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Intracellular  trafficking  events  powered  by microtubule-based  molecular  motors  facilitate  the  targeted
delivery  of selected  molecular  components  to specific  neuronal  subdomains.  Within  this  context,  we
provide  a  brief review  of  mechanisms  underlying  the  execution  of axonal  transport  (AT) by  conventional
kinesin,  the  most  abundant  kinesin-related  motor  protein  in the  mature  nervous  system.  We  emphasize
the  biochemical  heterogeneity  of  this  multi-subunit  motor  protein,  further  discussing  its  significance
eywords:
inesin
inesin-1
IF5
LC

in  light  of recent  discoveries  revealing  its regulation  by  various  protein  kinases.  In  addition,  we  raise
issues  relevant  to the mode  of conventional  kinesin  attachment  to  cargoes  and  examine  recent  evi-
dence  linking  alterations  in  conventional  kinesin  phosphorylation  to  the  pathogenesis  of  adult-onset
neurodegenerative  diseases.

©  2016 Elsevier  Inc.  All  rights  reserved.
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. Axonal transport: a specialized form of intracellular
rafficking in neurons

Neurons are highly polarized cells bearing morphologically and
iochemically distinct somatodendritic and axonal compartments

rons, and some axons may  reach lengths of over a meter in humans.
The development and life-long maintenance of this unique cel-
lular architecture of neurons involve numerous specializations
of the cytoskeleton and the secretory pathway. Together, these
Please cite this article in press as: Morfini, G., et al., Conventional kin
health and disease. Brain Res. Bull. (2016), http://dx.doi.org/10.1016/j

hat fulfill information-input and information-output-related func-
ions, respectively (Caceres et al., 2012). Neuritic compartments
omprise the overwhelming bulk of the total cell volume of neu-

∗ Corresponding author.
∗∗ Corresponding author at: Department of Anatomy and Cell Biology, University
f  Illinois at Chicago, 808 S. Wood St., Rm 578 M/C  512, Chicago, IL 60612, USA.

E-mail addresses: gmorfini@uic.edu (G. Morfini), s.kins@biologie.uni-kl.de
S. Kins).

ttp://dx.doi.org/10.1016/j.brainresbull.2016.06.009
361-9230/© 2016 Elsevier Inc. All rights reserved.
specializations facilitate the continuous transport and delivery of
molecular components from their place of synthesis and packag-
ing in the neuronal cell body to specialized subdomains within
dendrites and axons (Bradke and Dotti, 2000; Higgins et al., 1997;
Maeder et al., 2014; Morfini et al., 2001).

Intracellular directional transport of membrane-bounded
organelles (MBOs) is driven by molecular motors, mechanochem-
esin: Biochemical heterogeneity and functional implications in
.brainresbull.2016.06.009

ical proteins that utilize energy derived from ATP hydrolysis to
translocate their cargoes along specific filamentous components
of the neuronal cytoskeleton (Hirokawa et al., 2010). Short-range

dx.doi.org/10.1016/j.brainresbull.2016.06.009
dx.doi.org/10.1016/j.brainresbull.2016.06.009
http://www.sciencedirect.com/science/journal/03619230
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Fig. 1. Conventional kinesin subunit variants. (A) Three kinesin-1 genes are
expressed in mammalian tissues, including the neuron-enriched KIF5A and KIF5C
isoforms, and the ubiquitously expressed KIF5B isoform. The overall structure of
KIF5s is highly conserved, involving a head domain responsible for microtubule
binding and ATP hydrolysis, a neck linker region, and a long stalk mainly compris-
ing coiled-coil and hinge domains (asterisks) involved in KIF5 homodimerization.
The globular tail domain of KIF5 features the most divergent sequences among KIF5
subunits. (B) Biochemical experiments demonstrated that both KIF5s and KLCs are
present as homodimers within the conventional kinesin holoenzyme. Combinations
of  KIF5 and KLC homodimers give rise to six conventional kinesin variants, as defined
by  their subunit composition. Alternative splicing of the carboxy terminal region
of KLC1 further increases the complexity of these variants. Experimental evidence
ARTICLERB-9041; No. of Pages 7
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ransport of MBOs within actin filament-rich cellular domains,
ncluding growth cones, pre- and post-synaptic terminals, is mainly
owered by the myosin family of motor proteins (Kneussel and
agner, 2013). On the other hand, long-range transport of MBOs

rom their site of assembly and packaging (i.e., the trans Golgi net-
ork) to specific dendritic and axonal compartments is mediated

y microtubule-based molecular motors (Hirokawa et al., 2009).

