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4-Hydroxynonenal (HNE) is a highly reactive alde-
yde, produced by cellular lipid peroxidation, able to

nhibit proliferation and to induce differentiation in
EL cells at concentrations similar to those detected

n several normal tissues. Inducer-mediated differen-
iation of murine erythroleukemia (MEL) cells is a
ultiple step process characterized by modulation of

everal genes as well as by a transient increase in the
mount of membrane-associated protein kinase C
PKC) activity. Here we demonstrate that a rapid
ranslocation of PKC activity from cytosol to the mem-
ranes occurs during the differentiation induced by
NE. When PKC is completely translocated by
horbol-12-myristate-13-acetate (TPA), the degree of
NE-induced MEL cells differentiation is highly de-

reased. However, if TPA is washed out from the cul-
ure medium before the exposition to the aldehyde,
NE gradually resumes its differentiative ability. The

ncubation of cells with a selective inhibitor of PKC
ctivity, bisindolylmaleimide GF 109203X, partially
revents the HNE-induced differentiation in MEL
ells. In conclusion, our results demonstrate that
NE-induced MEL cell differentiation is preceded by
rapid translocation of PKC activity, and that the

nhibition of this phenomenon prevents the onset of
erminal differentiation. © 2000 Academic Press

Lipid peroxidation of cellular membranes produces
everal carbonyls, including a-b unsaturated alde-
ydes (1). The most important class of them is the
-hydroxy-2,3-trans alkenal group, quantitatively the
ain component being 4-hydroxynonenal (HNE) (2). In

1 To whom correspondence should be addressed at CNR, Institute
f Experimental Medicine, Via Fosso del Cavaliere 100, 00133 Rome,
taly. Fax: (39) (06) 49934257. E-mail: VitoM.Fazio@ims.rm.cnr.it.
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ormal constituent of several mammalian cells and
issues at concentrations ranging from 0.2 to 2.8 mM (3,
). A negative correlation exists between proliferative
ctivity and/or anaplastic grade, and the ability of neo-
lastic cells to peroxidize (5). In fact, highly undiffer-
ntiated anaplastic cells show undetectable levels of
oth basal or inducible lipid peroxidation (6). Leukemic
ells, in particular HL-60, K562 and MEL cells, do not
how any detectable level of lipid peroxidation even if
xposed to prooxidant compounds (7–9), thus their en-
ogenous production of HNE is negligible. For this
eason, these cells have been used, since several years,
s models for the study of the exogenous HNE effects
7–11). When HNE is added to the leukemic cell sus-
ension, it shortly disappears (within 45 min), since it
apidly reacts with the proteins and it is also metabo-
ized by the cells (12). When maintained for a longer
ime in cell culture, through repeated treatments, 1
M HNE can induce the block of proliferation and the
nset of differentiation in HL-60 (8) and in MEL cells
9). Biological and toxic effects of HNE largely depend
n its ability to react with thiol and amino groups of
ow molecular weight compounds and proteins (13, 14)
ffecting, by this mechanism, several cellular functions
nd enzymatic activities (15–17).
Recent data demonstrate that HNE is able to affect

KC activity in isolated rat hepatocytes (18). The term
KC includes a family of closely related serine/
hreonine protein kinases that function in cell surface
ignal transduction for a variety of external stimuli
elated to cell proliferation, metabolism and differen-
iation (19). PKC activity is generally found in the cell
ytosol and then translocated to the plasma mem-
ranes upon activation (20). Upon exposure to hexa-
ethylenebisacetamide (HMBA), MEL cells exhibit a

apid and transient increase in membrane-associated
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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KC activity (21). In DMSO-induced cells the increase
f PKC activity arises from the activation of a pool of
nactive PKC residing inside membranes (22).

It has been reported that dexamethasone and the tu-
or promoter phorbol-12-myristate-13-acetate (TPA)

uppress DMSO- and HMBA-induced MEL cells termi-
al differentiation (23, 24), probably by acting at a late
tep during the “latent period” that precedes the onset of
erminal differentiation (25). To examine carefully the
echanisms by which HNE induces erythroid differenti-

tion in MEL cells, we studied the distribution of PKC
ctivity after HNE treatment and the effect exerted by
PA and by a selective inhibitor of PKC activity, bisin-
olylmaleimide GF 109203X (BIM), on HNE-induced
EL cell differentiation.

ATERIALS AND METHODS

Cells and culture conditions. Mouse erythroleukemic (MEL) cells
clone 86, kindly provided by Professor Pontremoli, University of
enova, Italy) were cultured at 37°C in a humidified atmosphere of
% CO2–air in RPMI 1640 medium supplemented with 2 mM glu-
amine, antibiotics and 10% fetal calf serum (Gibco BRL). Cells were
aintained at a density of 1–2 3 105/ml. Growth rate and cell

iability were determined daily by conventional techniques.

