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Protein Kinase C z Nuclear Translocation Mediates
the Occurrence of Radioresistance in Friend
Erythroleukemia Cells
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Abstract Friend erythroleukemia cells require high doses (15 Gy) of ionizing radiation to display a reduced rate of
proliferation and an increased number of dead cells. Since ionizing radiation can activate several signaling pathways at the
plasma membrane which can lead to the nuclear translocation of a number of proteins, we looked at the intranuclear
signaling system activated by Protein Kinases C, being this family of enzymes involved in the regulation of cell growth and
death. Our results show an early and dose-dependent increased activity of z and e isoforms, although PKC z is the only
isoform significantly active and translocated into the nuclear compartment upon low (1.5 Gy) and high (15 Gy) radiation
doses. These observations are concomitant and consistent with an increase in the anti-apoptotic protein Bcl-2 level upon
both radiation doses. Our results point at the involvement of the PKC pathway in the survival response to ionizing
radiation of this peculiar cell line, offering PKC z for consideration as a possible target of pharmacological treatments
aimed at amplifying the effect of such a genotoxic agent. J. Cell. Biochem. 88: 144–151, 2003. � 2002 Wiley-Liss, Inc.
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Ionizing radiation (IR) can induce cell death
by activating several signaling pathways at the
plasma membrane among which stress-acti-
vated protein kinase (SAPK), c-jun-N-terminal
kinase (JNK), ceramide reactive oxygen species
and Protein Kinase C (PKC) [Olson et al.,
1993; Buchner, 1995; Haimovitz-Friedman,
1998; Watters, 1999]. Actually PKC family
includes12 isoformsof serine/threoninekinases,
ubiquitously expressed, involved inawide range
of physiological processes such as cell growth
[Takeda et al., 1999], actin cytoskeleton organi-
zation [Keeman and Kelleher, 1998], apoptosis
[Shimizu et al., 1998; Cross et al., 2000], differ-
entiation [Mallia et al., 1999], neoplastic trans-
formation [La Porta et al., 1997], and insulin
signaling [Sajan et al., 1999]. Protein Kinases C

are classified into three main groups character-
ized by phospholipids, Caþþ and DAG (diacyl-
glycerol) requirement for activity. Conventional
PKCs (a1, b1, b2, g) require PS, Ca

þþ, and DAG,
novel PKCs (d, e, h, y, m) require only DAG and
PS (phosphatidylserine), atypical PKCs (z, i, l)
areactivatedbyphospholipids suchasPSorPI3,
4, 5P3 [Nakanishi et al., 1993; Newton, 1997;
Mellor and Parker, 1998; Martelli et al., 1999;
Cataldi et al., 2000]. Several of these isoforms,
namely a, d, e, m, and z, are involved in the
initiation of stress-induced radioresistant or
radiosensitive response in a variety of normal
and neoplastic cells, depending on the type and
state of the cell (normal or neoplastic) and on the
doseadministered [Kelly et al., 1998;Yuanetal.,
1998; Lee et al., 1999; Niehoff andUckun, 2000].
Thus, activation of PKCs can mediate in some
circumstances the occurrence of cell death,
while, in others, it protects the cell from apop-
tosis [Lavin et al., 1996]. Thus, we examined the
expression and activation of PKC d, e, and z
isozymesand their possible role inmediating the
radioresistance displayed by Friend erythroleu-
kemia cells [Einspanner et al., 1984] in order to

� 2002 Wiley-Liss, Inc.

*Correspondence to: A. Cataldi, Dipartimento di Biomorfo-
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set up against a specific molecular target phar-
macological treatments aimed at amplifying the
effect of IR.

MATERIALS AND METHODS

Cell Cultures and Irradiation Protocol

Friend erythroleukemia cells were grown in
suspension in RPMI-1640, 10% FCS, gluta-
mine, HEPES, penicillin/streptomycin in a
humidified atmosphere plus 5% CO2 and irra-
diated at room temperature by a Mevatron 74
Siemens linear accelerator (photonic energy:
10 MV) administering 1.5 and 15 Gy (dose rate
3 Gy/min). Cell viability was assessed by the
Trypan blue dye exclusion test. For Western
blotting analysis, immunoelectronmicroscopy
and in vitro PKC activity, samples were pro-
cessed for 1 h after IR exposure.

