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Cellular stresses significantly affect
nuclear transport systems. Nuclear
transport pathways mediated by impor-
tin B-family members, which are active
under normal conditions, are down-
regulated. During thermal stress, a
nuclear import pathway mediated by a
novel carrier, which we named Hikeshi,
becomes active. Hikeshi is not a member
of the importin B family and mediates
the nuclear import of Hsp70s. Unlike
importin 3 family-mediated nuclear
transport, the Hikeshi-mediated nuclear
import of Hsp70s is not coupled to the
GTPase cycle of the small GTPase Ran
but rather is coupled with the ATPase
cycle of Hsp70s. Hikeshi-mediated
nuclear import is essential for the attenu-
ation and reversal of the thermal stress
response in human cells. The mecha-
nism and functions of this newly iden-
tified nuclear import pathway will be
discussed.

Introduction

In eukaryotic cells, hundreds of mole-
cules are exchanged between the nucleus
and the cytoplasm every minute. This
process, called nucleocytoplasmic trans-
port, is crucial not only for basic cel-
lular activities but also for regulating
various cellular events. Based on the lit-
eratures and database information, we
can estimate that as much as -30% of
the proteins expressed in cells are nuclear
proteins,’ indicating that the nucleocyto-
plasmic transport is the major intracel-
lular trafficking pathway in terms of the
quantity and diversity of molecules that
are transported.

Nucleus

To enter and exit the nucleus, molecules
must translocate through nuclear pore
complexes (NPCs), which are large pro-
tein assemblies that are embedded in the
nuclear envelope.”* NPCs allow the pas-
sive diffusion of small molecules, such as
ions and proteins smaller than ~30 KDa.
However, larger molecules must bind to a
nucleocytoplasmic transport carrier; these
are typically hydrophobic because the
transport channel of the NPCs is hydro-
phobic.’ The best-characterized transport
carriers are the members of the importin
B family. Theses proteins are conserved
from yeast to mammals and are consid-
ered to facilitate the nuclear transport of
most proteins and many different RNAs.

Since 1995, when the first nuclear
import carrier (importin ) was identi-
fied,*® our understanding of the basic
mechanism of nucleocytoplasmic trans-
port has advanced significantly.”'? One
key feature of this transport is that car-
goes can continue to accumulate in one
compartment against a chemical concen-
tration gradient, i.e., from the cytoplasm
to the nucleus or from the nucleus to the
cytoplasm. To achieve this, carriers bind
to cargo in one compartment, translocate
through NPCs and dissociate from the
cargo in the target compartment. The
GTPase cycle of the small GTPase Ran is
coupled with importin B-mediated trans-
port pathways and plays a crucial role in
the cargo binding and release that occurs
in the nucleus or in the cytoplasm. Each
nuclear import or export cycle consumes
one GTP hydrolyzed by Ran, which
serves as a driving force of the transport.
To date, studies of nuclear protein import
or export have focused almost exclusively
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on the Importin-Ran system, and the dif-
ferent transport pathways have not been
identified/investigated.

Recently, we identified a transport
pathway that is mediated by a novel car-
rier protein, Hikeshi, that becomes active
during the thermal stress.” Hikeshi does
not belong to the importin 3, and it is evo-
lutionarily conserved from yeast to mam-
mals. Hikeshi-medited trasnport does not
use the Ran system, but likely uses the
ATPase cycle of the molecular chaperone
Hsp70 as a driving force. The mechanism
and physiological significance of Hikeshi-
mediated nuclear import will be discussed.

Environmental Stresses Affect
the Nuclear Transport

Upon exposure to environmental stresses,
cells respond by altering many aspects of
cellular physiology to protect cells from
stress damage. After release from stresses,
cells must attenuate the stress response
and restore normal activities to survive. A
shift in the temperature from the physi-
ological state (heat shock) causes protein
misfolding, protein dysfunction or protein
aggregation, and thus perturbs protein
homeostasis.” In response to heat shock,
one prominent phenomenon observed
in cells is the increase in the cellular
level of molecular chaperones known as
heat-shock proteins (HSPs), which play
essential roles in maintaining protein
homeostasis.”” In addition to heat shock,
a large variety of environmental stresses
are known to induce the expression of
HSPs.'>'”  Therefore, the heat-shock
response is considered synonymous with
the cellular stress response. In addition,
among many other stresses, heat-shock
stress is most susceptible to reversion from
stress damage within a short time frame.
Heat-shock stress is therefore an excellent
model system in which to study a cellular
stress response, as well as the recovery of
cells from stress.