. Microtubule-based motor proteins power axonal
ransport

Microtubules are intrinsically polarized, with beta-tubulin
eing present at the plus-end and alpha-tubulin at the minus-
nd (Baas et al., 2016). The intrinsic polarity of microtubules is
ecognized by molecular motor proteins, and allows for direc-
ional transport of cargoes along the microtubule surface. Within
xons, microtubules are mostly uniformly oriented, with their plus
nds directed towards the presynaptic terminals. This microtubule
rganization within axons allows for transport of MBOs in the
etrograde (from the cell periphery towards the cell soma) and
nterograde (away from the neuronal soma) directions (Black,
016; Morfini et al., 2012). The former mainly depends on the large
ultisubunit motor protein cytoplasmic dynein,  whereas antero-

rade AT is executed by the kinesin superfamily of motor proteins
KIFs) (Hirokawa and Noda, 2008). Unlike axons, microtubules
n vertebrate dendrites display a non-uniform (mixed) orienta-
ion. Accordingly, unidirectional motor proteins could, in principle,

ove cargoes away and towards the neuronal soma within this
ubcompartment (Baas et al., 2016).

Microtubule motor-based intracellular trafficking of molecular
omponents within axons represents a cellular process collectively
eferred to as axonal transport (AT) (Black, 2016). AT involves the
elivery of components synthesized in the neuronal soma to spe-
ific axonal subdomains, the removal of old and damaged cellular
omponents from these domains, and the sustained maintenance
f neurotrophic support [reviewed in (Black, 2016; Morfini et al.,
012)]. As such, AT is regarded as a cellular process critical for the
ppropriate maintenance of neuronal architecture and connectivity
hroughout the long lifetime of neurons (Brady and Morfini, 2010;

orfini et al., 2009a).
In mammals, the KIF superfamily of motors comprises 45 dif-

erent genes, of which 38 are expressed in nerve tissue (Miki et al.,
003). Based on phylogenetic analysis and sequence homology,
IF members have been classified into 15 KIF subfamilies, termed
inesin-1 to kinesin-14B (Lawrence et al., 2004). Closer sequence
imilarities within members of each KIF subfamily have long been
hought to reflect related functionalities, but the specific function
f most KIFs has yet to be established. While a possibility exists
hat each MBO  type is transported by a unique KIF, the number
f KIFs expressed in nerve tissue largely exceeds the number of
efined MBO  cargoes, and only a few KIFs have been confirmed
o mediate AT of specific MBOs in neurons, suggesting that some
ellular activities requiring KIFs may  have not yet been recognized
Brady and Sperry, 1995). Moreover, cumulative evidence also sug-
ests functional redundancy among some KIF members on the AT
f some MBOs, particularly mitochondria (Saxton and Hollenbeck,
012). Here, we focus our review on basic aspects of conventional
inesin, the founding member of the KIF superfamily of proteins,
nd the most abundant KIF in the mature mammalian nervous
ystem (Wagner et al., 1989).

