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ABSTRACT Effects of environmental stresses on the sub-
cellular localization of PKN were investigated in NIH 3T3,
BALB/c 3T3, and Rat-1 cells. The immunofluorescence of
PKN resided prominently in the cytoplasmic region in non-
stressed cells. When these cells were treated at 42°C, there was
a time-dependent decrease ofthe immunofluorescence ofPKN
in the cytoplasmic region that correlated with an increase
within the nucleus as observed by confocal microscope. After
incubation at 37°C following heat shock, the immunofluores-
cence of PKN returned to the perinuclear and cytoplasmic
regions from the nucleus. The nuclear translocation of PKN
by heat shock was supported by the biochemical subcellular
fractionation and immunoblotting. The nuclear localization of
PKN was also observed when the cells were exposed to other
stresses such as sodium arsenite and serum starvation. These
results raise the possibility that there is a pathway mediating
stress signals from the cytosol to the nucleus through PKN.

PKN is a fatty acid-activated serine/threonine protein kinase
that has a catalytic domain highly homologous to that of
protein kinase C in the carboxyl terminus and contains a
unique regulatory region in the amino terminus (1-3). Re-
cently, we demonstrated that Rho, a small GTPase protein,
binds to PKN in a GTP-dependent fashion, and that this
binding leads to the activation of PKN (4, 5), suggesting that
PKN is one of the targets of Rho. Rho is implicated in the
organization of cytoskeleton in response to growth factors such
as the formation of stress fibers and focal adhesions. Rho
regulates cytoskeletal rearrangements, such as cell morphol-
ogy (6), platelet aggregation (7, 8), cell motility (9), and
cytokinesis (10, 11). Rho also has roles in signaling to the
nucleus and the regulation of transcriptional activation (12),
cell-cycle progression (13), and cell transformation (14). Thus,
the targets of the signaling pathway of Rho seem to be located
within several cellular compartments. Signal transduction
therefore requires the localization of Rho and Rho-regulated
signaling molecules in each subcellular compartment that
contains physiologically relevant roles mediated by Rho. We
have reported that PKN associates and phosphorylates the
intermediate filament proteins in vitro, indicating that the
regulation of the cytoskeletal components was one of the
possible functions of PKN (15).

Recently, increasing evidence indicates that there is over-
lapping of the growth factor- and stress-signaling pathways.
Rac and Cdc42Hs, other members of the Rho family small
GTPases, are activated not only by growth factors but by
stresses such as proinflammatory cytokines and ultraviolet
radiation, and contribute to activation of stress-activated mi-
togen-activating protein kinases (16-18). However, little is
known about the Rho-mediated signaling pathways of stresses.
In this report, we investigate the effects of various stresses on

the subcellular localization of PKN in culture cells and present
a possibility that PKN, one of the targets of Rho, is a part of
a pathway mediating stress signals from the cytosol to the
nucleus.

MATERIALS AND METHODS
Antisera. Polyclonal antisera designated aN2 (1) and aC6

were prepared by immunizing rabbits with the bacterially
synthesized fragments of amino acids 1-390 of rat PKN and
863-946 of rat PKN, respectively. A polyclonal antiserum
designated aFl was prepared, employing the full coding region
of rat PKN purified from infected Sf9 cells as antigen (2).
Epitope-specific reactions of aC6, aN2, and aFi were con-
firmed by immunoblotting using amino- and carboxyl-terminal
antigenic regions of PKN (1). The antiserum against protein
phosphatase 2A (aPP2A) was kindly provided by T. Kuno
(Kobe University).

