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ABSTRACT

The effects of phorbol ester 12-O-tetradeeanoylphorbol-13-acetate

(TPA) on the directions of protein kinase C (PKC) translocation in two
leukemic cell lines (HL60 and K562) and two fibroblastic cell lines (CHO
and K.7SKS),related to their susceptibility to the differentiating effect of
TPA, were examined. Immunocytochemical evidence indicated that TPA
induced a redistribution (outward) of PKC to the plasma membrane in
TPA-sensitive 111,60cells, whereas it caused a translocation (inward) of
the enzyme to the nucleus or the perinuclear region in K562, CHO, and
E7SKS cells, which are resistant to TPA in terms of cell growth and
differentiation.

Immunoblot analysis of the nuclear proteins from K562 cells revealed
that TPA induced an increase in the amount of immunoreactive proteins.
TPA, however, did not increase the amount of these immunoreactive
species in nuclei isolated from CHO and F.7SKS cells, indicating that
the translocated PKC was associated only with perinuclear structures of
the TPA-treated cells. It is suggested that directional redistribution of
PKC to the plasma membrane, as opposed to the nuclear and perinuclear
region, might represent an early event required for the TPA-induced
differentiation and maturation of 111,6(1cells.

INTRODUCTION

Tumor-promoting phorbol esters, such as TPA,2 elicit a

multitude of biological responses, including modulation of cell
growth and differentiation (1-7). The major effect of phorbol
esters on hematopoietic cells and many transformed cells is
induction of differentiation (4-7). The promyelocytic leukemic
cell line HL60 has been extensively studied in this regard since
TPA induces maturation of these cells to macrophages (4-7).
Several other leukemic cell lines such as KG-1, ML-3, and
U937, are also induced to differentiate to macrophages by TPA
(4-7). However, the ability of cells to respond to phorbol esters
depends on the stage of differentiation at which the cell is
blocked (7). For example, the more immature leukemic cell
lines, such as K562 and KG-la (7), are resistant to the induction
of maturation. On the other hand, inhibition by TPA of spon
taneous or induced differentiation has been observed in other
cells including fibroblasts, myoblasts, and erythroleukemia cells
(1-4).

Phorbol diesters have also been found to have other biological
effects in cultured cells, including alterations in membrane
structure and function, induction of cytoskeletal changes, a loss
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of surface fibremeet in, modifications in the metabolism of phos-
pholipids, cyclic nucleotides, and polyamines, and induction of
urn ithine decarboxylase (for reviews, see Refs. 1-3).

Protein kinase C appears to serve as a receptor protein for
tumor-promoting phorbol esters (for a review, see Ref. 8). The
effects of TPA on cells are thought to be mediated through its
ability to mimic diacylglycerol in the activation of PKC (9).
Besides activation of PKC, TPA has been shown to induce a
translocation of the enzyme from the cytosol to the paniculate
(membrane) fraction in parietal yolk sac cells (10), NIH 3T3
fibroblasts, and DIP 5 endoderm cells (11), GH4C pituitary
cells (12), adipocytes (13), and HL60 cells (14). The enzyme
translocation, enabling an enhanced phosphorylation of specific
proteins by the enzyme at specific subcellular locations, would
thus provide an additional mechanism by which TPA could
modulate cellular function. In the present studies we demon
strated immunocytochemically that TPA induced redistribution
of PKC to either the plasma membrane or to a perinuclear
compartment or into the nucleus, depending upon the cell lines
and the effects of TPA on the growth and differentiation of the
cell lines.

MATERIALS AND METHODS

Materials. All materials for cell culture were obtained from GIBCO
(Grand Island, NY); paraformaldehyde and glutaraldehyde were from
Polysciences, Inc. (Warrington, PA); fluorescein-conjugated goat anti-
rabbit IgG was from Cooper Biomedicai (Malvern, PA); TPA was
obtained from LC Services (Woburn, MA); DMSO, phenylmethylsul-
fonyl fluoride, and DFP were from Sigma Chemical Co. (St. Louis,
MO). All other chemicals were reagent grade.

Cell Culture. HL60 and K562 cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum and L-glutamine (0.3 mg/
ml). Wild-type Chinese hamster ovary cells, obtained from Dr. Louis
Siminovitch (University of Toronto), were cultured in Hani's F-12

medium containing 5% fetal calf serum. E7SKS bovine embryo skin
fibroblasts, obtained from Dr. R. R. Minor (Department of Pathology,
New York State College of Veterinary Medicine, Cornell University,
Ithaca, NY), were grown in Dulbecco's modified Eagle medium supple

mented with 20% fetal calf serum and L-glutamine (0.3 mg/ml). All
culture media also contained penicillin G (100 units/ml) and strepto
mycin sulfate (100 Â¿ig/ml),and all cultures were maintained in a 5%
CO2 atmosphere at 37Â°C.

