 (RBM8A) have been identified as additional core components of the complex
(Chan et al. 2004, Ferraiuolo et al. 2004). In mammals, MAGOH protein may be synthesized from
either of two homologous genes MAGOH and MAGOHB (Boehm and Gehring 2016). Metastatic
lymph node gene 51 protein (MLN51/CASC3/Barentsz) was proposed as a fourth core
component, but recent studies suggest that it is not required for EJC assembly during splicing in
living cells and thus is no compulsory component (Mabin et al. 2018; Gerbracht et al. 2020;
Schlautmann and Gehring 2020). Additionally, more than 30 proteins were specifically purified
with the EJC core and identified as so-called peripheral EJC components (Tange et al. 2005; Merz

et al. 2007; Singh et al. 2012).
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Little is known about the specific role of the EJC in mammalian neurons. Studies suggest a role
in MRNA transport and localization, although most evidence is indirect. In neuronal processes,
messenger ribonucleoproteins (MRNPSs) containing components of the EJC have been described.
These mRNPs constitute functional transport granules which have been detected alongside
microtubules (St Johnston 2005; Kiebler and Bassell 2006) and contain translationally silenced
MRNAs together with components of the translation machinery. In rat hippocampal and cortical
neurons, elF4A3 showed a somatodendritic localization and associated with other dendritically
localized mRNP proteins like Staufen 1 or Fragile X protein. Moreover, elF4A3 associates with
specific dendritic MRNAs (Arc, MAP2, Dendrin) and was necessary to regulate Arc abundance
(Giorgi et al. 2007). Further support for a potential link between the EJC and mRNA localization
was also obtained in other model systems. In drosophila, the EJC is essential for localization of
oskar mRNA to the posterior pole of drosophila oocytes (Hachet and Ephrussi 2001; Hachet and
Ephrussi 2004; Besse and Ephrussi 2008). In human retinal pigment epithelial (RPE1) cells, EJC
components elF4A3 and RBMB8A associate with ninein (NIN) mRNA and are required to maintain
the centrosomal localization of NIN transcripts and enable ciliogenesis (Kwon et al. 2021).

The EJC plays important roles in neurodevelopment and deficiency of EJC core components has
been shown to lead to defects of embryonic neurogenesis and microcephaly in mice (Bartkowska
et al. 2018). Furthermore, mutations in components of the EJC core complex have been linked to
two human diseases (RBMB8A - Thrombocytopenia-absent radius syndrome / #274000; EIF4A3 -
Robin sequence with cleft mandible and limb anomalies / #268305). Moreover, microdeletions of
1g21.1, alocus harboring the RBM8A gene, have been associated with autism spectrum disorders
(Woodward et al. 2017).

Axonopathies are degenerative disorders primarily characterized by length-dependent
degeneration of central or peripheral axonal processes. They comprise Hereditary Spastic
Paraplegias (HSP), a large heterogeneous group of genetic degenerative diseases affecting

central motor axons in the corticospinal tract and Charcot-Marie-Tooth disease (CMT), peripheral
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axonopathies with putative sensory as well as motor involvement. The long neuronal axons
involved in HSPs and/or CMTs are patrticularly vulnerable to disturbances of intracellular long-
distance transport. Indeed, mutations in multiple members of the kinesin family have been
implicated in causing axonopathy phenotypes, including conventional kinesin / kinesin-1 (KIF5A —
spastic paraplegia type 10 / #604187; KIF5C — complex cortical dysplasia with other brain
malformations type 2 / #615282; KLC2 - spastic paraplegia, optic atrophy, and neuropathy /
#609541), kinesin-3 (KIF1A - hereditary sensory neuropathy type IIC / #614213 and spastic
paraplegia type 30/ #610357; KIF1B - Charcot-Marie-Tooth disease, axonal, type 2al / #118210;
KIF1C - Spastic ataxia type 2 / #611302), and kinesin-11 (KIF26B - autosomal dominant
spinocerebellar ataxia and pontocerebellar hypoplasia with arthrogryposis) (Kalantari and Filges
2020). Mutations in the kinesin-3 gene KIF1C have been shown to cause autosomal recessive
HSP complicated by cerebellar involvement (Caballero Oteyza et al. 2014; Dor et al. 2014; Yucel-
Yilmaz et al. 2018; Marchionni et al. 2019; Santos et al. 2022). Mutation types observed in patients
with HSP-KIF1C include missense variants in the kinesin-3 motor domain as well as truncating
mutations scattered throughout the open reading frame and thus suggest loss of motor function
as the relevant disease mechanism. KIF1C is the fastest human cargo transporter (Lipka et al.
2016) and is therefore essential for long distance transport as well as highly dynamic transport
requirements.