Cell Line, Cell Culture, and Stress Treatment. NIH 3T3 and
BALB/c 3T3 cells were grown in Dulbecco's modified eagle
medium (DMEM) containing 10% calf serum. Rat-1 cells
(kindly provided by T. Akiyama, Osaka University) were
grown in DMEM containing 10% fetal calf serum. Cell lines
were incubated in a humid 37°C chamber containing 5% C02,
and experiments were performed using cells in subconfluent
growing phase. Heat shock treatment was achieved by shifting
replica dishes to an incubator containing 5% CO2 at 42°C, and
the time after the shift was designated as the time of heat
treatment. Where indicated, sodium arsenite was added in the
culture medium. Serum starvation was performed by changing
medium to a serum-free medium containing 1 mg/ml bovine
serum albumin (lipid free). The ultraviolet irradiation was
performed by treatment with UV-C and incubated for 1 hr at
37-C (19).

Subcellular Fractionation and Immunoblotting. Cells were
harvested, suspended in 1 ml of buffer A (10mM Tris HCl, pH
7.5/1 mM EGTA/1 mM EDTA/5 mM MgCl2/1 mM phen-
ylmethylsulfonyl fluoride/i ,ug of leupeptin per ml), and
homogenized with 30 strokes in a Dounce homogenizer. The
protein contents of the total cell homogenates were deter-
mined by the method of Peterson (20), and equal amounts of
protein were centrifuged at 500 x g for 7 min at 4°C to obtain
the nuclear pellets and postnuclear fractions. The nuclear
pellets were washed once with buffer A. The postnuclear
fractions were further centrifuged at 100,000 x g for 1 hr at 4°C
to give the cytosolic supernatants and plasma membrane
pellets. These supernatant and pellet fractions were subjected
to SDS/PAGE (21) and immunoblotting as described (22).
Blots were developed by the enhanced chemiluminescence
method.

Abbreviations: aPP2A, protein phosphatase 2A; SRF, serum response
factor.
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Immunofluorescence. Cells grown on coverslips were
washed twice with phosphate-buffered saline (PBS), fixed for
1 hr at 4°C in 4% paraformaldehyde, rinsed with PBS, and then
blocked for 1 hr in PBS-T (PBS containing 0.05% Triton
X-100) containing 5% normal goat serum. After washing with
PBS-T, cells were incubated overnight at 4°C with each
antiserum diluted with PBS-T at 10 jig/ml. Coverslips were
rinsed with PBS-T, and incubated with fluorescein isothiocya-
nate isomer I-conjugated goat anti rabbit IgG (Medical and
Biological Laboratories, Nagoya, Japan) for 60 min. Coverslips
were rinsed with PBS-T followed by PBS, mounted with
glycerol-containing 0.1% 1 ,4-diazabicyclo(2,2,2)octane
(DABCO), and viewed on a Zeiss laser scan microscope.
Nonspecific fluorescence, determined by incubation without
primary antiserum, was negligible.

RESULTS AND DISCUSSION
Effects of Heat Shock on Subcellular Distribution of PKN.

Immunoblotting was performed to determine the amounts of
PKN in NIH 3T3, Rat-i, and BALB/c 3T3 cell lysates by using
aN2, aC6, and aFl, that reacted specifically with PKN as
indicated in Fig. 1. Treatment of the cells at 42°C for 90 min
did not affect the total level of immunoreactive PKN in NIH
3T3 cells, BALB/c 3T3 cells, and Rat-i cells (data not shown).
We therefore assessed the effect of heat shock on the distri-
bution of PKN in cytosolic, plasma membrane, and nuclear
fractions (Fig. 2). PKN was predominant in the cytosolic
fraction in untreated cells, and heat treatment increases PKN
in the nuclear fraction, whereas, no significant change was
observed in the plasma membrane fraction (Fig. 2).
We examined the immunofluorescence localization of PKN