Immunocytochemical Localization and Immunoblotting of PKC. The
procedures used were essentially the same as previously described for
HL60 cells (14). Briefly, HL60 and K562 cells (1.5 x 105/ml), cultured

for 3 days, were incubated with 0.01% DMSO (control) or 0.2 UMTPA
(dissolved in 0.01% DMSO) for 30 min. Aliquots containing 2 x IO4

cells were centrifuged onto glass slides in a cytospin centrifuge. CHO
cells and E7SKS cells were grown on coverslips to 50-80% confluency
and then were treated with either DMSO or TPA. The cells on the
slides (or coverslips) were then fixed in 4% paraformaldehyde-0.1%
glutaraldehyde in TBS for 30 min at room temperature. The slides
were then immersed in 0.2% Triton X-100 in TBS for 8 min, followed
by l h in 2% normal goat serum in TBS to block nonspecific binding
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TPA-INDUCED PKC TRANSLOCATION IN CELL LINES

Fig. 1. Effects of TPA on the immunofluorescent localization of PKC in HL60 and K562 leukemic cells. HL60 cells (A) and K562 cells (Â£)treated with 0.01%DMSO (control, antiserum); C and G, showing fluorescence using preimmune serum as controls for .-)and /-.'.respectively. HL60 cells (Â«)and KS62 cells (/â€¢")treated
with 0.2 JIMTPA (antiserum). D and H showing fluorescence using preimmune serum as controls for B and F, respectively. For other procedures, see "Materials and
Methods." x 255.

sites. The cells were then incubated overnight at 4Â°Cwith anti-PKC

antisera (or preimmune sera serving as controls) diluted 1:500. The
slides were subsequently rinsed with several changes of TBS and then
incubated for l h at room temperature with fluorescein -conjugated goat
anti-rabbit IgG. Little or no fluorescence was observed in cells treated
with preimmune sera (Figs. 1, 3, and 6).

For immunoblotting of PKC, isolated nuclei were sonicated and ISO
ng of protein were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and immunoblotting using 125I-protein A as previ

ously described (15). Homogenate, soluble, and paniculate fractions of
CHO cells were prepared for immunoblotting as previously described
for other cell and tissue samples (15). The antibodies used in the present
studies have been shown to be specific to PKC (16) and cross-interacting

with the M, 80,000 native enzyme as well as its fragments, notably the
M, 67,000, 50,000, and 40,000 species, as determined by the immu-
noreactivity of the purified monospecific antibodies toward the individ
ual molecular species of the enzyme (15).

Isolation of Nuclei. K562, CHO, or E7SKS cells were incubated with
0.01% DMSO (control) or 0.2 nM TPA for 30 min. During the last 5
min of incubation, DFP was added to a concentration of 5 HIM.CHO
and E7SKS cells were then collected by gentle scraping from culture
dishes using a rubber policeman, whereas K562 cells were poured from
flasks. Cells were then pelleted at 300 x g for 5 min, resuspended in
50 volumes of ice-cold hypotonie buffer consisting of 10 IHMTris-HCl,
pH 7.5, and 2 HIMMg('l;, and allowed to swell for approximately 15

min. The cells in the buffer were then broken by drawing them rapidly
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TPA-INDUCED PKC TRANSLOCATION IN CELL LINES

-TPA +TPA -TPA + TPA -TRA +TPA

A. Purified B. Protein C. Blot D. Densitometry
Nuclei Stain

Fig. 2. Immunoreactive proteins in the purified nuclei from K562 cells following exposure to DMSO (control) or TPA (0.2 ^M). Cells were treated, nuclei purified,
and immunoblottings performed as described under "Materials and Methods." â€¢).light micrograph of the purified K562 nuclei; B, Coomassie stain; C, autoradiogram

of immunoblot showing immunoreactive proteins; and D, densitometric scan of autoradiogram.

