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mRNA Transport in Dendrites: RNA Granules, Motors,

and Tracks

Nobutaka Hirokawa
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The targeting of mRNAs to neuronal dendrites is an important protein sorting mechanism. Recent studies have revealed that mRNAs are
transported by molecular motors. The kinesin superfamily protein KIF5 transports mRNAs such as calcium/calmodulin-dependent
kinase IIae (CaMKIIcr) and Arc mRNAs along microtubules in large granules containing proteins involved in RNA transport, protein
synthesis, RNA helicases, heterogeneous nuclear ribonucleoproteins (hnRNPs), and RNA-associated proteins. This transport is funda-
mental to local protein synthesis and to the regulation of neuronal function.
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Intracellular transport in neurons

Neurons have a highly polarized cell structure and typically con-
tain one long, thin filamentous axon and multiple dendrites that
differ from one another morphologically and functionally. Axons
and dendrites differ in their intracellular signaling cascades and
trafficking pathways. A consensus view is that proteins destined
for axons and presynaptic terminals are synthesized in the cell
body and transported down the axon in membranous organelles
or protein complexes. Whereas most proteins destined for den-
drites and dendritic spines are conveyed from the cell body, a
subset of mMRNAs are transported into dendrites to support local
protein synthesis (Steward and Worley, 2001; Grossman et al.,
2006; Martin and Zukin, 2006; Pfeiffer and Huber, 2006; Schu-
man et al., 2006; Wells, 2006). Selective sorting of mRNAs to
axons and dendrites has been the focus of much recent attention.
This review focuses on the motors that mediate selective trans-
port of RNAs into dendrites and axons and the molecular com-
ponents of RNA-transporting granules.

In axons and dendrites, microtubules run in a longitudinal
direction and serve as tracks for the transport of membranous
organelles and macromolecular complexes. Microtubules in ax-
ons and distal dendrites are unipolar, i.e., the plus end (the fast
growing end) points in the direction of the synapse. In contrast,
microtubules in proximal dendrites are of mixed polarity. Mo-
lecular motors of the kinesin and dynein superfamilies actively
move along microtubules carrying various cargoes (Hirokawa,
1998; Hirokawa and Takemura, 2005). Both kinesin and dynein
superfamily proteins are microtubule-dependent motors that
slide along microtubules. The large kinesin superfamily includes
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45 members in mice and humans. Whereas kinesin superfamily
proteins (KIFs) typically move toward the plus end of microtu-
bules and participate in anterograde transport, cytoplasmic dy-
neins are minus-end-directed motors and mediate retrograde
transport from axonal or dendritic terminals to the cell body.

Many membranous organelles are transported from the cell
body and down the axon to the presynaptic terminal. KIF1A and
KIF1Bg transport synaptic vesicle precursors containing synaptic
vesicle proteins such as synaptotagmin, synaptophysin, and Rab
3A. KIF1Ba and KIF5 (KIF5A, KIF5B, and KIF5C) transport mi-
tochondria in the anterograde direction. KIF5 also transports
other cargoes, including vesicles that contain APPs (amyloid pre-
cursor proteins) and vesicles containing APOER2 (apolipopro-
tein E receptor 2) through interactions with JIPs (JNK-
interacting proteins) and kinesin light chain (KLC). KIF5 also
participates in slow axonal transport of cytoskeletal proteins.
KIF3, mainly composed of KIF 3A/KIF3B heterodimers and an
associated protein KAP3, transports vesicles associated with fo-
drin and is important for neurite extension. Recent studies in-
volving a conditional knock-out of the KAP3 subunit of KIF3
impairs transport of N-cadherin and 3-catenin-containing vesi-
cles from the Golgi to the cell surface of progenitor cells and
causes abnormal proliferation of mouse neural progenitor cells
(Teng et al., 2005; Hirokawa and Takemura, 2005).

In dendrites, transport of NMDA receptors is mediated by the
molecular motor KIF17; binding is mediated via the scaffolding
proteins mLin-7 (MALS), mLin-2 (CASK), and mLin-10
(Mintl), which form a macromolecular complex containing the
NMDA receptor NR2B subunit (Guillaud et al., 2003) (Fig. 1).
Overexpression of KIF17 enhances spatial and working memory
in transgenic mice (Wong et al., 2002). Moreover, the genes for
KIF17 and NR2B are coregulated, such that overexpression of
KIF17 leads to the upregulation of NR2B. This process might
depend on increased phosphorylation of the transcription factor
CREB. AMPA glutamate receptors, in contrast, are transported
by the conventional motor KIF5; in this case binding is mediated
via the adaptor/scaffolding protein, GRIP1 (glutamate receptor-
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interacting protein 1) and kinesin heavy @
chains (Hirokawa and Takemura, 2005)
(Fig. 1).

