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As one of the major performers for intracellular transport, kinesins are widely involving in many
intracellular processes by delivering the intracellular cargos along the microtubules to their destination.
Thus, kinesins play critical roles in maintaining proper cell morphology and functions. As one of the
eukaryotic model animals, C. elegans shares lots of conserved biological pathways with mammals. Up to
now, about 20 kinesin-like proteins (KLP) are found in C. e/egans. In this review, we focus on the recent
ten years’ findings on kinesin-mediated intracellular transport in C. elegans research. These findings either
revealed new mechanisms underlying conserved physiological processes among species, or may inspire the

researchers for understanding human biology.
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Each cell in our body runs like a small world. It has the
cellular factories to generate cellular materials, such as
ribosomes for generating proteins. Molecular motors function
as cellular level vehicles to locate these intracellular materials to
their destination. Kinesin and dynein are the two major
microtubule (MT)-associated molecular motors, they transport
the molecular cargos along the MTs in different directions.
Kinesin is responsible for delivering the cellular cargos toward
the plus-end of the MT, which usually means to move the
cargos from the cell body to the peripheral area of the cell. !
While dynein works oppositely to kinesin. The collaboration
between kinesin and dynein keeps the intracellular transport in
a dynamic hemostasis, which precisely controls the cell
morphology and functions. As a eukaryote, C. elegans can serve
as an ideally simplified model system for investigating the
conserved biological pathways among species, including
mammals. In recently years, the researchers from C. elegans
research society made great progresses in understanding the
biological significance of kinesins. We will summarize these
findings in the following sections, and mainly focus on those
related to human physiology and diseases.
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Kinesin superfamily proteins

Kinesin superfamily proteins, usually refer as KIFs or kinesin,
represent a class of motor proteins, which widely involve in
intracellular transport of proteins, organelles, and RNA granules,
etc. ! In 1985, Hirokawa et al. observed an extensive network that
interconnect the MTs with the organelles by quick-freeze,
deep-etch electron microscopy. > This is possibly the first visual
evidence for intracellular transport machinery. Later in this year,
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Vale et al. identified and named kinesin. * Up to now, more than 40
kinesins were identified in human. ! Kinesin protein contains a
molecular cargo binding domain and a conserved globular motor
domain. The cargo binding domain, alone or together with adaptor
proteins and/or scaffold proteins, forms specific molecular
structure, which recognizes diverse molecular cargos (Figure 1).
The motor domain usually possesses ATPase activity, which
provides the energy for moving the kinesin and its cargos along the
MTs. Generally, all the kinesins can be divided into 3 classes
according to the location of their motor domains inside the
proteins, namely NH.-terminal, middle or COOH-terminal region.
! Alternatively, they can be divided into 2 classes according to their
functions, namely conventional and unconventional kinesin.
Conventional kinesins are those able to transport the cargo, such as
KIF1A. * Unconventional kinesin usually refers to those without
ATPase activity, such as KIF2A and KIF26A. >¢ Lots of mammalian
studies have revealed that dysfunction in kinesin related to
Alzheimer disease, Huntingtons disease, diabetes, polycystic
kidney, megacolon, cancer, Charcot-Marie-Tooth disease, etc. &*3

C. elegans has a simplified anatomy, and has been used as a
model animal for decades. C. elegans has many advantages for
being a model animal, such as a stable and fully identified neuronal
connectome, numerous mutants and genetic databases, easy to
handle, short lifespan and economic culture conditions, etc. The
researchers worldwide use C. elegans for different research topics,
such as neuroscience, lifespan, cell cycle, cell division, etc. '** Up
to now, 20 kinesin-like proteins, 1 kinesin heavy chain protein and
2 kinesin light chain proteins have been identified in C. elegans,
and they all have human orthologs and widely involve in diverse
cellular/molecular functions (Table 1).
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Figure 1. Kinesins recognize different molecular cargos.

