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ABSTRACT

In response to phorbol esters such as 12-0-tetradecanoylphorbol-13-
acetate (TPA), HL-60 cells differentiate to macrophage-like cells and
exhibit the ability to phosphorylate vinculin in vitro. Adriamycin-resis
tant HL-60 (HL-60/ADR) cells similarly demonstrate this characteristic
without prior treatment with TPA. Since protein kinase C (PK-C) is a
cellular TPA receptor, we have examined the role of this enzyme in the
inherent ability of HL-60/ADR cells to phosphorylate vinculin. DEAE-
cellulose chromatography of cell extracts revealed that HL-60/ADR cells
contained 2-fold more PK-C than did the parental cell line. All PK-C
activity was found in the cytosol of wild type HL-60 cells, whereas 85%
of PK-C activity was cytosolic and 15% was membrane-bound in HL-60/
ADR cells. After a 2-day treatment with 10 n.MTPA, PK-C activity was
reduced 80-90% in both cell lines regardless of its intracellular distri
bution. Immunoblotting of cell extracts from HL-60/ADR cells or HL-
60 cells following treatment with TPA revealed increased levels of a 52-
kDa species of similar mass to M-kinase. Coincident with these changes
after TPA treatment was a reduction in <a '* and phospholipid-independ-

ent phosphorylation of vinculin in vitro in extracts from HL-60/ADR
cells, whereas HL-60 cells exhibited an elevation of this phosphoprotein.
The phosphorylation of vinculin in TPA-treated HL-60 cells or untreated
HL-60/ADR cells was blocked by antibodies to protein kinase C. These
results suggest that it is not the absolute level of protein kinase C but
rather the proteolytic activation of PK-C to a <a'* and phospholipid-

independent form which is associated with the utilization of vinculin as
an endogenous substrate.

INTRODUCTION

Protein kinase C has been implicated in playing a central role
in mediating signal transduction initiated through various cel
lular receptors by growth factors, neurotransmitters, and hor
mones (1, 2). The Ca2+-, phospholipid-, and diacylglycerol-

dependent nature of this protein has suggested a regulatory role
for the hydrophobic domain of PK-C2 in its interaction with
the cell membrane and its intracellular activation by diacylglyc-
erol and phorbol esters (3-6). An alternate means of activation
of PK-C is by CANP as demonstrated originally by Takai et al.
(7), Inoue et al. (8), and Kishimoto et al. (9). CANP, like PK-
C, possesses an NH2-terminal hydrophobic domain (10) and
can be activated in a similar manner by phospholipids and
diacylglycerol (9). Since phorbol esters such as TPA produce a
characteristic "down regulation" of PK-C (11-15) as well as

membrane translocation of the enzyme (16-18), it is possible
that many effects attributed to phorbol esters and diacylglycerol
are mediated by proteolysis of membrane-bound PK-C via
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CANP to the 50-kDa Ca2+-and phospholipid-independent form

termed M-kinase (7-9).
In our previous investigations of the differentiation of HL-

60 cells, we reported the phosphorylation in vitro of a 130-kDa
protein in cells of the macrophage phenotype produced by TPA
treatment (11, 12). This phosphoprotein was identified as the
actin-binding protein, vinculin, as determined by immunopre-
cipitation and was phosphorylated in vitro in a Ca2+- and
phospholipid-independent manner which correlated with the
disappearance of PK-C activity (11, 12). Vinculin is believed to
be involved in cell shape and adhesion (19, 20) and is phospho
rylated on tyrosine and serine/threonine residues in vitro and
in vivo by p60v"srctyrosine protein kinase (21, 22) and PK-C

(23, 24), respectively.
In the present study, we have examined the phosphorylation

of vinculin in vitro in Adriamcyin-resistant cells following treat
ment with TPA and the dependence of this process on PK-C
and its proteolytically activated form, M-kinase.

MATERIALS AND METHODS

Materials. [r32P]ATP (4000 Ci/mmol) and a monoclonal antibody

to vinculin were purchased from ICN Biomedicals, Inc., Costa Mesa,
CA. Phenylmethylsulfonyl fluoride, EGTA, PS, TPA, DMSO, retinoic
acid, and ATP were obtained from Sigma Chemical Co., St. Louis,
MO. Triton X-100 was obtained from Research Products International
Biochemicals (Indianapolis, IN). Protoblot was purchased from Pro-
mega Biotec, Madison, WI. IFN-r was obtained from Cellular Products,
Buffalo, NY.