Distal dandrita

mRNA transport in dendrites

In many cell types, but especially neurons,
the targeting of mRNAs to distinct cellular
compartments is an important protein-
sorting mechanism (Grossman et al.,
2006; Martin and Zukin, 2006; Pfeiffer
and Huber, 2006; Schuman et al., 2006;
Wells, 2006). Although the majority of
mRNAs are localized to the cell body, a

subset of mRNAs is transported to den- e
drites. Dendritic protein synthesis can oc-
cur during plasticity and may produce
long-lasting changes in synaptic strength
(Kang and Schuman, 1996; Huber et al.,
2000). Several proteins associated with
RNA transport have been extensively
studied, such as hnRNP-A2, staufens, and
familial mental retardation proteins
(FMRPs; FMRI, FXRI, and FXR2), as
have the mRNAs being transported, such
as (-actin (Bassell et al., 1998), MAP2
(microtubule-associated protein) (Bli-
chenbergetal., 1999), CaMKIl« (Blichen-
bergetal., 2001), and Arc (Lyford et al., 1995). Recently, staufen-
enriched RNA-containing granules have been isolated
(Krichevsky and Kosik, 2001; Mallardo et al., 2003), and one by
one the proteins involved in RNA transport have been identified,
including Pura, Me31B, and ZBP1 (Nakamura et al., 2001;
Zhang et al., 2001; Ohashi et al., 2002). However, comprehensive
information about the RNA-transporting granules or the rela-
tionships among the associated proteins has not been published.
It has been reported that RNA transport requires microtubule-
dependent motors (kinesin and dynein) (Brendza et al., 2000;
Carson et al., 2001), but until recently the mechanism by which
motor proteins transport RNAs has remained elusive.
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Figure 1.

mRNA-associated granules and kinesin motors

Recently, Hirokawa and colleagues isolated a large detergent-
resistant, RNase-sensitive granule (~1000 S in size) from mouse
brain as a binding partner of conventional kinesin KIF5 (Kanai et
al., 2004). Altogether, 42 proteins were identified in the granules,
of which 12 were extensively characterized: Pure, a protein asso-
ciated with RNA transport, and its family protein, Purf3; eight
RNA-associated proteins (hnRNP-U, PSF, DDX1, DDX3,
SYNCRIP, TLS, NonO, and ALY); and two proteins (HSPC117
and CGI-99), whose functions remain unknown. The granules
also contained Staufen, FMRPs, EF-1«, and the mRNAs for
CaMKIl« and Arc (Kanai et al., 2004). The proteins were classi-
fied according to their binding affinities for KIF5, and direct
interactions between components of the granules were deter-
mined by coimmunoprecipitation analysis. In cultured hip-
pocampal neurons, the identified protein components of the
granules colocalized with Pura and KIF5 and these granules were
transported bidirectionally in dendrites, indicating a tug-of-war
between kinesin and opposing motors such as dynein. The dis-
tally directed movement of the granules was enhanced by the
overexpression of KIF5 and reduced by inhibition of KIF5,
thereby confirming the role of kinesin in transport of RNA gran-
ules. A two-dimensional (2D)-PAGE study followed by mass
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KIFs and cargoes for axonal and dendritic transport. a, Microtubule polarity in the axon and dendrites. b, KIFs and
their cargoes in the axon. ¢, KIFs and their cargoes in dendrites. mRNA and granules composed of a large number of proteins are
transported by KIF5. Reproduced with permission from Hirokawa and Takemura (2005).

spectrometry/mass spectrometry (MS/MS) analysis (2D-MS/
MS) revealed a total of 42 proteins, including proteins involved in
RNA transport, protein synthesis, hnRNPs, RNA helicases, and
translational silencing (Kanai et al., 2004).

RNA-containing granules that are transported to dendrites
bind to the C-terminal tail of KIF5. The minimal binding site for
RNA-containing granules is a 59 aa sequence (residues 865-923),
which is conserved in KIF5A, KIF5B, and KIF5C. Among the
proteins in large RNA-containing granules, Pura and Pur3 were
the two most strongly bound, as determined by sequential elution
in the pull-down assay by stepwise increases in salt concentration.
However, the direct binding partner of KIF5 remains unknown.
When cultured neurons were transfected with both green fluo-
rescent protein (GFP)-Pura and cyan fluorescent protein
(CFP)—KIF5, Pura-containing granules were transported exclu-
sively to dendrites, although CFP-KIF5 is distributed to both
axons and dendrites. However, a CFP-tagged dominant-negative
KIF5 mutant (CFP-8N1), which contains the C-terminal tail
RNA granule-binding site but lacks the N-terminal motor do-
main inhibited the movement of RNA-containing granules to-
ward distal dendrites. CaMKIIa mRNA and Arc mRNA colocal-
ized with Pura-containing granules, but tubulin mRNA did not.
RNA interference of the component proteins of RNA-containing
granules such as hnRNPU suppressed transport of Staufen, Purc,
and polypyrimidine tract-binding protein-associated splicing
factor (PSF). These results show that transport of RNA-
containing granules to dendrites requires direct binding to the
C-terminal tail of KIF5 (Kanai et al., 2004).