KIF1C has been connected to multiple cellular functions. Together with dynein it participates in
the bidirectional transport of Rab6-positive secretory vesicles along axons and dendrites in rat
primary hippocampal neurons (Schlager et al. 2010; Lipka et al. 2016). KIF1C motor activity is
regulated by binding to the Rab6 effector BICDR-1 which supports pericentrosomal localization of
Rab6-positive vesicles (Schlager et al. 2010). While high levels of BICDR-1 expression in young
neurons favor minus-end directed transport of Rab6-positive vesicles, decreasing BICDR-1 levels
in maturing neurons shift the balance towards anterograde transport of secretory vesicles required

for neurite outgrowth. Accordingly, it has been shown that knockdown of KIF1C in rat primary
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hippocampal neurons leads to defects of neurite outgrowth (Schlager et al. 2010). Rab6 binding
sites at both the C-terminus as well as the N-terminus of KIF1C further mediate a role for KIF1C
in maintenance of Golgi morphology which is independent from KIF1C’s motor function; KIF1C
depletion consequently leads to fragmentation of the Golgi in HelLa cells (Simpson et al. 2012;
Lee et al. 2015). Additionally, KIF1C has been implicated in cell migration. KIF1C-dependent
transport of integrins (a5B1-integrins) stabilizes trailing adhesions in human retinal pigment
epithelial cells and thus supports directional migration (Theisen et al. 2012). Moreover, KIF1C is
involved in formation of podosomes in vascular smooth muscle cells and macrophages (Kopp et
al. 2006; Bhuwania et al. 2014; Efimova et al. 2014), a process that has been repeatedly linked to
cell migration (Efimova et al. 2014). Furthermore, KIF1C depletion leads to decreased
presentation of MHC class Il proteins at the cell surface of antigen presenting cells (Franzini et al.
2012). Lastly, KIF1C has recently been implicated in transport of APC-dependent mRNAs. In Hela
and human breast cancer MDA-MB-231 cells, KIF1C associates with APC and is required for the
active transport of this specific subset of mMRNAs (Pichon et al. 2021).

In this study, we aimed at understanding how KIF1C dysfunction leads to neuronal degeneration.
Interactome analysis in a neuronal cell model identified interaction of KIF1C with multiple
components of the EJC. Hereby, formation of the KIFL1C-EJC complex requires binding of RNA.
KIF1C mutations lead to mislocalization of EJC components in neuronal cells, suggesting KIF1C

as a putative transporter of the EJC in neurons.
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Results

Affinity proteomics in a neuronal cell model reveals interaction of KIF1C with components

of the exon junction complex

The biological role of KIF1C is incompletely understood. To characterize the protein complex
interacting with KIF1C in a neuronal cellular background, we therefore performed affinity
proteomics in neuronally differentiated SH-SY5Y cells. We overexpressed KIF1Cwr and mutant
KIF1Cegi024, which has been shown to cause hereditary spastic paraplegia (HSP-KIF1C) (Caballero
Oteyza et al. 2014), fused to an HA-tag, using expression of an ‘empty’ HA-tag as a control. After
affinity purification, KIF1C interactors were subjected to mass spectrometric analysis
(Supplementary table 1). 14 proteins were significantly enriched in KIF1Cwr expressing cells and
12 out of the 14 proteins were also significantly enriched in KIF1Cgig24 cells (analysis compared
to empty HA-Tag; list of significant interactors in Table 1). Hereby, KIF1C was found to interact
with itself; this interaction was to be expected as KIF1C forms dimers (Dorner et al. 1999). 14-3-3
protein theta (YWHAQ), another potential interactor of KIF1C identified in a previous proteome
analysis (Wang et al. 2011) was also re-identified in our analysis. Pathway enrichment analysis
using WebGestalt revealed that 9 of the significant interactors are associated with the exon
junction complex (p= 0.0) (Fig. 1 A). Furthermore, the GO terms RNA binding (p=1,64e®; 12 out
of the 14 interactors), MRNA processing (p= 1.4433e4; 11/14) and RNA localization (p= 3.3785e-
8; 6/14) were enriched. All core components of the EJC, including elF4A3, RBM8A and MAGOH,
were found among the significantly enriched hits, as well as some peripheral components of the
EJC like CASC3, Chromatin target of PRMT1 (CHTOP) and all components of the apoptosis- and
splicing-associated ASAP and PSAP complexes.

Interestingly, additional peripheral EJC components were also found to be enriched, albeit with
slightly less stringent filter criteria (Supplementary table 1). Enrichment of EJC associated proteins

(p = 0.0) and RNA-associated GO terms was also confirmed for this extended list (110 proteins
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total), which additionally included the EJC associated proteins THO complex subunit 4 (ALY/REF),
Telomerase-binding protein EST1A (SMG6), Thyroid hormone receptor associated protein 3

(THRAP3) and Serine/arginine-rich splicing factor 1 (SRSF1).

Immunoprecipitation validates the interaction of KIF1C with PABP, elF4A3, RBM8A and

MAGOH

To validate the putative interaction of KIF1C with the EJC, we performed an immunoprecipitation
(IP) with the three obligatory core components of the EJC — elF4A3, RBM8A and MAGOH - as
well as with Polyadenylate-binding protein 1 (PABPC1), an RNA binding protein (RBP) that has
been repeatedly shown to interact with components of the EJC (Kashima et al. 2006; Izumi et al.
2010; Singh et al. 2012). All four selected interaction partners identified by mass spectrometry
could be confirmed by IP in neuronally differentiated SH-SY5Y cells (Fig. 1 B). None of the tested
proteins interacted with the kinesin motor protein KIF5A, mutated in HSP type SPG10, thus
confirming that interaction with the EJC is not a class effect but rather appears to be specific for
KIF1C. Additionally, no difference could be detected between KIF1Cwr and mutant KIF1Cgio2a
(Fig. 1 B) in the IP.