Antibodies. Goat protein kinase C antiserum (25) and rabbit vinculin
antiserum (11) were prepared as described previously. Protein kinase C
peptide antiserum was prepared by immunization of rabbits with the
consensus peptide, AYQPYGKSVD (26) coupled to keyhole limpet
hemocyanin as described previously (27). The peptide was synthesized
using a Beckman peptide synthesizer.

Cells. Human promyelocytic leukemia cell line HL-60 was obtained
from the American Type Culture Collection, Rockville, MD and HL-
60/ADR cells were isolated and characterized as described previously
(28). Cell inocula were 5 x IO7 cells/100 ml of medium in 175-cm2

flasks. Cell number was determined with a Coulter Counter Model ZM
(Coulter Electronics, Ltd., Luton Beds, England).

Cell Differentiation. The ability of cells to reduce nitroblue tetrazo-
lium to formazan was determined by the procedure of Collins et al.
(29). Differentiation in the presence of TPA was determined by the
percentage of adherent cells (11).

Cell Extraction. Cells were washed with Hanks' balanced salt solution
deficient in Ca2+ and Mg2+ and containing 20 mM EDTA and twice
with complete Hanks' balanced salt solution without EDTA. The cell
pellet was suspended in 3 volumes of extraction buffer (50 mM Tris-
HCl, pH 7.5-1 mM phenylmethylsulfonyl fluoride-2 mM EGTA-10 mM
DTT-5 Mg/ml of aprotinin-200 ^g/ml of leupeptin-0.1 % Triton X-100),
kept on ice for 30 min, sonicated for 5 s at 4Â°C,and centrifuged for 5
min at 15,000 x g at 4Â°Cin an Eppendorf microcentrifuge. Protein

concentrations were determined with the Bio-Rad protein reagent with
bovine serum albumin as the standard.

DEAE-Sepharose Chromatography. Cell extracts (500 </uof protein)
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were applied to a DEAE-Sepharose fast flow column (1x2 cm)
previously equilibrated with Buffer A (20 mM 4-(2-hydroxyethyl)-l-
piperazineethanesulfonic acid, pH 7.4-1 mM DTT-0.1 mM EGTA). The
column was washed with 8 ml of Buffer A and PK-C was eluted with
10 ml of Buffer A containing 0.1 M NaCl. The samples were concen
trated in Centricon 30 microconcentrators (Amicon, Danvers, MA),
and assayed for PK-C activity as described previously (11).

Protein Kinase Assays. DEAE-Sepharose fractions (S /il) were incu
bated in a SOÂ¿ilreaction mixture containing 20 mM Tris-HCl (pH 7.5),
10 mM MgCl2, 40 fig of histone H,, 100 ^g/ml of PS, 500 JIMCaCl2
or 200 /iM EGTA in place of CaCl2 and PS. The reaction was initiated
by the addition of 5 >iM[r"P]ATP (0.8-1.6 x 10' cpm) to the reaction
mixture, and assays were carried out for 10 min at 30*C and stopped

by the addition of 0.5 ml of 25% trichloroacetic acid. The precipitate
was collected on a Millipore HA filter (0.45 urn) and was washed 3
times with 10% trichloroacetic acid-2% sodium pyrophosphate. The
filters were dissolved in Ready-Solv MP and radioactivity was deter
mined. Phosphorylation of endogenous proteins (20 Â¿igof protein) was
carried out in the same manner as described above but without the
addition of histone; however, the reaction was stopped with sample
buffer (0.063 mM Tris-HCl, pH 6.8-5 mM DTT-2% SDS-0.001%
bromophenol blue). Samples were heated for 1 min in boiling water
and separated in SDS-10% (w/v) polyacrylamide gels as described by
Laemmli (30). Labeled proteins were detected by autoradiography with
Kodak X-Omat XK-1 film.