Kinesin-1 binds to different cargos through the binding structures which are
formed by kinesin alone or together with adaptor/scaffold proteins.
Kinesin-1/KIF5 transports 1) insulin peptide receptor DAF-2C by
recognizing CASY-1 on the CASY-1/DAF-2C-containing vesicles, 2)
AMPARs through synaptic vesicle, 3) mitochondrion by the help of its
adaptor protein milton, 4) tubulin by binding complex formed togetherwith
KLC and crmp2, 5) RNA granules, and 6) amyloid precursor protein
homolog APL-1 by binding complex formed together with KLC and JIP3.
KIF12 transports Sp1 by the help of chaperon protein Hsc70. KIF3 transports
fodrin-associating vesicles. KIF1A transports TrkA-containing synaptic

vesicle precursor. >

Kinesin and axon/dendritic transport

Comparing to other cells, neurons have diverse cell morphology
and distinct functions. ! Synaptic machinery is tightly regulated by
neuronal intracellular transportation, such as axon transport and
dendritic transport. Proteins or signal peptides are synthesized and
packed into synaptic vesicle precursors (SVP) or other intracellular
membranous granules in the cell body, and then delivered to axons
or dendrites. One of the major transporters for neuronal
intracellular transportation in C. elegans is UNC-104, an ortholog
of human KIFIA. Considering the complexity of the cargos,
UNC-104/KIF1A generally involves in many biological processes
in the neurons. Maeder et al. revealed that SVPs move
bi-directionally throughout the entire neuron, including dendrites
and distal axonal domains devoid of presynaptic sites, and
UNC-104/KIF1A controls SVP trafficking in both axon and
dendrites, which possibly rely on KIF1As dimer formation.
These observations imply that switching of the motor protein may
be not necessary for SVP transition from one neuronal domain to
another in the neurons. This economical and versatile mechanism
may facilitate SVP trafficking throughout the entire neuron. *
Their data also propose the directionality of movement and
generation of SVPs into the axon as important determinants for
accurate presynaptic localization. *° Precise regulation of
UNC-104/KIF1A-mediated axonal transport contributes to rapid
assembly of presynaptic materials behind the growth cone in
dopaminergic neurons. ** Synapse alterations, such as age-related
synaptic decline, are the causes of neuronal dysfunctions in normal
aging and in early stages of neurodegenerative diseases. ** Aging
neurons exhibit decreased activity of UNC-104/KIF1A, which
leads to the synaptic and behavioral decline in aged worms,
suggesting the importance of axonal transport in the maintenance
of synaptic structural integrity and function during aging. ** The
autophagy-related protein ATG-9 is transported to presynaptic
sites by UNC-104/KIF1A, and activates autophagy pathway
contributing to presynaptic assembly in vivo. ** The C. elegans
ortholog of mammalian calsyntenins, CASY-1, is required to
modulate the transport of GABAergic SVPs through a possible
interaction with UNC-104/KIF1A. *

UNC-116 is an ortholog of human Kinesin-1, or referred as
conventional kinesin or KIF5. UNC-116/ Kinesin-1 is a
heterotetramer, which is composed of two catalytic kinesin heavy
chain (KHC) and two accessory kinesin light chain (KLC). In a
recent study, Hoerndli et al. found that UNC-116/Kinesin-1 binds
to and transports AMPA-type glutamate receptors (AMPARs,
Figure 1), and thus modifies synaptic strength by controlling cargo
delivery, removal, and redistribution. They also found that
UNC-116/Kinesin-1-mediated proper distribution of heteromeric
GLR-1/GLR-2 AMPARSs, not that of homomeric GLR-1 AMPARSs,
is important for proper glutamate-gated currents. ? They later
discovered that CaMKII plays a critical role in synaptic plasticity
by regulating AMPARs transport, and UNC-116/Kinesin-1 subunit
KLC is the target of CaMKII in this process. ¥’ In addition, the
KLP-4, an ortholog of human Kinesin-3, regulates anterograde
trafficking of GLR-1 glutamate receptors in the ventral nerve cord
of C. elegans. * UNC-116/Kinesin-1 subunit KLC binds to the
intracellular C-terminal domain of calsyntenin/CASY-1, which
interacts with insulin receptor DAF-2C in intracellular
membranous granules in ASER axon (Figure 1). The CASY-1 and
kinesin-1 complex thus confers functional specificity to the insulin
receptor through rapid translocation of these granules to the
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synaptic region. * Considering both insulin signaling and

calsyntenins play important roles in memory performance and
Alzheimer’s disease in humans, these findings may lead to further
understanding of the mechanisms underlying human memory
formation and dementia. ?! Synaptic vesicle transportation relies on
both kinesin and dynein. *® Kinesin is responsible for anterograde
axonal transport, while dynein is for retrograde axonal transport.