. Conventional kinesin: structural organization and
Please cite this article in press as: Morfini, G., et al., Conventional kin
health and disease. Brain Res. Bull. (2016), http://dx.doi.org/10.1016/j

iochemical diversity

Conventional kinesin was initially purified from mammalian
rain tissue taking advantage of its unique biochemical properties,
suggests combined roles of the tail domain of KIF5s and the carboxy terminus of
KLCs  on the targeting of conventional kinesin variants to MBOs of unique protein
composition.

which were first revealed by pioneering microscopic observations
in the isolated squid axoplasm preparation (Allen et al., 1982;
Brady, 1985; Brady et al., 1983; Vale et al., 1985). To date, it is
well established that this motor protein exists as a heterotetrameric
complex of approximately 380 kDa, being composed of two  kinesin
heavy chain subunits of 115–130 kD, and two  kinesin light chain
(KLCs) subunits of 62–70 kD (Wagner et al., 1989) (Fig. 1).

After standardization of the kinesin nomenclature (Lawrence
et al., 2004), heavy chain subunits of conventional kinesin were
listed as members of the kinesin-1 subfamily of KIFs. A single
kinesin-1 gene is encoded in the Caenorhabditis elegans (UNC-
116) and Drosophila melanogaster genomes, with genetic deletion
experiments indicating an essential role of this subunit on organ-
ism development and synaptic function (Hurd and Saxton, 1996;
Siddiqui, 2002). In contrast, the mammalian kinesin-1 subfamily
comprises three genes encoding the neuron-enriched KIF5A and
KIF5C, and the ubiquitously expressed KIF5B members (Kanai et al.,
2000) (Fig. 1A). Immunoelectron microscopy-based visualization of
the purified conventional kinesin holoenzyme revealed kinesin-1
subunits as two 80 nm long rods, each featuring a globular head
and a fan-shaped tail (Bloom et al., 1988; Hirokawa et al., 1989).
A molecular basis underlying this structure was illuminated after
esin: Biochemical heterogeneity and functional implications in
.brainresbull.2016.06.009

KIF5 protein sequences became available (Kosik et al., 1990), and
it is now clear that the overall protein domain organization of all
KIF5 members within the kinesin-1 subfamily is highly conserved
[reviewed in (Jeppesen and Hoerber, 2012)]. A head motor region,

dx.doi.org/10.1016/j.brainresbull.2016.06.009
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ocated at the amino-terminus, comprises microtubule binding and
TPase hydrolysis domains responsible for the mechanochemical
roperties of conventional klnesis. A disordered, 14 amino acid long
eck-linker follows this head region, and plays an important role in
otor processivity and step coordination. A single ATP hydrolysis

vent by a given KIF5 dimer powers an 8 nm step, which is a dis-
ance equivalent to the length of a tubulin-dimer (Gennerich and
ale, 2009). The neck-linker and head domains are followed by a

ong stalk region, containing hinge and long coiled-coil domains
hat facilitate dimerization of KIF5 subunits. Finally, the extreme
-terminal tail of KIF5s comprises a small globular domain featur-

ng the most divergent sequence stretch among KIF5s. Interestingly,
lectron microscopic observations revealed 20–30 nm long rods (as
pposed to 80 nm)  linking transported MBOs to microtubules, sug-
esting that a portion of the KIF5 stalk interacts with its transported
BOs (Hirokawa, 2011). Consistent with these findings, evidence

rom subcellular fractionation (DeBoer et al., 2008), nerve liga-
ion (Dahlström et al., 1991) and pulse-chase studies (Elluru et al.,
995) suggested association of specific KIF5 isoforms with selected
BOs. An initial report suggested functional redundancy among

IF5s, which resulted from heterodimerization (Kanai et al., 2000).
owever, subsequent co-immunoprecipitation studies using well-

haracterized isoform-specific anti-KIF5 antibodies demonstrated
hat KIF5s are exclusively organized as homodimers within the
onventional kinesin holoenzyme (DeBoer et al., 2008).