Immunoprecipitation. Twenty Â¿/uof cell extract protein were incu
bated with 5 fi\ of vinculin antiserum, 5 Â¿ilof PK-C antiserum, or
preimmune serum at room temperature for 30 min. Thirty n\ of Protein
A-Sepharose diluted with 20 mM Tris-HCl (pH 7.5) and 10 mM DTT
was added and further incubated on ice for 30 min. After centrifugation
in an Eppendorf microfuge at 0Â°C, the supernatant was used for PK-

C assays and for SDS-polyacrylamide gel electrophoresis.
Two-Dimensional Electrophoresis. Two-dimensional electrophoresis

was performed by a modification of the procedure of O'Farrell (31).

Isoelectric focusing was carried out in minigels (8.3 x 10.2 cm) of 1.5-
nini thickness containing 1.33 ml of acrylamide solution (28.38%
acrylamide and 1.62% bisacrylamide), 2 ml of 10% NP-40 2 ml of
water, 5.5 g of urea, 0.6 ml of Biolyte (Pharmacia Fine Chemicals,
Piscataway, NJ). ampholytes (0.5 ml of pH 3-10 and 0.1 ml pH 5-8),
0.1 ml of 10% ammonium persulfate, 8 /il of tetramethylethylenedia-
minc, and 5 fi\ of riboflavin (0.5 mg/ml). Minigels were run for l h at
200 V, followed by 30 min at 400 V and 30 min at 600 V. pH
measurements were made at 0.5 cm intervals. Strips of the minigel
were cut and placed on the second dimension of an SDS gel (30)
containing 7.5% acrylamide (acrylamide:bisacrylamide, 25:1). The strip
was anchored with 1% agarose solution containing 0.5 M urea and
0.05% bromphenol blue, and electrophoresis was carried out at 60 V
for l h followed by 120 V for 10 h.

Immunoblotting. The method of Towbin et al. (32) was used for
electrotransfer of proteins to nitrocellulose using a Genie electropho-
retic blotting apparatus (Idea Scientific, Corvallis, OR). Transfer was
carried out overnight at 25 V. After transfer, the membrane was
incubated for 30 min at 37Â°Cwith 2% BSA in TBS with gentle agitation.

The membrane was then incubated for 30 min at room temperature
with the primary antibody diluted 1:200 in TBS containing 0.05%

Tween 20 and 1% BSA, washed twice with 0.1% BSA in TBS, and
incubated for 30 min with alkaline phosphatase-coupled secondary
antibody diluted 1:7500 in TBS containing 0.05% Tween 20 and 1%
BSA. The bands were visualized using the Protoblot (Promega Biotec,
Madison, WI) reagents and procedures provided by the manufacturer.

RESULTS

Cell Growth and Differentiation. Ill 60 and HL-60/ADR
cells were treated either for 4 days with 2500 units/ml of IFN-
T, 1 fiM retinole acid or 1.6% DMSO for 2 days with 10 nM
TPA (Fig. 1). Cell growth was inhibited 22, 25, and 43% in
HL-60 cells treated with IFN-r, retinoic acid, or DMSO. re
spectively, whereas the growth of the ADR-resistant cell line
was not markedly affected except in the presence of DMSO
where a 25% decrease in growth was noted (Fig. 1/4). The
percentage of nitroblue tetrazolium positive cells following
treatment of HL-60 cells with IFN-r, retinoic acid, or DMSO
was 76, 67, and 56%, respectively, while HL-60/ADR cells did
not undergo differentiation (Fig. IB). In contrast, both cell lines
became macrophage-like after treatment with TPA wherein
75% of HL-60/ADR and 56% of HL-60 cells became adherent
(Fig. 1C).

In Vitro Phosphorylation. In vitro phosphorylation assays
using cell extracts were conducted in the presence or absence
of Ca2+/PS (Fig. 2). Treatment of HL-60 cells with TPA

produced a prominent phosphorylated band of 130 kDa which
was absent in control cells. The phosphorylation of this protein
identified previously as vinculin (11, 12) was not dependent on
the presence of Ca2+/PS. In contrast, vinculin phosphorylation
was highly elevated in extracts of HL-60/ADR cells and dimin
ished following treatment with TPA. The 130 kDa protein in
all instances comigrated with vinculin and was the only protein
phosphorylated in vitro in either cell line that had a mass of
130 kDa.