Interaction of KIF1C with elF4A3 and PABPC1 was furthermore confirmed in a non-neuronal cell

model (HEK 293 cells; Supplementary Fig. 1 A).

Co-immunoprecipitation of core EJC component elF4A3 confirms interaction

To further confirm the interaction of KIF1C with the EJC, a co-immunoprecipitation (Co-I1P) pulling
down the endogenously expressed EJC core component elF4A3 was performed in neuronally
differentiated SH-SY5Y cells overexpressing KIF1C variants. Interaction of endogenous elF4A3
with both wildtype and mutant KIF1C was confirmed (Fig. 1C). Additionally, the known interaction
of elF4A3 with MAGOH and RBMS8A could be corroborated. In keeping with the results of the IP,

no interaction of elF4A3 with KIF5Awr was found, again substantiating specificity of the interaction

Page 8 of 31


https://doi.org/10.1101/2022.08.24.505074
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.24.505074; this version posted August 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Nagel M et al.

for KIF1C (Fig. 1 C). Subcellular fractionation of differentiated SH-SY5Y cells further confirmed
presence of selected EJC core components (elF4A3, MAGOH) and KIF1C in the cytoplasm. As
expected, EJC core components could additionally be detected in the nuclear fraction
(Supplementary Fig. 2 A). The presence of elF4A3 and MAGOH and KIF1C in the cytoplasm was
furthermore confirmed in HEK 293 cells and the CO-IP results could additionally be validated in

this non-neuronal cell model (Supplementary Fig. 1 C and D).

EJC components mislocalize in neuronal cells overexpressing mutant KIF1Cgig2a

Previous reports have shown that the EJC is involved also in mRNA localization; hereby, EJC
components are crucial for the localization of oscar mRNA in drosophila oocytes (Hachet and
Ephrussi 2001; Hachet and Ephrussi 2004). To investigate whether cellular localization of EJC
components depends on KIF1C motility, thus supporting a function of KIF1C in transporting the
EJC, we investigated the co-localization of KIF1C and interactors immunocytochemically.
Overexpressed KIF1Cwr localizes to the tips of cellular protrusion in differentiated SH-SY5Y cells.
In contrast, KIF1Cgi024 iS Seen as a bright spot next to the nucleus, previously shown to
correspond to the pericentrosome (Supplementary Fig. 1 B and Fig. 2 A and B) (Caballero Oteyza
et al. 2014). Endogenous elF4A3 and RBM8A hereby follow the localization pattern of KIF1C:
They are found at the tips of cellular protrusions in KIFLCwr-overexpressing cells and localize at

the centrosome in cells overexpressing KIF1Cgi02a (Fig. 2 A and B).

Interaction of KIF1C and the EJC components is RNA-mediated

As the EJC is known to interact with RNA and RNA binding proteins are significantly enriched
among the KIF1C interaction partners, we were interested whether the observed interaction of
KIF1C with the EJC components is RNA mediated. Thus, we added either RNAse | or RNAse
inhibitor to the IP and hypothesized that addition of RNAse will abolish interaction between KIF1C

and interaction partners.
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RNA depletion during the lysis of differentiated SH-SY5Y cells overexpressing KIF1C resulted in
dramatically reduced binding of EJC components and PABPC1 to KIF1Cwr and KIF1Cgio2a,
whereas RNAse inhibition preserved the interaction (Fig. 3 A). The results could be validated in

HEK 293 cells overexpressing KIF1C variants (Supplementary Fig. 1 B).

KIF1C binds RNA

As the RNAse IP suggested a possible interaction of KIF1C with RNA, we sought independent
confirmation via ‘complex capture’ (2C), a method to enrich nucleic-acid bound proteins making
them accessible to western blot analysis (Asencio et al. 2018). We therefore overexpressed KIF1C
variants in HEK 293 cells and crosslinked proteins and nucleic acids with “zero distance” by UV
radiation, thus causing DNA and RNA to covalently bind proteins nearby. After cell lysis,
crosslinked protein-RNA complexes were extracted using silica-based solid-phase extraction,
whereby we exploited the property of the silica matrix to retain nucleic acids. To favor RNA over
DNA ethanol is added to the samples and rigorous washing steps are included.

Using 2C in HEK 293 cells overexpressing KIF1C we were thus able to demonstrate binding of
both KIF1Cwr and KIF1Cgi024 to RNA (Fig. 3 B). Due to the property of the 2C protocol — UV
crosslinking typically occurs at 5 — 30 A and thus requires very close nucleic acid / protein contact

— this interaction is likely to reflect direct binding (Harris and Christian 2009).
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Discussion