KLC subunits localize to the end of the stalk domain of con-
entional kinesin. Two KLCs are expressed in mammalian nervous
issue (KLC1 and KLC2) (Rahman et al., 1998), which exclusively
ssociate as homodimers within the conventional kinesin holoen-
yme (DeBoer et al., 2008). At their amino terminus, KLC subunits
eature a heptad repeat region that mediates their interaction with
inesin-1 subunits. In addition, the central region of KLCs fea-
ures highly conserved DnaJ-like domains (Tsai et al., 2000) [also
eported as Tandem Repeat domains (TRs) by some research groups
Goldstein and Gindhart, 1996)]. These domains have been shown
o mediate the tight interaction of conventional kinesin with MBO
argoes and to recruit the chaperone hsc70 for removal of this
otor protein from MBO  surfaces. Biochemical studies indicated

hat KIF5 and KLC homodimers interact in all possible combina-
ions to form at least six biochemical variants of conventional
inesin, as defined by their tetrameric subunit composition (DeBoer
t al., 2008) (Fig. 1B). Further increasing the complexity of con-
entional kinesin subunit variants, KLC1 was found to undergo
lternative splicing in its extreme carboxy-terminal sequence to
enerate a large number of KLC1 isoforms (Cyr et al., 1991). Along
ith the carboxy-terminal region of KIF5s, these isoform-specific
LC1 sequences appear to target conventional kinesin to different
BOs (DeBoer et al., 2008; Gyoeva et al., 2000; Khodjakov et al.,

998) (Fig. 1B).

. The mode of conventional kinesin attachment to
embrane-bounded organelle cargoes remains largely

nknown

Mainly based on its partitioning to the soluble fraction after
omogenization, conventional kinesin was originally thought to
xist as a soluble protein in cells. However, subsequent ligation
Hirokawa et al., 1991) and pulse-chase radiolabeling experiments
Elluru et al., 1995; Elluru et al., 1990) indicated that, in vivo, the
verwhelming majority of conventional kinesin moves along axons

n association with MBOs as part of the fast component (FC) of AT
Please cite this article in press as: Morfini, G., et al., Conventional kin
health and disease. Brain Res. Bull. (2016), http://dx.doi.org/10.1016/j

Black, 2016). Providing a partial explanation for these contrast-
ng findings, it was later shown that partitioning of conventional
inesin to soluble fractions results from an active enzymatic pro-
ess involving post-lysis modification of this motor (Hollenbeck,
 PRESS
ulletin xxx (2016) xxx–xxx 3

1993; Morfini et al., 2000). Further, these studies suggested the
involvement of chaperones and protein kinases in this process,
which might become activated during the homogenization proce-
dure (Morfini et al., 2001; Tsai et al., 2000).

Although a protein-based association of conventional kinesin
with MBO  cargoes is well established (Szodorai et al., 2009), no
bona fide receptors for this motor protein have been identified to
date and thus, the mode of attachment of conventional kinesin to its
transported MBOs remains a largely unresolved issue. On the other
hand, an increasingly growing number of studies have yielded a
long list of candidate proteins reportedly binding to KIF5 and KLC
subunits. An exhaustive discussion of these findings is beyond the
scope of this review, but most KIF5-interacting proteins partners
identified to date have been proposed to function as “adaptors” that
would directly or indirectly bind KIF5 s to various MBO  cargoes. In
some cases, KIF5s have also been proposed to bind and transport
non-MBO cargoes, including mRNA-containing multiprotein com-
plexes (Fu and Holzbaur, 2014; Hackney, 2007; Hirokawa, 2006; Lin
and Sheng, 2015; Loss and Stephenson, 2015; Maday et al., 2014).

Intriguingly, cargo “adaptors” binding the globular tail of KIF5s
include a wide variety proteins including syntabulin (Cai et al.,
2007; Su et al., 2004), glutamate receptor-interacting protein 1
(GRIP1) (Hoogenraad et al., 2005; Setou et al., 2002), fasciculation
and elongation protein-� (FEZ1) (Gindhart et al., 2003), adaptor
protein mitogen-activated protein kinase-activating death domain
(DENN) (Niwa et al., 2008) and the TRAK/Milton family of pro-
teins (Randall et al., 2013; van Spronsen et al., 2013), among many
others (Maday et al., 2014). The lack of functional and/or struc-
tural relationship among these proteins raises concerns about the
specificity of these interactions, especially since most supporting
studies involve transient overexpression and affinity purification
approaches, as well as the use of heterologous systems (most
notably, yeast two-hybrid system). Further, the notion that pro-
tein adaptors would facilitate KIF5-mediated transport of cargoes
in the absence of KLCs appears inconsistent with data showing
co-transport of these subunits along axons in vivo (Elluru et al.,
1995).