The time course of Ca2+/PS-independent and -dependent
phosphorylation in extracts from HL-60/ADR cells following
treatment with 10 nM TPA is shown in Fig. 3. The Ca2+/PS-
independent phosphorylation of vinculin was reduced in a time-
dependent fashion after treatment with TPA. On the contrary,
2 proteins of 81 and 83 kDa were phosphorylated in a Ca2+/

PS-dependent manner and were markedly reduced after 48 h
of treatment with 10 nM TPA.

The pattern of protein phosphorylation in HL-60/ADR cells
following treatment with TPA was also analyzed by 2-dimen-
sional gel electrophoresis followed by immunoblotting and au
toradiography (Fig. 4). The reduction in vinculin phosphoryla
tion after TPA treatment did not alter the level nor the pi of
this protein. Thus, the reduced phosphorylation of vinculin
could be attributed to reduced protein kinase activity.

Fig. 1. Cell growth and differentiation of
HL-60 and HL-60/ADR cells after treatment
with IFN-T, retinoic acid (RA), DMSO, and
TPA. See "Materials and Methods" for exper

imental details. C, control.
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Fig. 2. Autoradiograph and immunoblot of
proteins phosphorylated in vitro in extracts of
HL-60 and HL-60/ADR cells treated for 2
days with 10 nrn TPA. Assays were carried out
in the presence of 500 f.M CaCI2 and 100 ng/
ml of PS. Cells were extracted and SDS-poly-
acrylamide gel electrophoresis was carried out
as described under "Materials and Methods."

Numbers on left ordinate, molecular weight (in
kDa) standards.
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Fig. 3. Autoradiograph of proteins phosphorylated in vitro in extracts of HL-

60/ADR cells treated for 2 days with 10 MMTPA. Samples at 0, 1, 4, and 12 h
are those of cells in suspension, while 24- and 48-h samples represent adherent
cells. Numbers on right ordinale, molecular weights (in kDa) of phosphorylated
endogenous proteins; numbers on left ordinate, molecular weight standards.

Protein Rimise C. The activity of PK-C in the cytosolic and
particular fractions from HL-60/ADR and HL-60 cells after
elution from DEAE-Sepharose is shown in Table 1. The total
activity of PK-C was 2-fold higher in the drug-resistant cells
than in the drug-sensitive cell line. All PK-C activity was found
in the cytosolic fraction in HL-60 cells, whereas 15% of the
PK-C activity was membrane bound in HL-60/ADR cells. After
treatment with TPA, cytosolic PK-C activity was reduced by
80% in both cell lines and particulate PK-C activity was de
creased by 90% in HL-60/ADR cells.

The level of PK-C in cell extracts of untreated HL-60 cells
and TPA-treated or untreated HL-60/ADR cells was also meas
ured by immunoblotting using 2 antibodies. The first prepara
tion was a goat polyclonal antibody against a mixture of species
of rat brain protein kinase C which inhibits activity (26). The
second reagent was a rabbit polyclonal antibody against a

HL-60/ADR 1O8M TPA, 2 DAYS HL-60/ADR laÂ«TPA, 2 DAYS

BASE ACID BASE

VINCULIN- Â»,
116-

92-

Fig. 4. Autoradiograph and immunoblot of endogenous proteins phosphoryl
ated in vitro in extracts of HL-60/ADR cells following treatment for 2 days with
10 nM TPA and analyzed by 2-dimensional polyacrylamide gel electrophoresis.
Cells were extracted and labeled with | r '-'l']A IT and analyzed as described under
"Materials and Methods."

consensus peptide sequence present in the catalytic domain of
all isoforms of PK-C. Immunoblots with the goat antibody
indicated that PK-C (82 kDa) was present in a 2- to 3-fold
greater abundance in the HL-60/ADR cells in comparison to
HL-60 cells, confirming the activity differences between the
two cell lines (Fig. 5). TPA treatment of both cell lines greatly
decreased the levels of PK-C. The goat antibody also recognized
32- and 62-kDa species in both the wild type and drug-resistant
cells. Both proteins, but particularly the 32-kDa protein were
increased in TPA-treated HL-60 cells and were greatly dimin
ished in similarly treated drug-resistant cells. Studies with the
rabbit antibody revealed a similar increase in PK-C levels in the
drug-resistant cells but not the decrease noted with the goat
antibody after TPA treatment; however, the rabbit antibody
reacted with 75 and 51-53 kDa species that were not recognized
by the goat antibody (Fig. 6).