TUNEL Analysis

TUNELanalysiswasperformedat 4hafter IR
exposure in order to detect early apoptosis. Cells
were cytospinned, fixed in paraformaldehyde
(4% v/v in PBS pH 7.4) for 30 min at room tem-
perature and then incubated in a permeabiliz-
ing solution (0.1% Triton X-100, 0.1% sodium
cytrate) for 2 min on ice. DNA strand breaks
were identified by labeling the free 30-OH
nucleotide termini with fluorescein-dUTP with
the In situ Cell DeathDetectionKit (Boehringer
Mannheim, Germany) as described by the
manufacturer. Slides were counterstained with
propidium iodide, mounted in glycerol and ana-
lyzed. The extent of DNA fragmentation was
quantitated by direct visual counting of green
fluorescent labeled nuclei at 40�magnification.
Five slides were examined per sample and apop-
totic cells were scored out of a total of 100 cells.

Electron Microscopy

Samples left for 18 h in post-irradiation
culture were fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.6, for 60 min at
48C and post-fixed in 1% osmium tetroxide for
60min at 48C.Sampleswere then dehydrated in
alcohol at progressively higher concentrations
and embedded in Spurr resin (Electron Micro-
scopy Sciences, Fort Washington, WA).

Immunoelectronmicroscopy

Cells were fixed in a mixture of 4% parafor-
maldehyde and 0.1% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.6, for 60 min at 48C.

Samples were dehydrated in alcohol at pro-
gressively higher concentrations, embedded in
hydrophilic Bioacryl resin (British Biocell Intl,
Cardiff, United Kingdom), followed by UV poly-
merization. Ultrathin sections were cut by
using a Reichert ultramicrotome and mounted
on 300 mesh nickel grids. To block non-specific
binding sites, gridswere treatedwith a blocking
buffer made of PBS supplemented with 0.1%
Tween-20, 0.1% bovine serum albumin (BSA),
1% non-fat dried milk, 3% normal goat serum
(NGS) incubated overnight in the presence of
a rabbit PKC z polyclonal antibody, followed
by a 30 min incubation with anti-rabbit IgG
conjugated with 15 nm colloidal gold particles
(British BioCell, Cardiff, United Kingdom).
Grids were then counterstained in uranyl ace-
tate and lead citrate to preserve cellmorphology
and photographed by using a Zeiss electron
microscope 109.

Cell Fractionation

Cells were resuspended in 10 mM Tris-HCl
pH 7.4, 10 mMNaCl, 2 mMMgCl2, 0.6% Triton
X-100, 1.0 mM PMSF, 1 mg/ml leupeptin and
aprotinin, 1.0 mM Na3VO4, incubated at room
temperature for 2 min and cooled on ice for
5 min. After four passages through a 22-gauge
needle, the concentration of MgCl2 was adjust-
ed to 5 mM. Nuclei were obtained by centrifu-
ging the suspension at 600g for 5 min and
cytoplasmic fractions consisted of postnuclear
supernatants. Nuclear purity was assessed by
detection of beta actin and only nuclei showing a
complete absence of beta actin in Western blots
were used in the reported experiments.

Western Blotting Analysis

Proteins (10 mg) from total homogenates and
nuclear or cytoplasmic fractions were SDS–
PAGE separated and transferred to nitrocellu-
lose. After blocking in 5% non-fat milk, 10 mM
Tris pH 7.5, 100 mMNaCl, 0.1% Tween-20, the
membranes were probed with rabbit PKC d, e, z
polyclonal or mouse Bcl-2 monoclonal antibo-
dies (Santa Cruz Biotechnology, Santa Cruz,
CA) and labeled with enzyme conjugated anti-
rabbit IgG or anti-mouse horseradish peroxi-
dase. Bands were detected with ECL detection
system (Amersham Intl., United Kingdom).