Journal of Advances in Health 2019;1(2)

Dynein is synthesized in the cell body, and transporting cargos
from peripheral region to cell body, implying a mechanism
distributing dynein from cell body to the axon peripheral region.
Arimoto et al. showed that kinesin-1 transports dynein by the help
of its adaptor protein UNC-16/JIP3. * This tertiary complex is
then responsible for retrograde transport of the amyloid precursor
protein homolog APL-1. %

Table 1. Kinesins in C. elegans and their human orthologs and binding partners. Human orthologs are suggested by WormBase
(http://wormbase.org). “/” denotes “not applicable” or “not characterized”.

Name
Human ortholog(s) Binding partner(s)
Kinesin-related Alternative
KLP-1?% UNC-104 KIF1A/1B/1C Svp ¥
KLp-2 % OSM-3 KIF17 IFT-particle A/B *
KLP-33% / KIFC1/C2/C3 /
KLP-4 3 / KIF13A/13B AMPARs *
KLP-5 % VAB-8 KIF21A/21B/26A /
KLP-6 * / KIF1B KBP, mitochondrion ¥
KLP-7 % / KIF2A/2B/2C /
KLP-8 * GCC-1 GCC1 /
KLP-9 % ZEN-4 KIF23 CYK4 %
KLP-10 * / KIF15 /
KLP-11 % / KIF3B/3C IFT-particle A *
KLP-12 # / KIF21A/21B /
KLP-13 % / KIF19 /
KLP-14 % BMK-1 KIF11 /
KLP-15 % / KIF12/C1/C3 /
KLP-16 “ / KIF12/C1/C3 /
KLP-17 % / KIF4A/C1/C3 /
KLP-18 4 / KIF15 MESP-1 4
KLP-19 # / KIF4A/4B SUMO *
KLP-20* / KIF3A IFT-particle A *
KHC-1% UNC-116 KIF5A/5B/5C AMPARs *
KLC-1/2° / KLC1/2/3/4 CASY-1 %, JIP3 %

Kinesin and circuit remodeling

Synapse density and connectivity changes actively during different
phases of animal development. Once circuit remodeling/rewiring
starts, synapse assembly and disassembly happens simultaneously.
Park et al. reported that the sequential actions of anterograde and
retrograde motors UNC-104/KIF1IA and dynein lead the
patterning of new pre-synaptic terminals, while the synapse
elimination from the DD neuron ventral neurite is mediated in
part by the cyclin Y homolog CYY-1 and the apoptotic cell death
pathway.**® Besides, dynamic MTs are required for UNC-116/
Kinesin-1-mediated SV vesicle transport to DD neuron dorsal
neurite during circuit remodeling. '

Kinesin and cell migration

Neurons migrate to the proper position during the development of
the nervous system, this process is partly under the control of the
UNC-116/Kinesin-1 in PHB sensory neurons. Barsi-Rhyne et al.
revealed that UNC-116/Kinesin-1 acts in part with the cell and axon
migration molecules UNC-6/Netrin and UNC-40/DCC in this
process, which suggests an active posterior cell migration mediated
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by UNC-116/Kinesin-1 occurs throughout development to maintain
proper PHB cell body position, and defines a new pathway that
mediates maintenance of neuronal cell body position.