During stresses, transcrip-
tion and translation are downregulated,
whereas stress-specific mechanisms are
upregulated.’®? Little was known about
the nuclear transport during stress; how-

normal

ever, several groups reported that stresses,
such as heat-shock and oxidative stresses,
induce nuclear retention and inhibition
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of the nuclear export of importin «, an
adaptor molecule that connects classi-
cal nuclear localization signals (NLSs) to
importin B, perturbing the importin o/
importin 3 pathway.?*?! Furthermore, in
yeast and in mammalian cells, different
stresses induce the cytoplasmic localiza-
tion of Ran, implying perturbation of the
Ran GTPase cycle, which could negatively
affect all pathways mediated by impor-
tin B family members.?>?* On the other
hand, it was known for nearly 30 y that
the major molecular chaperone Hsp70/
Hsc70 (Hsp70s) strongly accumulates in
the nucleus in response to heat shock.”
However, neither the mechanism of its
nuclear accumulation nor its nuclear func-
tion was known. Studies using microinjec-
tion and reconstituted transport showed
that the nuclear import activity of Hsp70s
is upregulated during thermal stress'>*
(Fig. 1A). This evidence indicates that cel-
lular stress significantly affects the nuclear
transport system: the conventional nuclear
transport pathway s
whereas stress-specific nuclear transport

downregulated,
becomes active (Fig. 1B).

The Search for a Factor
that Mediates the Stress-Induced
Nuclear Import of Hsp70s

What mediates the nuclear import of
Hsp70s under stress conditions when
importin B family member-mediated
nuclear transport is downregulated? To
answer this question, we initially reconsti-
tuted heat shock-induced nuclear import
using a cell-free transport assay using dig-
itonin-permeabilized semi-intact cells.?”’?
Because Hsp70 is a “sticky” protein, we
could not identify its interaction partner
molecule(s) required for its nuclear import
via a simple binding assay (e.g., pull-down
assays or Iimmunoprecipitation experi-
ments). In the reconstituted transport
experiment, a combination of cytosol or
permeabilized cells prepared from either
normal or heat shock-stressed Hela cells
revealed that the nuclear import activ-
ity of Hsp70s was present in the cytosol
prepared from stressed cells.”® The bio-
chemical fractionation of the cytosol pre-
pared from stressed cells, followed by an
examination of the nuclear import activity
of Hsc70 in the cell-free transport assay,

Nucleus

EXTRAVIEW

identified a protein encoded by human
chromosome 11 open reading frame 73
(Cllorf73) as a factor essential for the
nuclear import of Hsp70s.* Cllorf73
encodes a protein that is evolutionarily
conserved from yeast to mammals, but
its function was unknown. Bacterially
expressed recombinant Cllorf73 protein
supported the nuclear import of Hsc70
in the cell-free transport assay, and the
knockdown of Cllorf73 using siRNA
inhibited the heat shock-induced nuclear
import of Hsp70s in living cells, demon-
strating the essential role of Cllorf73 in
the nuclear import of Hsp70s. Based on
the cellular function described below, we
renamed Cllorf73 as Hikeshi.