Fig. 3. Immunofluorescent localization of PKC in CHO cells incubated in the presence and absence of TPA. Cells treated with 0.01% DMSO (control): A,
antiserum; C, preimmune serum. Cells treated with 0.2 ;<MTPA: H. antiserum; D, preimmune serum. X 300.

and forcefully in and out through a 25-gauge needle using a SO ml
syringe. To obtain 95% broken cells, 3 strokes for K562 cells and 35
strokes each for CHO and E7SKS cells were required. The broken cell
preparations were then centrifuged at 300 x g for 5 min, and the pellet
(crude nuclei) was resuspended in 10 volumes and centrifuged again.
The pellet was then resuspended in 1 volume of the buffer, layered over
a discontinuous sucrose gradient of 1.5, 1.9, and 2.3 M sucrose in 10
mM Tris-HCl, pH 7.5, and centrifuged at 105,000 x g for l h essentially
as described (17). The fraction which pelleted through 2.3 M sucrose
contained purified nuclei. Contamination by plasma membrane was
monitored by assaying for leucine aminopeptidase activity as previously
reported (18).

Subcellular Fractionation and PKC Assay. Preparation of soluble and
part Â¡culaiefractions from control or TPA-treated CHO cells and meas
urement of PKC activity were carried out as reported elsewhere (14-

16, 19).
Cell Growth and Determination of Cellular DNA Content. CHO and

E7SKS cells (1 x 104/well) were placed in 12-well culture plates and

24 h later, TPA (dissolved in DMSO) was added to give final concen
trations of 10, 50, or 200 nM. DMSO (0.01%) was added to other wells
for controls. The cell numbers and DNA contents were measured (in
triplicate) for the next 3 days as described (20).

RESULTS

In order to investigate the possible role of PKC in leukemic
cells, we compared the effects of TPA on the immunocytochem-
ical localization of the enzyme in HL60 and KS62 cells. In
contrast to the primarily cytoplasmic localization of PKC in
HL60 cells, a TPA-sensitive cell line (4-7), the enzyme was
found to be largely associated with the plasma membrane and
in the perinuclear compartment in K562 cells, a TPA-resistant
cell line (5-7) (Fig. 1; compare A with Â£).In HL60 cells, TPA

2894

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/11/2892/2427482/cr0470112892.pdf by guest on 19 M

ay 2023



TPA-INDUCED PKC TRANSLOCATION IN CELL LINES

Table 1 TPA-induced translocation of PKC from soluble to paniculate fraction in
CHO cells

CHO cells were incubated with 0.01 % DMSO (control) or 0.2 Â¡a*TPA for 30
min. In some experiments the cells (in 10 ml/Petri dish) were pretreated with 5
mM DFP during the last 5 min of the incubation. The cells were then collected
by centrifugation at 300 x g for 5 min, resuspended in 3 volumes (0.9 ml) of
homogenization buffer (10 mM Tris-HCl (pH 7.5)-l HIMEGTA-2.5 mM MgCl2-
0.34 M sucrose-0.3 mM phenylmethylsulfonyl fluoride-50 mM 0-mercaptoetha-
nol), and homogenized (60 up-and-down strokes) in ice using a motorized Teflon-
coated pestle in a glass homogenizer. The soluble fraction of the cells was obtained
by centrifuging the homogenate for 30 min at 48,000 x g. The pellet was
solubilized for 1 h on ice in the original volume of the homogenization buffer
made to 0.2% Triton X-100 and centrifuged to yield the solubilized paniculate
fraction. All fractions were diluted S-fold for enzyme assay as described (14,16).
The activity shown represents that stimulated by CaCI2 in the presence of
phosphatidylserine. The experiments were repeated twice and similar results were
obtained; the average values for these experiments are presented.

PKC activity (pmol
P/min/mg protein)
in cells incubated

with

FractionExperiment

1 (no DFP preincubation)
Soluble
Paniculate (solubilized)

Experiment 2 (with DFP preincubation)
Soluble
Paniculate (solubilized)DMSO(control)1209

359856

307TPA10

35247

789

(0.2 /Â¿M;30 min) induced a redistribution of PKC to the plasma
membrane (Fig. IB) as previously reported (14). In the TPA-
treated K562 cells, however, the enzyme remained associated
with the plasma membrane and perinuclear compartment, but
in addition it appeared to translocate to the nuclei (Fig. IF).

In order to examine the presence of PKC in the nuclei of
K562 cells, the crude nuclear preparations were further purified
by sucrose density centrifugation. The purified nuclei (Fig. 2A)
were essentially free of plasma membrane contamination, as
indicated by a very low activity of leucine aminopeptidase
activity. The total enzyme activity (nmol leucine-p-nitroanilide
hydrolyzed/min) in the fractions were: crude nuclei, 18.2; frac
tion on the top of 1.5 M sucrose, 4.3; fraction in the 1.5-1.9 M
sucrose interface, 10.7; fraction in the 1.9-2.3 M sucrose inter
face, 0.2; and the pellet (purified nuclei) at the bottom of 2.3 M
sucrose layer, 0.4. Immunoblottings of the purified nuclei from
the control cells indicated the presence of immunoreactivity in
a major (A/, 70,000) and minor (Mr 80,000) protein, and the
immunoreactivity of both proteins was increased in the TPA-
treated cells (Fig. 2, C and D). The findings were consistent
with the increased immunofluorescence seen in the nuclei of
the TPA-treated K562 cells shown earlier in Fig. 1. It should
be noted here that the M, 70,000 protein is probably a degra
dai ive fragment of the 80-kDa native PKC (Ref. 15; also see
Figs. 4 and 5 for CHO cells).