Kinesin and cytoskeleton

Kinesin-13 is an unconventional kinesin, which uses the energy
from ATP hydrolysis for depolymerizing the MTs. ¢ KLP-7, an
ortholog of human Kinesin-13, helps to restrict the growth of MTs
in the steady state in mature axons. KLP-7 is downregulated locally,
and the number of growing MTs increases at the injury site of the
injured axon, suggesting certain contributions of KLP-7 downre-
gulation in axon regeneration. *® KLP-7 is a mitotic centromere-
associated kinesin, KLP-7 deletion mutant showed ectopic MT
growth, which affects the functions of both mitotic and meiotic
spindle. * KLP-7 is mostly phosphorylated in vivo by aurora kinase,
and the conserved aurora phosphorylation site $546 is essential for
KLP-7-mediated depolymerization of the MTs.  These findings
together propose a regulatory mechanism of KLP-7s MT-
depolymerizing function by aurora kinase-mediated phosp-
horylation. The microtubule depolymerase activity of KLP-7
benefits the cells, such as oocytes, by preventing ectopic,
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spontaneous microtubule assembly when centrosome activity is
defective or absent, which would otherwise lead to spindle
microtubule disorganization and aneuploidy. ©

Defect in Kinesin-1 contributes to axon degeneration due to
mitochondria misdistribution and lost. In the wild-type C. elegans,
mitochondria are distributed along the entire axon. However, in
UNC-116/Kinesin-1 mutants, mitochondria are located almost
exclusively in the cell bodies. * In the GABAergic motor neuron of
the UNC-116/Kinesin-1 mutants, laser axotomy causes a severe
loss of mitochondria in their injured axons, which leads to a
massive degeneration of these axons. This may due to their severe
health impairments or to a general disruption in axon transport.
However, mutants for UNC-104/KIF1A, which are equally
unhealthy and deficient for key axon components, such as synaptic
vesicles,  have wild-type levels of degeneration. These findings
collectively ~ propose  UNC-116/Kinesin-1-mediated  proper
distribution of mitochondria as a protecting mechanism which
keeps axons from degeneration. %

UNC-116/Kinesin-1 is also a major regulator for neuronal
cytoskeleton. %7 UNC-116/Kinesin-1 defines the minus-end-out
MT organization of the dendrite in vivo. In UNC-116/Kinesin-1
mutants, the dendritic MTs adopt an axonal-like plus-end-out
organization. UNC-116/Kinesin-1 is able to cross-link anti-
paralleled MTs in vitro. All these findings propose that kinesin-1
regulates the dendrite MT polarity through directly gliding the
plus-end-out MTs out of the dendrite using both the motor
domain and the C-terminal MT-binding domain. ® Besides,
UNC-116/Kinisin-1 controls MT length and minus-end spacing in
a cell-autonomous manner. %

Kinesin and intraflagellar transport (IFT)

IFT is a special intracellular transport which happens in cilia and
flagella. During the IFT, the cilia components move bidirectional
along axonemal microtubules, which is essential for the
ciliogenesis and proper morphology and functions of most
eukaryotic cilia and flagella. Of the 302 neurons found in the adult
C. elegans hermaphrodite, a substantial number (about 60) possess
cilia at the ends of their dendritic processes. 7' Several KLPs have
been reported involving in IFT, such as OSM-3, KLP-6, KLP-11,
KLP-20. 34772 IFT in C. elegans usually involves two IFT-particles,
namely A and B, which respectively binds with heterotrimeric
kinesin-II (KLP-11/KLP-20) and homodimeric KLP-2/OSM-3.
These two IFT-particles form stable complex by C. elegans
homologs of human Bardet-Biedl Syndrome (BBS) proteins (BBS-7
and BBS-8). >*7! Although lots of studies have identified the
components of IFT-particles, most of them are only important for
forming the IFT particle for delivery specific cargos. The IFT
cargos are still largely unclear. Future efforts may focus on
identifying cargos for specific IFT-related functions.