An even larger number of proposed “adaptor” proteins have
been reported to interact directly with the DnaJ-like/TR domain of
KLCs. The list of proteins includes, but is not limited to, APP (Kamal
et al., 2000), YETI (Wisniewski et al., 2003), JIP1 (Matsuda et al.,
2003), JIP3 (Koushika, 2008), Sunday Driver (Bowman et al., 2000),
surface proteins in vaccinia virus (Ward and Moss, 2004), and HAP1
(McGuire et al., 2006), among many others. While DnaJ-like/TR
domains may  indeed mediate specific protein–protein interactions
(Cyr et al., 1994), they are unlikely to provide MBO  cargo bind-
ing specificity because they are highly conserved in both KLC1 and
KLC2 (Tsai et al., 2000), yet these KLCs associate with different MBO
subsets (Rahman et al., 1998). Regardless, how could conventional
kinesin discriminate among such large number of structurally
unrelated adaptor proteins that bind to the same protein domain
remains largely unclear. More recently, a mechanism was  proposed
where KLCs would bind a bipartite WD/E motif present in several
hundred unrelated proteins (Dodding et al., 2011). But again, the
uneven stoichometries of KLCs and those proteins leaves unclear
the issues of cargo specificity and selective delivery of those cargoes
to discrete neuronal subdomains (see below).

Of note, both the tail domain of KIF5s and the DnaJ-like/TR
domains of KLCs contain exposed hydrophobic surfaces, a fea-
ture already known to render such proteins extremely “sticky” in
various protein–protein interaction assays (Vites et al., 2004). For
example, findings of high affinity (nanomolar) interaction between
esin: Biochemical heterogeneity and functional implications in
.brainresbull.2016.06.009

the intracellular domain of APP and the DnaJ-like domain of KLCs
fueled the proposal that APP acts as a receptor protein for con-
ventional kinesin (Kamal et al., 2000), a concept bearing major
implications for our understanding of Alzheimer’s disease (AD)

dx.doi.org/10.1016/j.brainresbull.2016.06.009
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athogenesis (Goldstein et al., 2003). However, subsequent stud-
es revealed that recombinant KLCs produced in bacteria interact
on-specifically with proteins as diverse as GFP, Fe65, PAT1a and
he intracellular domains of APP, APLP1, and APLP2 in pull-down
ssays (Lazarov et al., 2005). Significantly, in vitro-translated KLC1,
hich has fewer non-specific binding characteristics, failed to bind

he intracellular domain of APP (Lazarov et al., 2005). Moreover,
mmunoprecipitation experiments using brain tissue as starting

aterial also failed to detect a direct interaction between APP and
onventional kinesin (Lazarov et al., 2005). Similarly, and largely
ased on overexpression experiments, the ubiquitously expressed
rotein huntingtin was proposed to function as a scaffolding pro-
ein recruiting conventional kinesin and other unrelated proteins to

BOs (Colin et al., 2008). However, an interaction between hunt-
ngtin and conventional kinesin subunits could not be confirmed
or endogenous proteins from nerve tissue (Morfini et al., 2009b).
ollectively, these precedents highlight the importance to confirm
utative interactions by multiple independent approaches, such
hat bona fide adaptors for conventional kinesin binding to MBO
argoes can be established. Despite the wealth of data, the rele-
ance of most adaptor partners proposed for KIF5 and KLCs to date
as not yet been rigorously established.