In order to identify vinculin as a substrate for PK-C and/or
M-kinase and conversely, to establish that PK-C or M-kinase
was responsible for the phosphorylation of vinculin, cell ex
tracts of HL-60/ADR cells and HL-60 cells treated with TPA
were incubated with either rabbit antivinculin, goat anti-PK-C,
or preimmune serum (Fig. 7). Antiserum to vinculin or PK-C
eliminated virtually all phosphorylation of vinculin. On the
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Table 1 PK-C activity in cytosol and paniculate fractions ofHL-60 and
HL-60/ADR cells

Assays were carried out with the 0.1 M NaCl fraction eluted from DEAE-
Scpharose as described under "Materials and Methods."

PK-C activity (pmol/min/mgprotein)TreatmentHL-60

cells
Control
lOnMTPA, 2daysHL-60/ADR

cells
Control
10 nM TPA, 2 daysCytosol64

Â±9Â°12

Â±196

Â±9
19Â±6%100

1910020Particulate0Â±00Â±017

Â±32Â±2%10012

Mean Â±SD.

o
CC.

-J O - Ã›L -I O -10.
XOII-XO 11-

92-

66-
-82

-62

activity was higher in the drug-resistant cells. However, since
the goat antiserum to PK-C which recognizes both the 80 and
50 kDa species (26) inhibited the phosphorylation of vinculin,
and since the drug-resistant cells contain significant levels of
membrane-bound PK-C, we conclude that it is the 50-kDa M-
kinase generated proteolytically from the membrane-bound 80
kDa PK-C which is responsible for the phosphorylation of
vinculin. This interpretation is supported by the detection of a
greater abundance of an =50-kDa protein encompassing the
catalytic domain of PK-C (Fig. 6). Thus, these data strongly
suggest that the high capacity for the proteolytic processing of
PK-C to M-kinase in HL-60/ADR cells is the process associ
ated with the utilization of vinculin as an endogenous substrate.
This phenomenon may also pertain to other substrates as well
such as the glycoproteins which are phosphorylated in drug-
resistant cells (33, 34). On the other hand, phorbol ester treat
ment of the parental cell line produced a similar phenomenon,
although to a lesser degree (11,12). In this instance, we propose
that TPA may produce more membrane-bound PK-C and thus
generate by proteolysis more M-kinase. Reduced vinculin phos
phorylation after prolonged exposure of HL-60/ADR cells to
TPA may be explained by an excessive binding of PK-C to
membranes, thereby resulting in excessive proteolysis of PK-C
to enzymatically inactivate fragments (26, 35). These results
are similar to what was observed by Marsh and Center (34) for
the phosphorylation in vitro and in vivo of a 150-kDa membrane
protein in a less resistant HL-60/ADR cell line following
treatment with TPA. Whether the latter protein is related to
vinculin or a precursor to vinculin such as the 150-kDa meta-

45-

31-
-32

Fig. 5. Immunoblot of PK-C in HL-60 and HL-60/ADR cells following
treatment for 2 days with 10 nM TPA. Cell extracts were subjected to SDS-
polyacrylamide gel electrophoresis and immunoblotting was performed with a
goat polyclonal antibody against rat brain PK-C as described under "Materials
and Methods."

contrary, incubation of cellular extracts with goat or rabbit
preimmune serum did not affect vinculin phosphorylation.