In Vitro PKC Activity Assay

Total cellular proteins (500 mg) were supple-
mented with 2 mg of rabbit PKC e or z polyclonal
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antibody and 20 ml of Protein G-Agarose. Im-
munoprecipitated proteins were collected by
centrifugation, washed twice in PBS, and in-
cubated at 308C for 10 min in 20 mM Tris-HCl,
pH 7.4, 10 mM MgCl2, 10 mM ATP, 5 mCi [g32P]
ATP, 40 mg/ml PS, 3.3 mM dioleylglycerol, and
10 mg of the appropriate synthetic peptide
QKRPSQRSKYL, corresponding to a sequence
derived frommyelin basic protein (MBP) (Santa
Cruz lab., Santa Cruz, CA). Dioleylglycerol was
omitted when assaying the DAG-independent
PKC z. Proteins, resuspended in 2� sample
buffer, were separated through 18% SDS–
PAGE. Gels were then dried and exposed to
X-ray films for 16 h at �808C. Peptide spots
were excized and radioactivity was measured
in a liquid scintillation counter.

Image Processing and Analysis System

Quantitative analysis of the Protein kinases
C expression and activity was performed by
using a Sony videocamera connected to a Leica
Quantimet 500 plus software (Leica Cambridge
Ltd., Cambridge, United Kingdom) determin-
ing the change in Integrated Optical Intensity
(IOI) using ISO transmission density Kodak
CAT 152-3406 (Eastman Kodak Company,
Rochester, NY) as standard. Results were
expressed as mean�SD. Statistical analysis
was performed using the analysis of variance
(ANOVA). Probability of null hypothesis of
<0.1% (P< 0.05) was considered statistically
significant.

RESULTS

Friend erythroleukemia cells were exposed to
low (1.5 Gy) and high (15 Gy) doses, chosen on
the basis of the standard radiotherapeutic
schemes used for the management of various
human cancers. In fact, a daily fraction of
1.5 Gy or more is commonly delivered in human
tumor radiotherapy, whereas 15 Gy can be re-
ached at the end of a therapeutic protocol or
occasionally used as a single fraction for pal-
liative treatments [Chinnayian et al., 2000].
Two independent methods were used to evalu-
ate the cytotoxic effect of IR: Trypan blue dye
exclusion test to detect viable cells and TUNEL
analysis to score apoptotic cells. Friend cells
require high radiation doses to show an inhib-
ited cell growth and an evident reduction in
viability, which peaks at day 6 after exposure
(Fig. 1). An inhibited growth after the higher

dose is detected also in human acute lympho-
blastic cells (Jurkat), but these cells, differently
fromFriend, disclose a 90% reduction of Trypan
blue excluding cell number at the 5th daywhich
confirms their strong sensitivity to IR [Cataldi
et al., 2002b]. These cytostatic/cytotoxic effects,
found inFriend cells, are justified by thealready
reported accumulation in the S/G2-M phase of
the cell cycle [Di Pietro et al., 2001] and by the
dose dependent increase in cell necrosis and
apoptosis (Fig. 2). The latter was quantified by
TUNEL analysis at 4 h upon irradiation, since
this is the earliest time to reveal DNA breaks in
hemopoietic cells [Negoescu et al., 1996], while
the morphological hallmarks of apoptosis were
documented at 18 h by electron microscopy
techniques. In spite of the high percentage of
early apoptosis already detectable at 4 h upon
irradiation (40% upon 15 Gy; 10% upon 1.5 Gy;
1% in unirradiated samples) and the clear drop
incell growth,maximalatday6, cells from15Gy
samples were able to survive and start growing
again for more than 1month in post-irradiation
culture (not shown). This observation was con-
sistent with a doubling in anti-apoptotic mole-
cule Bcl-2 expression in total homogenates
derived from cells exposed to 15Gy IR compared
to unirradiated cells (2.5� 0.30 vs. 1.26� 0.10)
(Fig. 3). Since the activation of specific Protein
Kinases C can in some circumstances protect
cells fromdeath,while in other cases itmediates
the occurrence of apoptosis [Lavin et al., 1996],
we next sought to investigate the involvement,
if any, of PKC d, e, and z in the cellular response
to IR. As shown in Figure 4, Western blotting
analysis displayed a dose-dependent upregu-
lation of PKC z in total homogenates obtained
1 h after irradiation. Densitometric analysis
of Western blots revealed a 2.3-fold increased
expression of the z isoform after 15 Gy, whereas

Fig. 1. Effect of IR on cell growth and viability of Friend cells.
Results are the mean� SD of three different experiments.
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Fig. 2. Morphological analysis of Friend cells after exposure to
1.5 and 15 Gy IR. Transmission electron microscopy analysis was
performed 18 h after IR exposure. a: Unirradiated, (b) 1.5 Gy (c)
15 Gy. Arrows indicate early (b) and late (c) apoptosis. Note the
typical features of chromatin margination, micronuclei and cell
shrinkage. Arrowhead points at a necrotic cell. Magnification:
3000�. TUNEL detection. d: Unirradiated, (e) 1.5 Gy, (f) 15 Gy.