. Functional implications of conventional kinesin subunit
ariants

The functional significance of conventional kinesin variants, as
efined by their subunit composition, is only partially understood.
ubcellular fractionation experiments showed association of KIF5s
nd KLCs with a broad spectrum of MBO  cargoes that feature little or
o overlap in membrane protein composition. Such MBOs include
itochondria, and tubulo-vesicular MBOs containing amyloid pre-

ursor protein (APP), neurotransmitter receptors, plasmalemma
nd synaptic vesicle precursors (Leopold et al., 1992; Szodorai et al.,
009; Takamori et al., 2006). Antisense oligonucleotide experi-
ents in cultured neurons confirmed a major role of conventional

inesin on the AT of membrane proteins, including APP, to axons
nd dendrites (Ferreira et al., 1992; Rathgeber et al., 2015), but these
xperiments failed to reveal the issue of biochemical diversity.

Various independent observations from subcellular fractiona-
ion (DeBoer et al., 2008), nerve ligation (Dahlström et al., 1991),
nd pulse-chase radiolabeling experiments (Elluru et al., 1995) sug-
est that KIF5s play a role on the targeting of conventional kinesin
ubunit variants to selected MBOs. Also supporting this notion,
mmunoisolation experiments revealed an association of conven-
ional kinesin variants containing KIF5C, but not KIF5A or KIF5B,
ith vesicles containing APP and various presynaptic components

ncluding synapsin-I, SNAP25, syntaxin-1B, VAMP2, Munc13-1,
IM2, Rab3, and Rab3Gas (Szodorai et al., 2009). Finally, differences

n tissue expression profiles for KIF5s and phenotypic outcomes
licited upon their genetic deletion also provide evidence of func-
ional specializations (Nakajima et al., 2012; Xia et al., 2003).

Further complicating the daunting transport task of neuronal
ells, MBOs transported by conventional kinesin need to be pre-
isely delivered to spatially and functionally distinct subdomains of
nique protein composition within axons and dendrites. For exam-
le, synaptic vesicles precursors undergoing transport along axons

rom CNS neurons need to be selectively delivered to hundreds
r even thousands of presynaptic terminals en passant. Similarly,
BOs containing specific ion channels need to be inserted at the
Please cite this article in press as: Morfini, G., et al., Conventional kin
health and disease. Brain Res. Bull. (2016), http://dx.doi.org/10.1016/j

xonal plasma membrane within nodes of Ranvier. This asymmet-
ic organization of materials within axons implies the existence of
egulatory mechanisms for the localized delivery of MBOs (Brady,
995; Morfini et al., 2001).
 PRESS
ulletin xxx (2016) xxx–xxx

As discussed above, various lines of experimental evidence
indicate that conventional kinesin primarily exists as a membrane-
associated protein in vivo, suggesting that its association with
MBOs is subject to regulatory mechanisms. In support, biochemical
approaches illuminated multiple pathways promoting the detach-
ment of conventional kinesin from membranes (Morfini et al.,
2000; Tsai et al., 2000). Further, cumulative data indicates that
phosphorylation represents a major mechanism for the regulation
of conventional kinesin-based AT (Gibbs et al., 2015; Hollenbeck,
1993; Lee and Hollenbeck, 1995). Many findings supporting this
concept were initially established using isolated squid axoplasm, a
model that greatly facilitates the evaluation of axon-autonomous
molecular events (Kang et al., 2016; Song et al., 2016). Consis-
tent with the heterogeneity of axonal MBOs and the need for
delivering those to specific destinations, multiple kinases were
found to regulate both enzymatic (i.e. binding to microtubules and
ATPase activity) and non-enzymatic (i.e. attachment to transported
cargoes) properties of conventional kinesin. The effect of these reg-
ulatory kinases largely depends on the specific target subunit, as
well as the site modified. For example, both glycogen synthase
kinase 3 (GSK3) and casein kinase 2 (CK2) phosphorylate KLCs and
promote detachment of conventional kinesin from MBOs (Pigino
et al., 2009). On the other hand, both c-jun amino-terminal kinase
3 (JNK3) and p38� MAP  kinase (Fig. 2A) phosphorylate KIF5 sub-
units at residues located in close proximity to microtubule-binding
domains (Morfini et al., 2013; Morfini et al., 2009b). Accordingly,
these phosphorylation events were found to compromise pro-
cessive movement of KIF5s along axonal microtubules (Morfini
et al., 2013; Morfini et al., 2009b). In addition, other kinases (i.e.,
CDK5) and phosphatases (i.e., PP1) indirectly regulate conventional
kinesin by modulating GSK3 activation (Morfini et al., 2004).