We have here shown for the first time that the motor protein KIF1C associates with components
of the EJC in neuronal cells. KIF1C interacts with all three members of the EJC core complex:
elF4A3, MAGOH and RBMB8A (validated via IP) as well as CASC3 (identified by MS analysis),

a protein stably interacting with EJC components (Degot et al. 2004). The EJC core complex
assembles in the nucleus; assembly is initiated by recruitment of elF4A3 to the spliceosomal
protein CWC22. The following interaction of elF4A3 with the ribose-phosphate backbone of RNA
(Andersen et al. 2006; Bono et al. 2006) involves an ATP dependent conformational change in
elF4A3 and interaction to the MAGOH-RBMBS8A heterodimer (Ballut et al. 2005; Schlautmann and
Gehring 2020). The resulting complex is highly stable and — although formation requires presence
of RNA —interaction of the core complex proteins is maintained even after RNAse digestion (Singh
et al. 2012). Moreover, it has been demonstrated that the complex does not assemble after cell
lysis (Singh et al. 2012). It is therefore likely that KIF1C indeed interacts with the EJC core complex
rather than individual core complex components. Among the numerous peripheral factors
associated with the EJC through its lifecycle, we additionally identified two specific subcomplexes
to interact with KIF1C using the most stringent filter settings: the apoptosis- and splicing-
associated protein (ASAP) complex, comprising the proteins SAP18, RNPS1 and Acinus (ACIN1)
and the PSAP complex, in which Acinus is replaced by Pinin (PNN). Although we cannot
completely rule out the possibility that these peripheral factors may have associated with the EJC
core complex post cell lysis, several arguments support the interpretation that KIF1C indeed
interacts with a version of the EJC containing the ASAP and/or PSAP complex: (i) only for those
two subcomplexes we identified all components in our screening using stringent filter criteria; (ii)
in previous affinity proteomic screens, numerous additional peripheral factors where identified
(e.g. Pyml; TREX components CHTOP, DDX39B, UIF, DDX39A or Upfs), when using either
elF4A3 or MAGOH to purify the EJC from HEK 293 cell lysates, indicating that these factors are

able to be pulled down from cell lysates. Although some of these components were present in our
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dataset (see moderate filter set Supplementary table 1), Chromatin target of PRMT1 (CHTOP),
another component of the transcription-export (TREX) complex, was the only additional stringently
enriched interactor. No other components of the TREX complex, however, were found to be
significantly enriched.

ASAP and PSAP are both involved in regulating alternative splicing events but are distinct in their
specific functions (Wang et al. 2018). While the two peptides common to both complexes — RNPS1
and SAP18 - have been described to shuttle between the nucleus and the cytoplasm, only nuclear
localization has so far been described for Acinus and Pinin (Woodward et al. 2017). However, a
growing body of evidence suggests that splicing may also occur in the cytoplasm. In fact,
spliceosomal protein and nucleic acid components were identified in dendrites of rat primary
neurons and alternative splicing using non-canonical splice sites was demonstrated in dendrites
mechanically severed from the soma (Glanzer et al. 2005; Buckley et al. 2014). Moreover, large
numbers of intron-retaining transcripts were identified in dendrites (Buckley et al. 2011). It is
therefore conceivable that ASAP and PSAP have a role in regulating extranuclear alternative
splicing, a function which may be particularly important in neurons.

It is well-established that EJC components are part of transport-competent mRNPs and can be
observed dendritically in neurons (Giorgi and Moore 2007; Fritzsche et al. 2013; Wang et al. 2017).
MRNPs interact with adaptors and molecular motors to be actively transported throughout the cell
to their intended destination (Xing and Bassell 2013; Buchan 2014). Although it is widely assumed
that plus-end directed long-range transport of mMRNPs along the microtubule cytoskeleton is
kinesin dependent, the contribution of individual members of this large family of motor proteins to
MRNP transport has not been fully elucidated. We here provide evidence that KIF1C is involved
in transport of EJC components along neuronal processes in vitro as overexpression of KIF1C
carrying a Glyl02Ala mutation in the Walker A motif of the nucleotide binding p-loop rendering
KIF1C catalytically inactive and thus immobile (Dorner et al. 1998), leads to loss of the peripheral

localization of EJC components that can typically be observed when overexpressing wildtype
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KIF1C in neuronal cells. Previously, studies in several model organisms have supported a
contribution of conventional kinesin / kinesin-1 to mRNP transport. Kinesin-1, but also kinesin-2
have been detected in mMRNPs isolated from Xenopus oocytes (Messitt et al. 2008; Falley et al.
2009). In hippocampal neurons derived from E16 mouse embryos, kinesin-1 (KIF5A/B/C)
transports mRNA-containing granules selectively into dendrites, not axons, whereby binding
between kinesin-1 and mMRNPs appears to be direct and does not involve kinesin light chain (Kanai
et al. 2004). Kinesin-1 (KIF5C) was also reported to transport granules containing shankl mRNA
in dendrites of rat hippocampal neurons, a process that requires presence of the cargo-adapter
Staufenl (Falley et al., 2009). Other kinesin family members implicated in transport of mMRNPs
include kinesin-2 (FMRP-dependent transport of MRNPs by KIF3C in dendrites of mouse primary
hippocampal neurons; (Davidovic et al. 2007)) and kinesin-5 (KIF11; ZBP1-dependent transport
of B-actin mMRNA in mouse embryo fibroblasts; (Song et al. 2015)). It is therefore possible, that
several kinesins in addition to KIF1C contribute to the transport of mMRNPs and thus the EJC in
neurons. To investigate the individual contribution of individual kinesins to mRNP transport as well
as the presence of compensatory mechanisms betweRen different members of the kinesis family,
further studies under endogenous conditions as well as in vivo would be necessary. It is also not
yet clear whether KIF1C specifically transports EJC components or is involved in mRNP transport

in general.