We further explored the possibility that TPA could also
induce a translocation of PKC to the periphery of the nuclei or
into the nucleus in cells that are not known to be induced to
differentiate in response to TPA. There are no data available
regarding the effects of TPA on the growth of fibroblastic lines
CHO and E7SKS cells. We found in the present studies that
neither the growth (doubling time, 11.9-12.1 h) nor the DNA
content (0.19-0.22 /tg/104 cells) of CHO cells cultured for 72 h

was affected by 10, 50, or 200 nM TPA. Similarly, TPA did not
inhibit or promote the growth of E7SKS cells.

Immunocytochemical studies showed that PKC was predom
inantly localized in the cytoplasmic compartment of CHO cells,
possibly in association with some type of vesicles (Fig. 3/4).
Following a 30-min treatment of the cells with 0.2 /Â¿MTPA

A. STAIN

02% 0.2 Â¿JM
DMSO TPA

B. BLOT

DMSO TPA

S P S P

Fig. 4. TPA-induced PKC translocation in CHO cells in the absence of DFP.
Soluble (cytosolic) and paniculate (membrane) fractions were prepared from cells
incubated with DMSO (control) or TPA, and the proteins were immunoblotted
as described under "Materials and Methods." A, Coomassie stain; and B, auto-
radiogram of immunoblot of soluble (S) and paniculate (/') proteins.

(Fig. 35) PKC was found to translocate to the perinuclear
region. Immunoblottings of the nuclei isolated from CHO cells
did not reveal an increased amount of immunoreactive proteins
(70 and 80 kDa) in the TPA-treated cells (data not shown),
suggesting that the enzyme might not have been translocated
into the nucleus but rather became associated with the periphery
of the nuclei, possibly with the Golgi apparatus and/or endo-
plasmic reticulum.

The TPA-induced PKC translocation in CHO cells was con
firmed by assaying for the enzyme activity in the isolated soluble
and paniculate fractions (Table 1). In the absence of the pro
tease inhibitor DFP (Experiment 1), TPA caused a marked
decrease of the enzyme activity in the soluble (cytosolic) frac
tion. This decrease, however, was not accompanied by a corre
sponding increase of the enzyme activity in the paniculate
fraction, suggesting a rapid proteolytic degradation of the trans
located enzyme at the membranes. In order to verify this
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TPA-INDUCED PKC TRANSLOCATION IN CELL LINES

A. STAIN
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B. BLOT

0.2
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-
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*
Fig. 5. Effect of DFP on TPA-induced translocation of PKC in CHO cells.

Experimental conditions were the same as in Fig. 4, except that DFP (Final
concentration 5 //M) was added to the cells 5 min prior to homogenization. t.
Coomassie stain; and B, autoradiogram of immunoblot showing immunoreactive
proteins in whole homogenate (//), soluble (S), and paniculate (P) fractions. For
other experimental conditions, see "Materials and Methods."

possibility, similar studies were conducted with cells pretreated
with DFP (Experiment 2). We now were able to observe that
the TPA-induced disappearance of the enzyme activity in the
soluble fraction was nearly quantitatively accounted for in the
participate fraction.

An immunoblot analysis indicated that TPA caused a pro
nounced decrease of the M, 80,000 native species of PKC from
the soluble fraction of CHO cells (not treated with DFP), but
this decrease was not accompanied by a corresponding increase
in the paniculate fraction (Fig. 4). The M, 67,000 protein, a
phospholipid-Ca2+-independent fragment of PKC (15), was not

translocated by TPA. In contrast, only the A/r 80,000 species
was detected in the DFP-pretreated cells (Fig. 5), supporting
the notion that M, 67,000 protein was derived from the native
PKC. In the DFP-pretreated cells, TPA caused a similar de
crease in the levels of enzyme in the soluble fraction; however,
this decrease was accompanied by an increased amount of
enzyme in the particulate fraction (Fig. 5). It appeared, however,
that DFP still was unable to prevent completely the TPA-
enhanced degradation of cellular PKC, as indicated by a lower
amount of the total enzyme in the homogenate of cells incu
bated with TPA (Fig. 5).