in NIH 3T3 cells by using aC6, aN2, and aFl. As shown in Fig.
3A, PKN was detected in the cytoplasmic region of untreated
cells. Consistent with the results of immunoblotting, heat-
shocked cells exhibited a pronounced increase in the immu-
nofluorescence of PKN associated with the nucleus. The
translocation of PKN was not due to the nonspecific effect of
heat shock, since there was no difference in the subcellular
distribution of immunoreactivity of aPP2A between heat-
shocked and untreated cells. Fig. 3B shows that these phe-
nomena were also observed in Rat-i cells and BALB/c 3T3
cells. The translocation of PKN was reversible, because im-
munofluorescence ofPKN redistributed to the perinuclear and
cytoplasmic region when the cells were cultured for 4 hr at
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FIG. 1. Immunoblotting of PKN. Cell lysates (50 ,ug protein) from
NIH 3T3 cells (lanes 1, 4, 7, and 8), Rat-1 cells (lanes 2 and 5), and
BALB/c 3T3 cells (lanes 3 and 6) were subjected to SDS/PAGE and
followed by immunoblotting. Proteins were stained with Coomassie
brilliant blue (lanes 1-3). Immunostaining was performed with aC6
(lanes 4-6), aN2 (lane 7), and aFl (lane 8). The positions of marker
proteins are indicated in kDa, and the position of PKN is indicated by
an arrow.
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FIG. 2. Effects of heat shock on subcellular distribution of PKN.
Cells were treated at 42°C for 90 min, homogenized, and fractionated
into cytosolic (lanes C), plasma membrane (lanes M), and nuclear
(lanes N) fractions. PKN was detected by immunoblotting by using
aC6. The position of PKN in control untreated cells (a) and heat-
shocked cells (b) is indicated by arrows. (A) NIH 3T3 cells. Each lane
contains 19 gg of total protein. (B) Rat-1 cells. Each lane contains 11
,tg of total protein. (C) BALB/c 3T3 cells. Each lane contains 11 ,tg
of total protein.

37°C after heat shock (Fig. 3 A and B). The immunofluores-
cence of PKN resided within the nucleus rather than in the
nuclear membranes in heat-shocked cells as shown by confocal
microscopy (Fig. 3C).
Time Course of Heat Shock-Induced Translocation of PKN.

As judged by immunofluorescence microscope, PKN under-
went an almost complete change of distribution in heat-
shocked cells, starting to move to the nucleus as early as 10 min,
and becoming predominantly nuclear after 60-90 min of heat
shock (Fig. 4). Exit of PKN from the nucleus was partial at 1
hr after shift back to 37°C from 42°C and was almost complete
at 4 hr after shift back (data not shown).

Effects of Sodium Arsenite and Serum Starvation on
Subcellular Distribution of PKN. Chemical poisoning and
heavy metal toxicity also induce heat shock proteins and the
stress responses in experimental systems (23). To test
whether localization of PKN could be also influenced by
chemical shock, Rat-i cells were exposed to sodium arsenite,
which is known to produce a cellular stress response similar
to that induced by heat shock (24). As expected, the treat-
ment with 50 ,uM sodium arsenite resulted in a shift of PKN
to the nucleus as observed by microscopic examination (Fig.
SA). Similar results were obtained when NIH 3T3 cells and
BALB/c 3T3 cells were treated with 80 ,M sodium arsenite
(data not shown). We further investigated whether the
translocation ofPKN to the nucleus could also be induced by
other stresses such as serum starvation. The translocation of
PKN to the nucleus was also observed when NIH 3T3 cells
were subjected to serum starvation (Fig. SB), and PKN
gradually returned to the cytoplasmic region after addition
of 10% fetal calf serum. It took at least 4 hr for PKN to return
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FIG. 3. Effects of heat shock on immunofluorescence staining ofPKN. (A) Effects of heat shock on NIH 3T3 cells. Control untreated cells (a-d),
cells treated at 42°C for 90 min (e-h), and cells incubated at 37°C for 240 min following 90 min-heat shock (i-4) were immunostained by each
antiserum. The first antiserum was aC6 (a, e, and i), aN2 (b, f, and j), aFl (c, g, and k), and aPP2A (d, h, and 1). (B) Effects of heat shock on