Green fluorescence (FITC) is related to apoptotic DNA and red
fluorescence (PI) is related to non-apoptotic nuclei. The extent of
DNA fragmentation was quantitated by direct visual counting of
greenfluorescent labeled nuclei at 40�magnification. Five slides
were examined per sample and apoptotic cells were scored out of
a total of 100 cells. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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only a 1.1-fold increase in PKC e expression and
no significant changes inPKC d expressionwere
observed (Table I). These evidences led us to
hypothesize a main involvement of PKC z and e
isoforms in Friend cells stress response and
prompted us to investigate the specific in vitro
PKCactivity.Adose-dependent increasedactiv-
ity of total immunoprecipitated PKC z was
observed upon 15 Gy, while PKC e activity,
although affected by radiation treatment, was
not significantly modified (Fig. 5). Moreover,
since the nuclear translocation of a molecule
is often considered as a reasonable evidence
of activation [Kelly et al., 1998], we performed
Western blotting analysis on cytoplasmic and
nuclear fractions.

Between the two isoforms tested, only PKC z
was found significantly increased in nuclear
extracts 1 h after irradiation (Fig. 6; Table II).

This observation was confirmed by immuno-
electronmicroscopy semiquantitative ‘‘per cell’’
analysis which displayed a more abundant
amount of PKC z within the cytoplasm of un-
irradiated cells (Table III), and a larger amount
of protein within the nucleus of irradiated
samples (Fig. 7), testifying for a PKC z nuclear
translocation upon radiation exposure.

DISCUSSION

Protein Kinases C are important mediators
both in apoptotic and survival responses switch-
ed on by IR in several cell lines [Haimovitz-
Friedman, 1998; Yuan et al., 1998; Lee et al.,
1999; Watters, 1999; Niehoff and Uckun, 2000].
Here, we report that exposure of Friend ery-
throleukemia cells to a high radiation dose
determines changes in PKC z subcellular dis-
tribution and activation, which could sustain
the low radiosensitivity of these cells. The se-
lective involvement of this PKC isozyme was
documented by in vitro specific activity assay,
Western blotting, and immunoelectronmicro-
scopy techniques,whichgave evidence to adose-
dependent increased activity and a nuclear

Fig. 3. Western blotting analysis of Bcl-2 expression in total
homogenates deriving from Friendcells exposed to 1.5and 15 Gy
IR. Samples were normalized by goat b-actin polyclonal anti-
body incubation.

Fig. 4. Western blotting analysis of PKC d, e, and z expression
in total homogenates deriving from Friend cells exposed to
1.5 and 15 Gy IR. Samples were normalized by goat b-actin
polyclonal antibody incubation.

TABLE I. Densitometric Analysis of PKC d,
e, and z Expression Detected by Western
Blotting in Total Homogenates Derived

From Friend Cells at 1 h After Irradiation

PKC d PKC e PKC z

Unirradiated 1.33�0.10 0.70� 0.06 0.73� 0.07*
1.5 Gy 1.36�0.15 0.61� 0.04 1.16� 0.96
15 Gy 1.33�0.18 0.77� 0.07 1.71� 0.85*

Data are the mean�SD of five separate experiments.
*P<0.05: 15 Gy PKC z versus unirradiated PKC z.