Lastly, PKC was found to localize in the cytoplasm and the
perinuclear compartment of E7SKS cells (Fig. 6/1). TPA at 0.2
MM(Fig. 6Ã„)or 1 MM(Fig. 6C) induced a disappearance of the
enzyme from the cytoplasm, resulting in an enhanced immu-

nofluorescence in the nuclear region. Like CHO cells but unlike
K562 cells shown above, immunoblot analysis of the nuclei
isolated from E7SKS cells did not reveal an increase in the
amount of immunoreactive proteins with molecular weights of
70,000 and 80,000 (data not shown), suggesting that the trans

located enzyme became associated with certain structures at the
periphery of the nuclei.

DISCUSSION

It appears that the direction of PKC translocation may be
related to the susceptibility of a given cell line to TPA-induced
differentiation. In the TPA-sensitive HL60 cells, the phorbol
ester induced a movement of the enzyme to the plasma mem
brane (Ref. 14; also see Fig. 1), thus rapidly depleting the
cytosolic enzyme. Although the functional consequence of this
directional (outward) redistribution of PKC is unclear, it is
possible that certain proteins in the plasma membrane would
be superphosphorylated, while those in the cytoplasmic com
partment would be underphosphorylated or even dephospho-
rylated under these conditions, thus creating conditions favor
able for initiation of cell differentiation or maturation. The
translocation of PKC to the plasma membrane might be of
particular significance because the responses of HL60 cells to
TPA include cell adherence, development of filamentous pseu-
dopodia, and the ability to phagocytose (4-7), phenomena
involving the plasma membrane. Momma et al. (21) reported
recently that TPA was unable to translocate PKC activity to a
membrane-rich fraction in variants of HL60 cells resistant to
the differentiating effect of TPA, supporting the notion that
redistribution of PKC to the plasma membrane may be related
to differentiation. More recently, we also observed that TPA
induced a rapid translocation of PKC from the cytoplasm to
the plasma membrane in yet another TPA-responsive leukemia
cell line, KG-1.3

In K562 cells which are resistant to the differentiating effects
of TPA, and in CHO and E7SKS cells, the growth of which
were shown to be unaffected by TPA, the phorbol ester induced
a PKC translocation to the perinuclear region (presumably the
Golgi apparatus and endoplasmic reticulum) or everi into the
nuclei (Figs. 1-3 and 6). It is unclear whether the TPA-induced
directional (inward) movement of PKC to the nuclei and the
perinuclear region, perhaps leading to gene activation and an
enhanced protein synthesis, including that of the nuclear-asso
ciated cytoskeletal proteins vimentin and actin (22), constitutes
an early molecular event accounting for the lack of effect of
TPA on differentiation of these cell lines. It was observed that
TPA induced a PKC translocation to the nuclear region in 3T3-
Ll cells (23), a cell line whose growth is stimulated, whereas
its spontaneous differentiation is inhibited by TPA (see Refs.
1-3 for reviews). It appears that the inward redistribution of
PKC, in all cell lines examined thus far by us, is not associated
with differentiation. It has been reported that dansyl TPA was
localized in the Golgi apparatus and endoplasmic reticulum of
mouse fibroblasts treated with the fluorescent TPA derivative
(24). Because PKC acts as a receptor protein for TPA (for
review, see Ref. 8), a correlation seems to exist that TPA
induced a similar enzyme movement to the perinuclear region
of the fibroblastic cell lines CHO and E7SKS (Figs. 3 and 6).
TPA has also been shown to induce a major reorganization of
cytoskeletal components associated with fundamental changes
in cell function (25-28). These findings are of particular interest
since at least two cytoskeletal proteins, vinculin (29) and talin
(30), are substrates for PKC.

It is plausible that different directional (outward or inward)
translocations of PKC, coupled with altered phosphorylation
states of certain cellular proteins as a consequence of the

3M. Shoji, H. P. Koeffler, W. R. Vogler, and J. F. Kuo, unpublished obser

vations.
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Fig. 6. Immunofluorescent localization of
PKC in E7SKS cells incubated in the presence
and absence of TPA. Cells were treated with
0.01% DMSO (control. A); 0.2 UM TPA (fi);
or l UMTPA (C). D, E, and Fare the respective
preimmune serum controls. See "Materials
and Methods" for experimental details, x 220.

enzyme redistribution, could collectivelycontribute to the pleio-
tropic effects of TPA on cell functions, such as growth and
differentiation. It is entirely possible, on the other hand, that
PKC translocation may not be obligatory for the expression of
the TPA effects, or the phorbol ester may even have another
major action besides activating and translocating PKC.
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