Interestingly, and directly relevant to the biochemical diversity
of conventional kinesin, some physiologically relevant phospho-
rylation sites are not conserved among KIF5 and KLC isoforms
(Fig. 2A). Based on these observations, it is conceivable that specific
conventional kinesin subunit variants are assembled in a way that
facilitates kinase-mediated delivery of specific MBOs at selected
subcellular domains (Fig. 2B). Such notion is supported by recent
studies demonstrating a role of protein kinases on the delivery of
MBOs containing presynaptic proteins at newly formed synapses of
developing neurons (Easley-Neal et al., 2013). Further, removal of
conventional kinesin from MBOs by hsc70, an abundant and ubiq-
uitously expressed chaperone, could also be spatially restricted by
localized activation of kinases targeting KLCs. In support, removal
of conventional kinesin from purified MBOs was found to correlate
with KLC2 phosphorylation (Morfini et al., 2002b; Morfini et al.,
2001).

6. Alterations in conventional kinesin-based AT and
neurodegenerative disease pathogenesis

A few familiar forms of neurodegenerative diseases have been
linked to mutations in genes encoding conventional kinesin sub-
units. For example, loss-of-function mutations in KIF5A result in a
subset of hereditary form of spastic paraplegia (HSP), SPG10-HSP
(Reid et al., 2002). HSP is a disease characterized by progressive
dysfunction and dying back degeneration of upper motor neu-
rons (Solowska and Baas, 2015). The increased vulnerability of
upper motor neurons observed in HSP appears consistent with a
specialized role of KIF5A-containing conventional kinesin variants
on these cells. However, specific MBOs whose transport is com-
esin: Biochemical heterogeneity and functional implications in
.brainresbull.2016.06.009

promised in SPG10-HSP have not been identified, and whether
KIF5A powers AT of the same MBOs in all neuronal cell types has
not been addressed. The late onset characteristic of HSP indicates
that reductions in KIF5A-related conventional kinesin-based AT

dx.doi.org/10.1016/j.brainresbull.2016.06.009


ARTICLE IN PRESSG Model
BRB-9041; No. of Pages 7

G. Morfini et al. / Brain Research Bulletin xxx (2016) xxx–xxx 5

A

B

p38α

PP

*
p38α

- +

KIF5A Homo     FVSSPEEILDVIDEGK
KIF5A Mus      FVSSPEEILDVIDEGK
KIF5B Homo     FVCSPDEVMDTIDEGK
KIF5B Mus      FVCSPDEVMDTIDEGK
KIF5C Homo     FVSSPEEVMDVIDEGK
KIF5C Mus      FVSSPEEVMDVIDEGK
KHC Loligo     FVSSPEEVMEVIDEGK