Identification of Hikeshi
as a Nuclear Import Carrier

Although it was evident that Hikeshi
is essential for the heat shock-induced
nuclear import of Hsp70s, our primary
question was whether Hikeshi functions
as a nuclear import carrier. If Hikeshi is
a nuclear import carrier, it must bind to
NPC components (nucleoporins) and be
able to translocate through nuclear pore
complexes, as all known nuclear trans-
port carriers do.’*3 It was also important
that the binding between Hikeshi and
Hsp70s be regulated to allow the nuclear
accumulation of Hsp70s against a chemi-
cal concentration gradient. In the case
of importin 3, the GTPase cycle of Ran
plays a crucial role in this active transport:
cargoes bind to importin B in the cyto-
plasm where the RanGTP concentration
is low but dissociate in the nucleus where
RanGTP concentration is high because
RanGTP binding to importin 3 triggers
the cargo release.’'? We therefore exam-
ined whether Hikeshi fulfills the above
two criteria of a carrier: first, its ability
to translocate through NPCs through
interactions with FG-repeat containing
nucleoporins (FG-Nups), and second, the
regulation of its binding to Hsp70s.
Hikeshi translocates through NPCs
and interacts with FG-Nups. GFP-
Hikeshi, when expressed in living cells,
localized diffusively throughout the cyto-
plasm and the nucleus. When incubated
with digitonin-permeabilized semi-intact
cells, GFP-Hikeshi enters the nucleus in
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Figure 1. Heat-shock stress downregulates the conventional nuclear transport pathway but upregulates the nuclear import of Hsp70s. (A) Nuclear im-
port of importin B family cargoes or Hsc70 was examined in living cells by microinjection (left panels) or in reconstituted transport assay using digito-
nin-permeabilized semi-intact cells (right panels). In living cells, SV40 T-NLS (Importin B cargo) efficiently accumulates in the nucleus whereas Hsc70s
do not under normal condition. In contrast, Hsc70s accumulate efficiently in the nucleus whereas SV40 T-NLS does not under the heat shock condition.
Results of 5min after cytoplasmic injection are shown. In reconstituted transport, SV40 T-NLS and M9 (transportin cargo) accumulate efficiently in the
nucleus of permeabilized cells whereas Hsc70 do not in the presence of cytosol prepared from normal cells. In contrast, Hsc70s accumulate efficiently
in the nucleus of permeabilized cells whereas SV40 T-NLS and M9 do not in the presence of cytosol prepared from heat shock treated cells. (B) Illustra-
tion of nuclear transport under normal condition and heat shock stress condition.

the absence of soluble factors or energy
sources, showing that it is capable of
translocating through NPCs on its own.
This translocation was inhibited by the
addition of importin 3 or wheat germ
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agglutinin (WGA),* indicating that its
nuclear migration occurs through a specific
interaction with nucleoporins. Although
the details of NPC translocation are cur-
rently not understood, it is now widely

Nucleus

accepted that all known transport carriers
translocate through the central channel of
NPCs, which are filled with hydrophobic
FXFG- or GLFG-repeats (FG-repeats),

and that translocation proceeds through
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interactions between the carriers and FG
repeats of nucleoporins.>!®!! When exam-
ined in a Bead Hallo assay,*® Hikeshi
bound to FG-repeats containing nucleo-
porins, and this binding was inhibited by
importin B, indicating that Hikeshi trans-
locate through NPCs by interacting with
the FG repeats of nucleoporins in a man-
ner similar to that of importin f3.
Co-chaperones regulates the binding
of Hikeshi to Hsp70s. Demonstrating
the physical interaction of Hikeshi and
Hsp70s was initially challenging. Hikeshi
bound to Hsp70s in a pull-down assay
from cell extract, and it mediated the
nuclear import of Hsc70s in the presence
of cell extract.”® Interestingly, the interac-
tion of Hikeshi with Hsp70s in the crude
cell extract and the Hikeshi-dependent
transport of Hsp70 always depended on
the presence of ATP. However, Hikeshi
neither supported the nuclear import of
Hsc70 nor bound to Hsp70s in the absence
of cell extract, even in the presence of ATP.
These observations showed that Hikeshi
and Hsp70s do associate with each other
but suggest that their binding requires
some soluble factor(s) in conjunction with
ATP. To identify the soluble factor(s) nec-
essary for the Hikeshi-Hsp70 interaction,
we again performed biochemical fraction-
ation and followed the nuclear import of
Hsp70 in the presence of Hikeshi in cell-
free transport assay. We identified Hsp110
family members as the cofactors required
for Hsp70 import by Hikeshi. Hsp110 is a
co-chaperone of Hsp70, which functions
as a nucleotide exchange factor of Hsp70s.
In cells, Hsp70s do not function
alone, but always function with co-chap-
erones that promote the ATPase cycle of
Hsp70s.%3¢ For example, Hsp70s nucleo-
tide exchange factors, such as Hspll0,
convert the ADP-bound form of Hsp70 to
the ATP-bound form, whereas J-domain
proteins such as Hsp40 convert the ATP-
bound form to the ADP-bound form. To
better characterize the involvement of
the ATPase cycle of Hsp70s in Hikeshi-
binding/transport, we examined the
effects of co-chaperones on the Hikeshi-
mediated nuclear import of Hsc70. Hsc70
was first pre-incubated with Hspl10 in
the presence of ATP and then subjected
to the transport assay after the removal of
Hsp110. We found that Hikeshi was able
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to mediate the nuclear import of the pre-
incubated Hsc70 in the absence of soluble
factors. Furthermore, in the absence of
other soluble factors, Hikeshi mediated
the transport of an ATPase-deficient point
mutated Hsp70* (ATP-fixed form) even
without pre-incubation with Hspl10.
Conversely, the addition of Hsp40 dis-
rupted the binding of Hikeshi and Hsp70s
and inhibited the nuclear import of Hsc70
mediated by Hikeshi. These results show
that Hikeshi binds to the ATP-bound
form of Hsp70s but dissociate from the
ADP-bound form" (Fig. 2A). If the bind-
ing occurs in the cytoplasm and dissocia-
tion occurs in the nucleoplasm, then this
property could explain the directionality
of the transport.