Kinesin and human diseases

Some human KIF1A mutations are correlated with hereditary
spastic paraplegia (HSP). Most HSP-causing KIF1A mutations are
located within the conserved motor domain. Considering that
those mutations are usually dominant negative or recessive, and
motor domain of KIF1A provides energy for cargo delivery, it is
believed that these motor domain mutations likely induce HSP by
reducing KIF1A-mediated transportation. > By introducing KIF1A
mutant KIF1A(V8I)/UNC-104(Ve6l), which can enhance motor

activities, into C. elegans, Chiba et al. observed increased anterograde
axonal transport of SVPs and their abnormal accumulation at the axon
tips, proposing gain-of-function of KIF1A as a novel pathogenic
mechanism of humans HSP. 7 Together all these findings, it is
suggested that proper cellular function of MT-based motors is essential
for neuronal homeostasis in humans. 76

Regulatory mechanisms to Kinesins

Regulating kinesin activity is important to ensure their proper
functioning, and their mis-regulation often leads to severe human
neurological disorders. 7”7 The activity of UNC-104/KIF1A is
regulated by its cargo proteins. For example, kinesin-binding
protein (KBP) regulates unc-104/KIF1A activity by interacting
with its motor domains to prevent its association with the MT
cytoskeleton. Depletion of KBP results in the accumulation of
KIF1A motors and SVs in the axonal growth cone, suggesting KBP
as a kinesin inhibitor that modulates MT-based cargo motility. 7
SAM-4, an ortholog of human BLOC-1-related complex (BORC)
subunit 5, positively regulates the processivity, not the velocity, of
the synaptic vesicle (SV) transport by binding to unc-104/KIF1A. 7
A recent study showed that the conserved ARF-like small GTPase
ARL-8 is localized to SVPs and directly activates UNC-104/KIF1A.
This activation process relies on BORC, by activating ARL-8 via its
guanine nucleotide exchange factor activity. Thus, BORC
contributes to the axonal transport of SVPs through indirectly
regulating the activity of UNC-104/KIF1A. 7 In addition,
UNC-104/KIF1A also under the regulation of SYD-2, an ortholog
of human PPFIA1 (PTPRF interacting protein alpha 1), PPFIA2,
PPFIA3. % LIN-2, an ortholog of human CASK (calcium/
calmodulin dependent serine protein kinase), forms a functional
complex with SYD-2, which positively affects the velocity of
UNC-104/KIF1A-mediated axon transport. UNC-104/KIF1A
motor motility and Synaptobrevin-1 (SNB-1) cargo transport are
largely diminished in neurons of LIN-2 knockout worms, which
cannot be compensated by overexpressing SYD-2, suggesting
LIN-2 being the more prominent activator of UNC-104/KIF1A.

The fate of kinesin motors after delivery of their cargoes has
been postulated to involve degradation at the nerve terminal,
recycling via retrograde motors, and/or recycling via diffusion. For
example, fate of UNC-104/KIF1A after delivering the cargo is
under the regulation of its cargo protein. UNC-104/KIF1A binds to
PI(4,5)P; through its PH domain for transporting SVs from the cell
body towards the synapse. Disrupt the binding specificity between
UNC-104/KIF1A and PI(4,5)P: causes UNC-104/KIF1A degradation
via the ubiquitin pathway, and finally leads to locomotory defects
and reduced motor levels in the mutants animals. * These findings
suggest a regulatory mechanism of UNC-104/KIF1A-mediated SV
transportation, also imply the existence of certain recycling
mechanism of UNC-104/KIF1A. In contrast, individual UNC-116/
kinesin-1 motors can be utilized repeatedly based on a recycling
mechanism through free diffusion. The distribution and recycling
of kinesin-1 motors fits a “loose bucket brigade” where individual
motors shift between active transport and free diffusion within
neuronal processes. *

Summary
Although it's been more than 30 years since kinesin was named,
kinesin-mediated intracellular transport is still far away from fully

understood. With the technology innovations, we now can push
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the research further. Most studies in the kinesin research society
focused on knockout animals. *° Recent studies showed that
genetic compensation can be induced by deleterious mutations but
not gene knockdowns. #% A future direction of kinesin research
would be focusing on cell-specific knockdown or inducible
conditional knockout animals. It may give us unexpected
understandings to kinesin functions.
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