Fig. 2. Conventional kinesin subunit variants and phosphorylation-mediated deliv-
ery of MBO cargoes at discrete subcellular domains. (A) Serines 175/176 of KIF5C,
which are conserved in squid kinesin-1 (Loligo), are directly phosphorylated by
p38�.  Consistent with the location of these residues within the head domain of KIF5s,
phosphorylation of these residues dramatically impairs the translocation of KIF5C
along axonal microtubules (Bosco et al., 2010; Morfini et al., 2013). Interestingly,
serines 175/176 are conserved in KIF5A, but not KIF5B. (B) Schematic depicting a
model where localized activation of kinases would promote delivery of MBOs trans-
ported by specific conventional kinesin subunit variants. In this case, localized p38
activation would allow the delivery of MBOs transported by conventional kinesin
variants containing KIF5A and KIF5C, but not KIF5B subunits (Shi et al., 2010). Simi-
larly, localized activation of the protein kinase GSK3 would promote the delivery of
MBOs transported by KLC2-containing conventional kinesin variants. Such model
would have important implications for multiple neurodegenerative diseases, which
feature pathological activation of specific kinase pathways.
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Fig. 3. Model of altered kinesin activity under pathological conditions. Pathogenic
events (e.g. exposure to A� peptides) in the course of neurodegenerative diseases
cause cellular stress responses affecting the balance of phosphatase/kinase activity.
Early consequences of these alterations might be cargo release and/or inhibition
o not suffice to compromise the survival of upper motor neu-
ons during development. Given that AT efficiency significantly
eclines with aging (McQuarrie et al., 1989), the negative impact
f KIF5A mutations on AT would likely be higher in aged neurons.
n illumination of MBO  cargoes transported by KIF5A-containing
onventional kinesin variants should provide novel insights on
echanisms underlying the differential vulnerability of specific

euronal cell types observed in SPG10-HSP.
Consistent with the dying back pattern of degeneration charac-

eristic of most adult onset neurodegenerative diseases, AT deficits
Please cite this article in press as: Morfini, G., et al., Conventional kin
health and disease. Brain Res. Bull. (2016), http://dx.doi.org/10.1016/j

ave been documented in multiple animal models of such dis-
ases, including Alzheimer’s disease (AD), Amyotrophic Lateral
clerosis (ALS), Hereditary Spastic paraplegias, and polyglutamine-
of  kinesin motor activity resulting in axonal stalling. Isoform-specific phosphoryla-
tion  of conventional kinesin subunits may explain selective vulnerability of specific
neuronal cell types to different disease conditions.

expansion diseases [reviewed in (Morfini et al., 2009a; Roy et al.,
2005)]. However, these diseases are not associated with muta-
tions in conventional kinesin or other KIFs, so other mechanisms
are thought to underlie these deficits. Interestingly, abnormal
activation of protein kinases and aberrant patterns of protein
phosphorylation represent pathogenic hallmarks common to most
neurodegenerative diseases (Gibbs et al., 2015; Wagey and Krieger,
1998), and many kinases deregulated in these diseases have been
implicated in the regulation of conventional kinesin-based AT. In
the context of HD, mutant huntingtin has been shown to inhibit
AT through a mechanism involving JNK3 activation and phospho-
rylation of KIF5s (Morfini et al., 2009a). Pathogenic forms of tau
and �-Amyloid, major AD protein hallmarks, were also found to
inhibit conventional kinesin-based AT. In the case of A�, this toxic
effect appears to involve several pathways including activation of
the protein kinases CK2 (Moreno et al., 2009; Pigino et al., 2009)
and GSK3 (Decker et al., 2010; Takach et al., 2015; Tang et al.,
2012). Extending these findings, pathogenic forms of tau associ-
ated with AD and other human tauopathies were shown to inhibit
AT by activating a PP1-GSK3 pathway (Kanaan et al., 2011; Lapointe
et al., 2009; Morfini et al., 2007). Further, AT deficits induced by
AD-related mutations in the APP-processing secretase presenilin-1
were associated with GSK3 activation (Lazarov et al., 2007; Morfini
et al., 2002a; Pigino et al., 2003). Finally, both familial and sporadic
ALS-related forms of the protein SOD1 were shown to inhibit AT by
promoting activation of the protein kinase p38 (Bosco et al., 2010;
Morfini et al., 2013). Based on these precedents, AT deficits result-
ing from aberrant phosphorylation of conventional kinesin could
represent an important pathogenic event common to several unre-
lated neurodegenerative diseases (Morfini et al., 2009a) (Fig. 3). An
illumination of pathologically-relevant protein kinases deregulated
in each disease would facilitate the development of disease-specific
therapeutic strategies aimed to prevent the loss of neuritic connec-
tivity associated with alterations in conventional kinesin-based AT.
Such strategies would also prevent additional pathogenic events
associated with deregulated kinases.
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