Transport of MRNAs via the EJC typically occurs in a translationally repressed state. Cis-acting
elements, sequence motifs mostly located in the 3’-UTR of localized RNAs, act as ‘zipcodes’ and
direct RNAs to specific cellular locations (Andreassi and Riccio 2009). These sequence motifs
interact with trans-acting RNA binding proteins to form transport-competent mRNPs. The EJC
core is removed from the mMRNA during the initial round of translation (Dostie and Dreyfuss 2002).
This translation-dependent disassembly of the EJC is mediated by PYM1 (Partner of Y14 and

mago), a protein associated with the 40S ribosome subunit which interacts with the MAGOH-
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RBMB8A heterodimer and thus destabilizes the core of the EJC (Dostie and Dreyfuss 2002). We
observe neuritic localization of the EJC in SH-SY5Y cells, this indirectly suggests that mRNAs
bound by the KIF1C-EJC complex have not yet undergone the pioneer round of translation. This
hypothesis is further supported by studies in differentiated SH-SY5Y cells by Wang et al. Here,
the EJC core components elF4A3 and RBM8A were both found in CBP80-positive neuronally
localized mRNP granules (Wang et al. 2017). The nuclear cap binding heterodimer complex
CBP80-CBP20 (CBC) and the EJC typically associate with newly synthesized mRNA; during the
first round of translation, the EJC is removed, and CBC replaced by elF4E. Co-occurrence of
CBP80 and EJC components in localized mRNP granules was therefore interpreted as indication
that some localized mRNAs have not yet undergone their very first translation (Wang et al. 2017).
Interestingly, we observed that the interaction between KIF1C and the EJC complex is RNA-
mediated as RNA digestion prior to the IP dramatically lowered the affinity of KIF1C to EJC core
components. This observation cannot be explained by disassembly of the EJC core complex, as
the EJC core complex — once formed — is stable even after RNAse | treatment (Singh et al. 2012).
Moreover, the interaction between KIF1C and the RNA-binding protein PABPC1 is equally RNA-
dependent. These findings allow two possible interpretations of the nature of the KIF1C-EJC
interaction: i) Individual mMRNAs might indeed mediate interaction between KIF1C and EJC
complex components or PABPCL1; this model would not require protein-protein-interactions
between KIF1C, EJC components and/or PABPC1. The interaction between KIF1C and mRNA
might hereby be direct or mediated via a yet unknown adapter protein (see below). We did,
however, not identify significant interaction between KIF1C and any known cargo adaptors (e.g.
kinesin light chain 2 (KLC2), Kinesin-associated protein 3 (KIFAP3) and others). ii) Multiple
MRNAs, EJC components and other RBPs including PABPC1 might form a macromolecular
MRNP which is destabilized upon digestion of RNA and which associates with KIF1C.

Our findings add support to previous evidence from several high-throughput studies (Castello et

al. 2012; Dietzel et al. 2012) suggesting direct binding between KIF1C and mRNA as we have
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demonstrated that KIF1C binds RNA at ‘zero distance’ using UV crosslinking followed by silica-
based solid-phase extraction (2C). Interestingly, kinesin heavy chain was recently also shown to
directly bind to RNA via an alternative cargo binding domain with high affinity and that this
interaction is stabilized, but not mediated by tropomyosin 1 in D. melanogaster (Dimitrova-
Paternoga et al. 2021). Direct RNA-binding might therefore be a mechanism of cargo interaction

common to several kinesin motors.

In conclusion, our data suggests that KIF1C is involved in transporting the EJC core complex into
neurites in a neuronal cell model and that binding between KIF1C and EJC components requires
presence of RNA. Preliminary evidence further supports direct binding of KIF1C to RNA. Our
findings thus support a model where mRNA is transported along neurites in a transcriptionally
silenced state bound to the EJC, thus providing the missing link between the EJC and mRNA

localization in neurons.
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Materials and Methods

Cell culture:

Stable cell lines were cultured under standard conditions in Dulbecco's modified eagle medium
(DMEM) high glucose (Sigma-Aldrich), supplemented with 10 % fetal bovine serum (FBS)
(Thermo Fisher Scientific) and 1 % neomycin (Sigma-Aldrich) for HEK 293 cells, and in
DMEM/F12 (Sigma-Aldrich) with 15% FBS and 1% neomycin for SH-SY5Ys. Cells were
trypsinised when confluent and plated according to the required cell number. To generate cell
lines stably expressing KIF1C, we expressed plasmids containing the HA-tagged wildtype (WT)
or mutant (mt) (c.305G>C; p.G102A (Caballero Oteyza et al. 2014) KIF1C open reading frame in
a pSF-CMV-UB-NEO/G418 ASCI (Sigma-Aldrich) backbone and cultured cells under neomycin
selection conditions. Control cell lines were generated with a plasmid expressing WT HA-tagged
KIF5A, a gene mutated in Hereditary Spastic Paraplegia Type SPG10, and a plasmid only

expressing the HA-Tag.

To induce neuronal differentiation of SH-SY5Y cells, the medium of 60 % confluent cells was
switched to DMEM/F12 with reduced serum concentration (5 % FBS), 1 % neomycin and addition
of 10 uM retinoic acid (RA) (Stemcell Technologies). At day 6 the cells were washed twice with
warm PBS (Sigma-Aldrich) and the media was changed to serum-free DMEM/F12 with 1 %
neomycin and 25 ng/ml BDNF (Peprotech). The cells were used from day 12 to day 18 after

differentiation.