Rat-1 and BALB/c 3T3 cells. Rat-1 (a, c, and e) and BALB/c 3T3 (b, d, andJ) cells were exposed to heat shock at 42°C. The first antiserum was

aC6. (a and b) Control untreated cells; (c and d) cells after 90-min heat shock; and (e and J) cells after incubation at 37°C for 4 hr following 90
min-heat shock. (C) Localization ofPKN in NIH 3T3 cells. Control untreated cells (a) and cells treated at 42°C for 90 min (b) were immunostained
using aC6 and viewed on confocal laser scanning microscope. Optical sections from the bottom of the cells were performed at the indicated depths.
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FIG. 4. Time course of heat shock-induced trans-
location ofPKN in NIH 3T3 cells. Control, untreated
cells (indicated as 0 min) and cells treated at 42°C for
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FIG. 5. Effects of sodium arsenite and serum

starvation on the immunofluorescence staining of
PKN. (A) Effects of sodium arsenite on Rat-1 cells.
Control, untreated cells (a) and cells treated with 50
p,M sodium arsenite in the culture medium at 37°C
for 2 hr (b) were immunostained using aC6. (B)
Effects of serum starvation on NIH 3T3 cells. Con-
trol untreated cells (a), cells serum starved for 24 hr
at 37°C (b), and cells incubated with 10% fetal calf
serum at 37°C for 4 hr following serum starvation (c)
were immunostained using aC6.

to the nonstressed state (Fig. 5B). The ultraviolet irradiation
was other means of stress in experiments, and ultraviolet
response of mammalian cells is characterized by a rapid and
selective increase in gene expression mediated by AP-1 and
NF-KB (25, 26). However, the translocation was not observed
when the NIH 3T3 cells were exposed to 40 J/m2 UV-C
irradiation (data not shown) which is enough for activation
of JNK (27).
The mechanism of stress-induced translocation of PKN

remains unknown because a nuclear localization sequence has
not been identified within the primary structure of PKN. The
following mechanisms can be proposed. (i) PKN has a cryptic
nuclear localization sequence that is exposed to its surface by
treatment of cells with stress. There is a possibility that
activation of PKN drive the translocation of the enzyme. (ii)
PKN lacks a functional nuclear localization sequence, and the
nuclear localization is induced by the association with other
proteins. PKN-activator Rho itself could be a candidate of such
associate proteins. Recent studies indicate that Rho kinase/
ROKa, another potential target of Rho, is recruited specifi-
cally to plasma membrane with activated RhoA (28, 29) and
that Raf, a target protein of Ras, is recruited to plasma
membrane with Ras (30-32). As in the case of Rho-Rho
kinase/ROKa and Ras-Raf, PKN might be recruited into the
nucleus with activated Rho.

Recently Hill et al. (12) reported that serum response factor
(SRF) required for the activity of c-fos serum response ele-
ment is a nuclear target of a novel Rho-mediated signaling
pathway. SRF activation requires functional Rho for regulated
c-fos transcription by lysophosphatidic acid, serum, and
stresses such as arsenite and osmotic shock (12). SRF activa-
tion, however, does not correlate with activation of MEK
(mitogen-activated protein kinase kinase/extracellular signal
regulated kinase kinase), SAPK/JNK (stress-activated protein
kinase/c-Jun amino-terminal kinase), or MPK2/p38 in NIH
3T3 cells (12). The existence of an appropriate kinase that
correlates with SRF-linked signaling pathway has been postu-
lated, analogous to the Ras/Raf/mitogen-activating protein
kinase (MAPK) pathway leading to ternary complex factor
activation (16-18), and the Rac or Cdc42Hs/PAK/JNK path-
way leading to c-Jun activation. Since heat shock or serum
starvation induces the translocation of PKN to the nucleus,
PKN may be a candidate protein kinase involved in nuclear
SRF-linked signaling by environmental stresses.
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