Fig. 5. In vitro specific PKC e and z activities performed on
immmunoprecipitated fractions derived from Friend cells at 1 h
after irradiation. Values indicate dpm/mg protein. Data are the
mean� SD of three separate experiments *P<0.05: 15 Gy PKC z
versus unirradiated PKC z.
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localization of this isozyme, mainly due to the
translocation from the cytoplasmic compart-
ment and partly attributable to de novo protein
synthesis.Cell growthandmorphologywerenot
greatly affected upon the low dose employed in
this study (1.5 Gy), instead a dramatic inhibi-
tion of cell growth and an increased number of
apoptotic and necrotic features were detected
upon 15 Gy. Nevertheless, surviving Friend
cells were able to proliferate in culture for long
(not shown). Interestingly, a parallel and dose-
dependent increase inBcl-2 level was evidenced
in total homogenates upon both IR doses, and
this result is in accordance with the role sug-
gested for the anti-apoptotic action of Bcl-2
during tumor progression observed in the same
cell line [Howard et al., 2001]. In addition, in
light of other reports suggesting a PKC/Bcl-2
interaction [Chen and Faller, 1995; Rinaudo

et al., 1995; Deng et al., 2000; Kornblau et al.,
2000], we can speculate that a possible mech-
anism through which PKC z modulates the
survival of irradiated Friend cells impliesmodi-
fications of the anti-apoptotic protein Bcl-2 ex-
pression. Presumably PKC z can functionally
phosphorylate Bcl-2 at Ser 70 affecting, in turn,
the stability of the interaction with its pro-
apoptotic protein Bax, interaction which is
thought to regulate cell survival [Yang and
Korsmeyer, 1996]. This hypothesis is also con-
sistent with previous findings by us and others,
showing that when wortmannin, a specific in-
hibitor of PI-3-kinase andupstreamregulator of
PKC z [Le Good et al., 1998; Cataldi et al.,
2002a], is added in culture before IR exposure, a
higher number of apoptotic and dead cells is
observed (26.7% in 15 GyþWM vs. 22.2% in
15 Gy) and underlines the main role played by
PKC z in mediating the occurrence of radio-
resistance in this specific cell line. The specifi-
city of such a response is further supported by
the evidence that in Jurkat T cells, another
member of the PKC family, namely PKC d,
delivers an apoptotic signal mediating cytotoxic
effects [Cataldi et al., 2002b]. Since previous
results by our group evidenced the main role
played by the pathway PI3K/AKT-1 in the
maintenance of a survival signal in the same
experimental model [Cataldi et al., 2001],

TABLE III. Analysis of PKC z-Bound Gold
Granules Distribution in Friend Cells at 1 h

After Ionizing Radiation Exposure

Cytoplasms Nuclei

Unirradiated 10.6� 0.7 12.1� 1.0*
1.5 Gy 10.8� 1.4 17.2� 1.3
15 Gy 17.2� 1.2 27.2� 1.8*

Data are the mean number�SD of gold granules per mm2

observed in 30 different fields at 20,000� magnification.
*P< 0.05: 15 Gy nuclei versus unirradiated nuclei.

Fig. 6. Ionizing radiation induces a dose-dependent increase in
nuclear PKC z expression in Friend cells. Each electrophoretic
lane was loaded with an equal amount of protein (10 mg). The
micrograph shows the most representative Western blotting out
of five separate experiments.

TABLE II. Densitometric Analysis of PKC z and e Expression Detected by
Western Blotting in Cytoplasms and Nuclei Derived From Friend Cells at

1 h After Irradiation

Cytoplasmic fraction Nuclear fraction

PKC e PKC z PKC e PKC z

Unirradiated 1.83� 0.15 1.90� 0.18 0.75� 0.06 0.87� 0.07*
1.5 Gy 1.97� 0.14 1.69� 0.17 0.70� 0.07 1.14� 0.09*
15 Gy 1.82� 0.17 1.44� 0.17 0.80� 0.06 1.91� 0.10*

Data are the mean�SD of five separate experiments.
*P< 0.05: 15 Gy nuclear PKC z versus unirradiated nuclear PKC z and 1.5 Gy nuclear PKC z versus
unirradiated nuclear PKC z.

Protein Kinase C z Nuclear Translocation 149



further work is in progress to elucidate the
existence of cross-talks between PI3K/AKT-1
and PKCs signaling pathways and the role of
other Bcl-2 family members in determining the
radioresistance of erythroleukemic cells. Any-
way, altogether our results point at the recruit-
ment of specific PKC isoforms in determining
different cellular fates (death or survival) and
indicate thePKCpathwayas a possible target of
therapeutic intervention in the radiation field.
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