Mass spectrometry:

The IP samples were precipitated with chloroform and methanol followed by trypsin digestion as
described before (Gloeckner et al. 2009). LC-MS/MS analysis was performed on Ultimate3000
nanoRSLC systems (Thermo Scientific) coupled to an Orbitrap Fusion Tribrid mass spectrometer

(Thermo Scientific) by a nano spray ion source. Tryptic peptide mixtures were injected
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automatically and loaded at a flow rate of 30 pl/min in 0.1 % trifluoroacetic acid in HPLC-grade
water onto a nano trap column (300 pm i.d. x 5 mm Pre collumn, packed with Acclaim PepMap100
C18, 5 um, 100 A; Thermo Scientific). After 3 minutes, peptides were eluted and separated on the
analytical column (75 pm i.d. x 25 cm, Acclaim PepMap RSLC C18, 2 ym, 100 A; Thermo
Scientific) by a linear gradient from 2 % to 30 % of buffer B (80 % acetonitrile and 0.08 % formic
acid in HPLC-grade water) in buffer A (2 % acetonitrile and 0.1 % formic acid in HPLC-grade
water) at a flow rate of 300 nl/min over 92 minutes. Remaining peptides were eluted by a short
gradient from 30 % to 95 % buffer B in 5 minutes. Analysis of the eluted peptides was done on an
LTQ Fusion mass spectrometer. From the high resolution MS pre-scan with a mass range of 335
to 1500, the most intense peptide ions were selected for fragment analysis in the ion trap by using
a high speed method if they were at least doubly charged. The normalized collision energy for
HCD was set to a value of 27 and the resulting fragments were detected with a resolution of
120,000. The lock mass option was activated; the background signal with a mass of 445.12003
was used as lock mass (Olsen et al. 2005). Every ion selected for fragmentation was excluded for
20 seconds by dynamic exclusion. MS/MS data were analyzed using the MaxQuant software
(version 1.6.1.0) (Cox and Mann 2008; Cox et al. 2009). As a digesting enzyme, Trypsin/P was
selected with maximal 2 missed cleavages. Cysteine carbamidomethylation was set for fixed
modifications, and oxidation of methionine and N-terminal acetylation were specified as variable
modifications. The data were analyzed by label-free quantification with the minimum ratio count of
3. The first search peptide tolerance was set to 20, the main search peptide tolerance to 4.5 ppm
and the re-quantify option was selected. For peptide and protein identification the human subset
of the SwissProt database (release 2014 _04) was used and contaminants were detected using
the MaxQuant contaminant search. A minimum peptide number of 2 and a minimum length of 7
amino acids was tolerated. Unique and razor peptides were used for quantification. The match
between run option was enabled with a match time window of 0.7 min and an alignment time

window of 20 min. For each sample, 5 biological replicates were analyzed. The statistical analysis
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including ratio, t-test and significance A calculation was done using the Perseus software (version
1.5.5.3, (Tyanova et al. 2016)). Proteins that were quantified in at least 3 of 5 experiments and
met the criteria for significant enrichment (Significance A and permutation-based corrected t-test
p<0.05) were considered as potential interactors. The moderate filter set included only
Significance A p<0.05. The hits where then analyzed with WebGestalt (Liao et al. 2019) using
gene ontology (GO) terms for cellular compartments, molecular and biological function. For the
figure, String DB was used to depict the network of the detected 14 significant MS hits together

with proteins listed in the GO term exon junction complex.

Protein isolation:

Cells were washed twice with PBS and scraped in the according lysis buffer containing 1x
cOmplete protease inhibitor cocktail (Pl) (Roche) on ice. Lysates were kept on ice for 30 min
vortexing every 5 min. Cell debris were pelleted at 3000-21000 x g at 4°C for 15-30 min. The

Pierce™ BCA Protein Assay Kit (Thermo Scientific) was used to determine protein concentrations.

Western Blotting:

The samples were prepared with NUPAGE™ LDS-Sample Buffer (4x) and NUPAGE™ Sample
Reducing Agent (10x) (Thermo Scientific) and boiled at 95°C for 10 min. Then the samples were
separated using NUPAGE™ MOPS SDS-Running Buffer (Thermo Scientific) and 10 % acrylamide
gels and transferred to a 0.45 um Nitrocellulose membrane (Merck Millipore). After blocking with
5 % milk in TBS-T, the membranes were incubated overnight at 4° C on a rotator with primary
antibody in Western Blocking Reagent (Roche), if not stated otherwise. The membranes were
washed 3 times with TBS-T for 5 min and secondary antibodies were added in 5 % milk in TBS-T
for an hour at room temperature (RT). For detection, Immobilon Western Chemiluminescent HRP

Substrate (Merck Millipore) and ChemiDoc XRS+ Imaging System (Biorad) were used.
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Antibodies: Anti-Mago nashi homolog (ab186431 Abcam, rabbit 1:10000); EIF4A3 (67740-1-Ig
Proteintech; mouse 1:2000 in milk), HA (#901513 Biolegend; mouse 1:1000), Histone H3
(ab21054 Abcam; HRP conjugated rabbit 1:1000), hnRNP C1/C2 (GTX10294 Biozol, mouse
1:1000), Peroxidase AffiniPure Goat Anti-Mouse/Rabbit IgG (H+L) ( 111-035-003 Jackson
ImmunoResearch; 1:10000), PABPC1 (10970-1-AP Proteintech, rabbit 1:1000 in milk),
PABP(10E10) (NB120-6125 Novus Biologicals, mouse 1:1000), RBM8A (ab229573 Abcam, rabbit