Taken together, these results show that
Hikeshi fulfills the criteria of a nuclear
Our

ing model of Hikeshi-mediated nuclear

transport carrier. current work-
import pathway is depicted in Figure 2B.
Importantly, our transport model high-
lights the involvement of co-chaperones in
the Hikeshi-mediated nuclear import of
Hsp70s. It must be noted that there exist
many different co-chaperones in cells that
are involved in either nucleotide exchange
or ATP hydrolysis of Hsp70s. It is pos-
sible that other groups of co-chaperones,
besides co-chaperones used in this study,
participate in driving import of Hsp70s
mediated by Hikeshi. It is important
to determine which co-chaperones (or
groups of co-chaperone) that are involved
in the transport during stress to verify our
model through careful analysis of their
behaviors and regulation of activities dur-
ing normal condition and stress condition.
In any case, the proposed transport path-
way is different from any of the known
transport pathway reported previously,
not only because it is mediated by a novel
carrier but also because its driving force
appears to be the AT Pase cycle of Hsp70s,
which is unique among reported nuclear
transport pathways.

Physiological Significance
of Hikeshi-Mediated
Nuclear Import

To examine the physiological significance
of Hikeshi-mediated nuclear
we first examined the cellular effects

import,

Nucleus

of Hikeshi depletion using siRNAs."
Hikeshi is expressed in normal cells, and
its expression level increases by two- to
3-fold during thermal stress in Hela
cells. Hikeshi depletion apparently does
not affect cell growth under normal con-
dition: however, more than 70% of cells
failed to grow after heat treatment when
Hikeshi is depleted (Fig. 3). Such growth
defects were rescued, at least in part, by
expressing conventional basic NLS-tagged
Hsc70, which is imported into the nucleus
by the importin a and importin B path-
ways, just before the heat shock treat-
ment. The results confirm for the first
time in the 30 y since the initial report of
the stress-induced nuclear accumulation
of Hsp70s, that the presence of Hsp70s
in the nucleus during thermal stress is
indeed important for cells to survive after
stress.

What causes cell death in the Hikeshi-
depleted cells? In time course experiments,
we noted that cells do not die immediately
after exposure to stress but rather begin
dying several hours after release from
stress, indicating that the cells die during
recovery from stress.”> Consistent with this
observation, in Hikeshi-depleted cells, the
cellular levels of Hsp70 rapidly increases as
in normal cells in response to heat shock,
indicating that the Hikeshi-depleted cells
respond to heat shock normally. However,
unlike normal cells, the expression of
Hsp70 does not decrease after the cells
are returned to physiological temperature.
In a parallel observation, nuclear struc-
ture called nuclear stress granules (nSGs),
which are considered to represent the
activity of the heat shock factors (HSFs)
that activate Hsp70s expression,*®? rap-
idly appear in both Hikeshi-depleted cells
and normal cells in response to heat shock,
again showing that the Hikeshi-depleted
cells can respond to heat shock normally.
However, nSGs, which rapidly disappear
in normal cells soon after a temperature
shift-down persist for much longer time in
the Hikeshi-depleted cells, which is con-
sistent with the persistently high expres-
sion levels of Hsp70 after temperature
shift down. Our results show that the
heat-shock response cannot be attenu-
ated in Hikeshi-depleted cells even after
a release from stress. Surprisingly, the
effect of the Hikeshi depletion was not
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restricted to the attenuation of HSF activ-
ity but also seemed to have broader effects
on the reversion of the heat shock-induced
nuclear phenotype. For example, function
and structure of nucleolus is affected with
various cellular stresses.®®' It is known
that some nucleolar proteins are released
from the nucleolus and dispersed into the
nucleoplasm in response to heat shock, but
they re-accumulate in the nucleolus after
release from stress.”** This re-accumu-
lation was not observed in the Hikeshi-
depleted cells.”