Using HEK (human embryonic kidney) 293 cells, compo-
nents of Staufenl-containing particles were affinity purified
(Brendel et al., 2004). The results imply that in the cytoplasm of
mammalian cells, an association with the ribosomal P stalk pro-
tein PO recruits Staufen1 into a ribosome-containing ribonucle-
oprotein particle that also contains kinesin, protein phosphatase
1, and nucleolin (Brendel et al.,, 2004). Similarly, hStaufen-
containing complexes were purified by affinity chromatography
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from human cells transfected with a TAP-tagged hStaufen gene.
By mass spectrometry, the complex contained ribosomes and
proteins involved in the control of protein synthesis [PABP1
(poly(A)-binding protein) and FMRP], cytoskeletal proteins (tu-
bulins, tau, actin, and internexin), cytoskeleton control proteins
(IQGAPI, cdc42, and racl), motor proteins (dynein, kinesin, and
myosin), and proteins normally found in the nucleus such as
nucleolin and RNA helicase A (Villacé et al., 2004). Bannai et al.
(2004) reported that SYNCRIP (heterogenous nuclear ribo-
nuclear protein Q1/NSAP1) was transported bidirectionally
within dendrites, at a velocity about equivalent to that of Pura-
containing granules (Kanai et al., 2004). SYNCRIP colocalized in
cultured neurons with Staufen1 and the 3’-untranslated region of
inositol 1,4,5-triphosphate receptor type 1 mRNA, indicating
that it is transported as a component of mRNA granules (Bannai
et al., 2004)

In Drosophila melanogaster oocytes, oskar mRNA is localized
to the posterior pole. Localization of oskar depends on the kine-
sin heavy chain (KIF5) and not the KLC, as shown in a KLC null
mutant (Brendza et al., 2000). In addition, in an established D.
melanogaster Schneider 2 (S2) cell line, GFP-tagged FMRP forms
ribonucleoprotein granules that move along the long thin pro-
cesses. The movement of the granules depends on KIF5, but not
KLC, as shown by RNA-mediated interference of KLC. These
results indicate that transport of mRNAs in these cells depends on
KIF5 and not KLC (Ling et al., 2004). Recently it was shown that
an RNA-binding protein, TLS (translocated in liposarcoma) is
transported to dendrites, and that it is recruited to dendrites not
only via microtubules, but also via actin filaments (Fujii et al.,
2005). This finding suggests that not only KIF5, but also myosin-
based motors, participate in the proper targeting of mRNA and
associated proteins in dendrites.

Conclusion and future perspectives
In summary, it has become clear that certain mRNAs such as
CAMKIIe mRNA and Arc mRNA are transported in dendrites in
granules (>1000 S), large macromolecular complexes. These
granules are transported by KIF5, which binds RNA-binding
proteins by a recognition motif in its tail domain (Fig. 1). Other
motors such as dynein and myosin may also be involved in trans-
port of RNA-containing granules. Although the polarity of mi-
crotubules in proximal dendrites is mixed, the polarity of micro-
tubules in distal dendrites is the same as in the axon. Thus,
anterograde and retrograde transports could be performed by
KIF5 and dynein, respectively, in dendrites. Because actin fila-
ments are the main cytoskeletal elements in the spine shaft, my-
osin may function to transport mRNAs and granules locally
within the spine. Thus, the transport of mRNA-containing pro-
tein complexes by motor proteins is fundamental to local protein
synthesis and to the regulation of neuronal functions

With regard to the mechanism of mRNA transport in den-
drites, an immediate and important question is “What is the
direct binding partner for KIF5 in the granules?” The answer to
this question will provide a basis for understanding the regulation
of mRNA transport, and also for activity-dependent regulation of
local protein synthesis. Another interesting question is how di-
rectional transport of mRNA is regulated, because kinesin can
transport cargoes both to the axon and dendrites, whereas mRNA
and associated granules are mainly conveyed to dendrites. In this
respect, it is noteworthy that the KIF5 motor domain by itself
recognizes the characteristics of microtubules in the initial seg-
ment of the axon and tends to preferentially direct toward the
axon (Nakata and Hirokawa, 2003), whereas overexpression of
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KIF5 enhances transport of Pura granules in dendrites, not in the
axon (Kanai et al., 2004). These observations suggest the possi-
bility that binding of cargoes such as mRNA—protein complexes
to the tail domain of KIF5 steers kinesin motors toward den-
drites. Dendritic targeting cis-acting elements, although variant,
have been identified in many neuronal mRNAs (Blichenberg et
al., 1999,2001). These cis-acting elements could control the bind-
ing of mRNAs to granules and the mechanism of selective trans-
port to dendrites may be mainly determined via interactions
among microtubules, KIFs, and granules. Finally, understanding
the functions of the various protein components of RNA granules
will be fundamental to elucidating the functional significance of
mRNA transport in dendrites.
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