1:1000)

Immunoprecipitation and co-immunoprecipitation:

For the immunoprecipitation (IP) of KIF1C and its bound interactors, Pierce™ Anti-HA Magnetic
Beads (Thermo Scientific) were used following the manufacturer’s protocol with slight adaptations.
Atfter cell lysis (lysis buffer (Nonident P40 (v/v 0.5 %; Roche) in TBS with PI)) proteins were isolated
and equal amounts of proteins were incubated with previously washed 25 pul beads in 2-4 ml buffer
for 60-90 min at 4°C on a rotator. After 3 washing steps the samples were eluted from the beads
via boiling elution. The beads were resuspended in NUPAGE™ LDS-Sample Buffer (4x) and
Sample Reducing Agent (10x) and incubated for 5 min at 70°C and 1100 rpm using a
ThermoMixer comfort (Eppendorf).

To perform the Co-IP, the Pierce™ Classic Magnetic IP/Co-IP Kit (Thermo Scientific), with EIF4A3
(17504-1-AP Proteintech, rabbit) antibody and a Normal Rabbit IgG (#2729 Cell Signaling) control
was used. Cell lysis was performed as described for the HA-IP with the lysis buffer and Pl provided
in the kit. Equal amounts of protein were incubated with 5 ug of antibody or IgG control at 4°C
overnight on arotator. The IP was performed following the manufacturer’s protocol. 0.25 mg beads
were added to each sample and incubated for 2 hours at RT. After the washing steps, samples
were eluted via boiling using NUPAGE™ LDS-Sample Buffer (4x), Sample Reducing Agent (10x)

and an incubation for 5 min at 95°C and 1100 rpm.
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Immunocytochemistry and imaging:

Cells were seeded onto coverslips for subsequent immunocytochemistry experiments. To fix the
cells they were washed once with warm PBS and incubated for 20 min at 37°C with 4 %
paraformaldehyde (Merck Millipore). After washing, cells were blocked and permeabilized with 5
% normal goat serum (Sigma-Aldrich) in PBS with 0.1 % Triton X-100 (Carl Roth). Primary
antibodies were incubated overnight at 4°C and Alexa Fluor-conjugated secondary antibodies
(Invitrogen) were incubated for 1 hour at RT. After counterstaining the nuclei with DAPI (Thermo
Scientific) the coverslips were mounted with Dako mounting solution (Agilent Dako) onto
microscopy. Four to five random fields per cell line and coverslip were imaged using the Leica
SP8 confocal microscope (Leica Camera) or the Zeiss Apoptome 2 (Zeiss); hereby, exposure
times were kept constant.

Antibodies: R-IlI-Tubulin (T8660 Sigma-Aldrich; mouse 1:1000), Anti-Mago nashi homolog 2
(ab186431 Abcam, rabbit 1:250), EIF4A3 (17504-1-AP Proteintech, rabbit 1:400), HA (#901513

Biolegend; mouse 1:500), RBM8A (ab229573 Abcam, rabbit 1:250)

RNase IP:

The HA-IP described above was combined with a RNAse treatment or RNAse inhibition,
respectively. Hereby, SUPERase*In™ RNase Inhibitor (Thermo Scientific) was added to the lysis
buffer and vortexing was avoided during cell lysis. The treatment with Ambion™ RNAsel (Thermo
Scientific) was performed after lysis at 30°C for 30 min. Subsequently, the HA-IP protocol was

followed.

Complex Capture (2C):
Complex Capture (2C) was performed as described in Asencio et al. (2018) with modifications to
confirm interaction of KIF1C with RNA. HEK 293 cells were irradiated with 150 mJ/cm? of UV light

at 254 nm in a Crosslinker (Vilber Lourmat BLX-254). Cells were harvested by scraping in PBS,
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centrifuged at 300 x g for 5 min and the pellets resuspended in lysis buffer (50 mM Tris—HCI
(pH 7,4), 100 mM NaCl, 1% Igepal CA-630, 0,1 % SDS, 0,5% sodium deoxycholate)
supplemented with PlI, SUPERase*In™ RNase Inhibitor and DNAsel (Thermo Scientific). Cells
were lysed on ice for 30 min and centrifuged for 10 min at max g at 4°C. Then the nucleic-acid
bound protein isolation was performed using buffers from the Quick-RNA Miniprep Kit (Zymo
Research) and the Zymo-Spin IlICG Column (Zymo Research). After the elution with
DNase/RNase free water for 2 min at RT the sample volumes were reduced using a SpeedVac
(Thermo Scientific). The RNA concentration was measured using NanoDrop2000 (Thermo
Scientific) and the samples were treated with Ambion™ RNAsel for 30 min at 30°C, before

preparing them for the analysis via Western Blotting.