All of the above observations show that
Hikeshi is required to protect cells from
heat shock damage and is required for the
attenuation and reversion of multiple heat
shock-induced nuclear phenotypes. These
functions are reminiscent of “Hikeshi,”
which is the traditional Edo-era Japanese
compound word meaning firefighter,
smokejumper or troubleshooter. Our
results provide evidence for the physi-
ological significance of Hikeshi-mediated
nuclear import pathway activated during
thermal stress.

Perspectives

Revealing a nuclear transport pathway
that becomes active during thermal stress
will raise fundamental new questions. For
example, in spite of many reports dem-
onstrating that stresses affect numerous
nuclear events involving DNA metabo-
lism and RNA biogenesis, which must be
reverted upon release from stresses in order
for cells to survive, the mechanisms under-
lying the reversion of stress-induced nuclear
phenotypes have not been studied in depth
to date. Our findings clearly show that
there are active mechanism(s) for the rever-
sion of the thermal stress-induced nuclear
phenotype and that the activity of Hsp70s
inside the nucleus is crucial, at least in part
for this reversion. Because the depletion
of Hikeshi seems to affect the reversion of
various nuclear phenotypes, it is possible
that the Hikeshi mediates nuclear import
of proteins other than Hsp70s that are also
responsible for reverting stress-induced
nuclear phenotypes. Finding of Hikeshi-
mediated nuclear transport pathway will
provide a new avenue for research to address
questions regarding how cells recover from
thermal stress damage.
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cytoplasm, Hikeshi binds to the ATP-bound form

in the nucleus.

and release of Hikeshi to Hsp70s is regulated by co-chaperones that modulate the nucleotide
form of Hsp70s. Hikeshi binds to the ATP-bound form of Hsp70s, but dissociates from the ADP-
bound form. (B) Current working model of the Hikeshi-mediated nuclear import of Hsp70s. In the

nucleus, Hikeshi dissociates from the ADP-bound form Hsp70s by action of J-domain-containing
co-chaperones, such as the Hsp40 family, allowing Hsp70s to function as a molecular chaperone

Hsp70s and the transport model. (A) Binding

Hsp70s, translocate through the NPCs. In the

Another intriguing question to address
is the molecular mechanism underlying
the activation of Hikeshi-mediated nuclear
import. Preliminary analysis shows that, at
least in a reconstituted system, posttrans-
lational protein modifications such as the

Nucleus

phosphorylation of Hikeshi or Hsp70s are
not involved in the activation of Hikeshi-
mediated nuclear import. Because the
ATPase cycle of Hsp70s, which is regu-
lated by co-chaperones, is likely involved
in the Hikeshi-mediated nuclear import,
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Figure 3. Hikeshi-mediated nuclear import is required to protect cells from heat shock damage. (A) siRNA-mediated Hikeshi knockdown inhibits the
heat shock-induced nuclear accumulation of Hsp70s in living cells. (B) siRNA-mediated Hikeshi knockdown significantly reduces the cell viability after
release from heat shock stress. Time course experiments show that the Hikeshi-depleted cells start dying several hours after the release from stress. T
shows the time (hr) after the temperature shift-down to the physiological temperature. This effect of Hikeshi-depletion was rescued for about 50%, by
expressing conventional basic NLS tagged Hsc70 just before the heat-shock treatment.

the import activation mechanism might
involve the regulation of the chaperone
system. Further study of the nuclear trans-
port switching mechanism should provide
new insights into the regulation of both
the nuclear transport system and the
molecular chaperone system. In addition,
because Hikeshi is evolutionarily con-
served protein from yeast to mammals, it
is also important to analyze the functions
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