DISCUSSION

This study has addressed the possible role of PK-C in the
phosphorylation of vinculin in TPA-treated and drug-resistant
HL-60 cells. Based on our experimental results, we have pro
posed a model (Fig. 8) to explain the phosphorylation of
vinculin in HL-60/ADR cells or in HL-60 cells treated with
TPA (11, 12). The phosphorylation of vinculin cannot be ac
counted for simply on the basis of substrate concentration since
the levels of vinculin were similar in both cell lines as deter
mined by immunoblotting. Since the phosphorylation of vin
culin was Ca2+/PS independent, it is unlikely that PK-C was
directly responsible for this effect despite the fact that PK-C
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Fig. 6. Immunoblot of PK-C in HL-60 and HL-60/ADR cells following
treatment for 2 days with 10 nM TPA. Cell extracts were subjected to SDS-
polyacrylamide gel electrophoresis and immunoblotting was performed using a
rabbit polyclonal antibody against the consensus sequence AYQPYGKSVD as
described under "Materials and Methods."
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Fig. 1. Autoradiograph of vinculin ( Vine)
phosphorylation in extracts of HL-60/ADR
and TPA-treated HL-60 cells after removal of
vinculin and PK-C by vinculin and PK-C anti-
serum. Cells were treated for 2 days with 10
nM TPA. Experimental details are described
under "Materials and Methods."
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Fig. 8. Schematic diagram of the proteolytic activation of PK-C to M-kinase
and its interaction with vinculin or other membrane substrates.

vinculin (36) is uncertain, but vinculin phosphorylation in our
drug-resistant cell line or in TPA-treated HL-60 cells also
occurs predominantly in the paniculate membrane fraction.3

Differences in the reactivity of the 2 antibodies for immuno-
blotting were also noted. The removal of kinase activity in
solution by the goat antibody but its inability to detect the 50-
kDa species can best be explained by differences in epitope
recognition of the native protein (solution assay) versus limited
clonal recognition of a completely denatured protein (inimu-
noblot). The recognition of the 50-kDa protein by the rabbit
antibody against a consensus sequence is not unexpected since
there would be a higher abundance of antibodies against a single
antigenic determinant. Differences between the rabbit and goat
antibodies in their recognition of PK-C before and after TPA
were also apparent. It is possible that TPA treatment selectively
destroys via proteolysis one of the isoforms of PK-C which is
most strongly recognized by the goat antibody and which is
more susceptible to proteolytic degradation (37). The differ
ences in molecular weight of the species of PK-C recognized by
the two antibodies also suggests this possibility. This is cur
rently being investigated with monoclonal antibodies to differ
ent isoforms of PK-C.

We also considered the influence of the substrate on the
expression of Ca2+/PS-dependent or -independent phosphoryl

ation by PK-C. It was recently shown that not all substrates for
PK-C require Ca2+ and/or PS as cofactors (38). However,

Werth et al. (23) demonstrated that the phosphorylation of
vinculin was Ca2+/PS dependent, and thus it is unlikely that
the Ca2+/PS-independent phosphorylation of vinculin in our
study reflects the nonprocessed form of PK-C. Cochet et al.

3A. Aquino and R. I. Glazer, unpublished results.

(39) has demonstrated that PK-C activity after TPA treatment
is also substrate dependent. The TPA-mediated reduction in
PK-C activity with histone HI as a substrate was expressed as
an increase in activity when vinculin was used as a substrate.
Thus, TPA may also prodÃºcela change in the substrate specific
ity or catalytic activity of PK-C, perhaps via limited proteolysis.
Another possibility is that TPA treatment also generates more
membrane-bound CANP, much in the same way that it causes
increased membrane association of PK-C (16-18). CANP pos
sesses a similar hydrophobic domain to PK-C and is activated
by phosphatidylinositol and diacylglycerol to reduce its Ca2+
requirement (9, 10). Moreover, it is the membrane-bound form
of PK-C which is preferentially attacked by CANP (9). Our
data of more abundant 32-, 52-, and 62-kDa species of PK-C
after treatment of wild type cells with TPA or in untreated
drug-resistant cells also supports this concept. The recent dem
onstration of a close association of CANP and PK-C during
purification (40) also suggests that PK-C activity may be closely
regulated by CANP. Thus, it is likely that TPA may be medi
ating its down regulation of PK-C by proteolytically "activat
ing" the enzyme to the Ca2+/PS-independent M-kinase. Such

changes may account for the TPA-mediated increases in drug
resistance in wild type (41) and mult Â¡drug-resist:mt (42) cell
lines, and for the reduction in phosphorylation of M, 150,000
protein in vitro and in vivo in HL-60/ADR cells after TPA
treatment (34). Further studies of this phenomenon may give a
clearer picture of the pharmacological mechanism of phorbol
esters as well as the regulation and processing of PK-C in
multidrug resistant cells.
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