Fractionation:

Fractionation was used to analyze different cell fractions of HEK 293 and neuronally differentiated
SH-SY5Y cells. Therefore, a protocol based on REAP (Suzuki et al. 2010) was used. After
harvesting the cells, the pellet was triturated 10 times with the lysis buffer and an aliquot was kept
as the whole cell sample. The rest of the sample was pop-spinned (centrifuge at 10000 x g for 10
sec) and the supernatant was transferred to a new tube and kept on ice as the cytoplasmic fraction.
The remaining pellet was washed in lysis buffer and pop-spinned again. After withdrawal of the
supernatant the pellet was resuspended in lysis buffer and kept as the nuclear fraction. All samples

were treated in an ultrasonic-bath (Bandelin) for 3 minutes before further use.
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Tables

Table 1: Overview of significant MS hits. Proteins interacting with KIF1C according to MS analysis in differentiated
SH-SY5Y cells. Integrators are filtered by significance (p < 0.05 in both Significance A and permutation-based corrected
t-test).

Sig. Sig.
Gene ProteiEn name interaction  interaction .Novelty. of Function
name (UniProt) with with interaction
KIF1Cwrt KIF1Cai02a
Apoptotic chromatin RNA-binding protein and
ACIN1 condensation inducer in + + novel auxiliary component of the
the nucleus EJC and ASAP complex.
RNA-binding protein required
for pre-mRNA splicing as
CASC3 CASC3 + + novel component of the
spliceosome and component
of the EJC.
. RNA-binding protein and
CHTOP Crggrpﬂz_artlln tfg?ee"tq e + + novel component of the EJC and
P TREX complex
ATP-dependent RNA
EIF4A3 Eukaryotic initiation factor + + novel hellcgse. Component of the
4A-11 spliceosome and core

component of EJC.

RNA-binding protein involved
ELAVL4 ELAV-like protein 4 + + novel in the post-transcriptional
regulation of mMRNA.

Kinesin-like protein

KIF1B KIF1B + + novel Motor protein
Kinesin-like protein NI .
KIF1C KIELC i i (Dorner et Motor protein
al. 1999)
Protein mago nashi - .
MAGOH/ homolog/ Protein mago + + novel RNA-binding pro:elplszfgd
MAGOHB nashi homolog 2 core component 0 .

SaihErEml s RNA-binding protein involved
PABPC1 4 ro{ein 1 9 + + novel in post-transcriptional
P regulation of mMRNA.

RNA-binding protein and
PNN Pinin + + novel component of the EJC and
PSAP complex.

RNA-binding protein
component of the
spliceosome and core
component of the EJC.

RBMSA RNA-binding protein 8A + + novel

RNA-binding protein and part
of pre- and post-splicing
RNA-binding protein with + ) novel multiprotein mRNP
RNPS1 serine-rich domain 1 complexes. Component of
the EJC, ASAP and PSAP
complexes.
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Histone deacetylase
SAP18 complex subunit SAP18

YWHAQ 14-3-3 protein theta
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RNA-binding protein and
component of the EJC, the
novel ASAP and PSAP complexes
and the histone deacetylase
complex.

Adapter protein implicated in
the regulation of a large
spectrum of both general and

Known specialized signaling
(Wang et pathways. Binds to a large
al. 2011) number of partners, usually

by recognition of a
phosphoserine or
phosphothreonine motif.
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Figure 1: Interaction of exon junction complex components and KIF1C. A: Protein-protein-interaction network of
KIF1C: KIF1C interactors identified in this study are indicated in red; additional proteins associated with the exon junction
complex (according to GO terms) are depicted in grey. B: Immunoprecipitation of KIFLC complexes in differentiated
SH-SY5Y cells stably overexpressing KIF1C-HA constructs. Interaction with new interaction partners identified by MS
was confirmed in the KIF1C IPs; as expected these proteins do not interact with the HA-Tag and wildtyp KIF5A-HA
(control). C: Co-immunoprecipitation of elF4A3 in differentiated SH-SY5Y cell lines. KIF1Cwt and KIF1Cgio2a Were
detected in the Co-IP, while KIF5A-HA (control) was missing. All other tested proteins are known to interact with elF4A3
and were accordingly identified in all IP samples.
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Figure 2: Co-localization of KIF1C and EJC components elF4A3 and RBM8A. Images show the co-localization of
KIF1Cwt and the EJC components at the tips of cellular processes. In contrast, KIF1Cc102a and the EJC components
co-localize in the pericentrosomal region. The scale bars represent 10 uym.
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Figure 3: RNA mediated interaction of KIF1C and the EJC. A: RNAse IP was performed in differentiated SH-SY5Y
cells overexpressing HA-tagged KIF1Cwr or KIF1Ccio2a. The proteins interact in a normal IP with KIF1C and the
interaction is lost when the samples are treated with RNAse | before the IP, whereas a RNAse inhibition can restore the
interaction. B: Complex Capture (2C) in HEK 293 cells overexpressing HA-tagged KIF1Cwr or KIF1Cg1024. The input
shows signal in crosslinked (Cl) and not crosslinked (NoCl) samples, whereas in the 2C samples only proteins
crosslinked to RNA are detected. Histon H3 is a DNA binding protein and used as a control to confirm the specificity of
the method for RNA-protein interactions. As a positive control, the known RNA binding protein hnRNP C1/C2 was used.
It is detected in the 2C crosslinked samples as well as wildtype and mutant KIF1C.
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