Induction of differentiation. 4-Hydroxynonenal (HNE, gift from
rofessor J. Schaur, University of Graz, Austria) was prepared as
reviously reported (11). Exponentially growing cells were resus-
ended at a concentration of 2 3 105/ml in fresh complete medium.
ince HNE rapidly disappears from the culture medium, its repeated
ddition was necessary to induce terminal differentiation of MEL
ells (9). Addition of HNE (1 mM) was performed according to a
rotocol previously established (9). Briefly, HNE (1 mM) was added
t regular intervals of time (45 min) up to 14 treatments at day 1,
nd moreover 14 treatments with 1 mM HNE were performed at
ay 2.
Since the susceptibility of MEL cells to undergo terminal differen-

iation was not identical in different experiments, the degree of
NE-induced differentiation was compared with that observed in
MSO-treated cells. DMSO (Sigma Chemical Co.) was added to the

ulture medium at the beginning of experiments, at concentration of
.5%. The degree of HNE-induced differentiation was compared with
hat induced by DMSO also in experiments with TPA and BIM
reatments (data not shown).

TPA and BIM treatments. TPA (Sigma Chemical Co.) was pre-
ared as a concentrated stock in DMSO and used at final concentra-
ion of 0.1 mM. In the experiments in which the distribution of PKC
ctivity between cytosol and membranes was analyzed, TPA was
sed as a positive control of PKC activity translocation. In these
ases, TPA was added to the cell suspension for 15 min. After this
ime cells were collected for the membrane separation. In experi-
ents performed in order to evaluate the TPA effects on MEL cells

ifferentiation, TPA treatments were performed according to two
xperimental procedures:

(1) MEL cells were preincubated in the presence of TPA (0.1 mM)
or 30 min, then the cells were washed, resuspended in fresh medium
nd treated with HNE as above described.
(2) TPA (0.1 mM) was added directly to culture medium together
ith HNE.

Bisindolylmaleimide GF 109203X (BIM) (Boehringer Mannheim),
potent and selective inhibitor of PKC, was prepared according to
76
anufacturer’s protocol. The inhibitor was added to the culture at
he concentration of 1 mM, 15 min before induction with HNE.

Determination of hemoglobin production. Hemoglobin concentra-
ion of MEL cells was determined as follows: 10 3 106 cells were
ysed in 1 ml of lysing buffer (10 mM Tris, pH 7.5, 137 mM NaCl, 1.4

M Mg-acetate and 0.5% Nonidet P-40), and incubated on ice for 15
in. The lysate was then centrifuged at 1500 rpm for 15 min (ALC,

236 centrifuge). Hemoglobin concentration were quantified by op-
ical density (OD) at 414 nm (OD 1000 corresponds to 0.13 mg/ml
b).

RNA isolation. Total cytoplasmic RNA was isolated from MEL
ells as described by Sambrook et al. (26) with minor modification:
ells (40 3 106) were resuspended in 0.4 ml of lysis buffer containing

FIG. 1. (A) Growth of MEL cells repeatedly treated with 1 mM
NE (see Materials and Methods) or exposed to 1.5% DMSO for

verall time of experiment. Data are the mean 6 SD of four separate
xperiments. (B) Hemoglobin content in MEL cells repeatedly
reated with 1 mM HNE (see Materials and Methods) or exposed to
.5% DMSO for overall time of experiment. Data are the mean 6 SD
f four separate experiments. (C) Densitometric analysis of b-globin
ene expression.
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0 mM Tris, pH 7.5, 10 mM NaCl, 3 mM MgCl, 0.5% NP-40. The
ytoplasmic extract was then treated 2 h at 45°C with 500 mg/ml
roteinase K (Sigma Chemical Co.) in 0.2 M LiCl, 10 mM Tris, pH 8,
0 mM EDTA, 0.5% SDS, 1% b-mercaptoethanol to denature pro-
eins. The cytoplasmic RNA was then extracted twice with phenol/
hloroform/isoamyl alcohol, once with chloroform/isoamyl alcohol,
nd recovered by ethanol precipitation. Each sample was examined
or purity and degradation on a nondenaturing agarose gel prior to
orthern blot analysis. Total RNA was isolated at different times
fter addition of inducers, HNE or DMSO. Uninduced cells were used
s time 0.

Northern blot analysis. Equal amounts of RNA (15–30 mg), as
etermined by UV-absorption at 260 nm, were separated on 0.9%
garose–2.2 M formaldehyde gel and transferred to nitrocellulose
lters (Hybond-C, Amersham). Hybridizations were carried out as
reviously described (7) with probes labeled by random priming
ethod (Megaprime DNA labeling system RPN 1607, Amersham;

.5 3 106 cpm/ml). Each filter was hybridized with mouse b-globin
ene cDNA.

Preparation of cytosolic and membrane fractions. MEL cells were
ashed twice with PBS without Ca21 and Mg21. The cell pellets (50 3
06 cells) were suspended in 0.5 ml of extraction buffer (25 mM
epes, pH 7.5, 0.25 M sucrose, 2.5 mM MgCl, 2.5 mM EGTA, 50 mM
-mercaptoethanol, 20 mg/ml leupeptin, 5 mg/ml aprotinin, 1 mM
henylmethylsulfonyl fluoride), sonicated for 5 s at 4°C (Heat
ystems-Ultrasonics, Inc.), and then centrifuged at 100,000g for 1 h
t 4°C. The supernatant fractions were removed and used as the
ytosolic fraction. The pellets were resuspended in 0.5 ml extraction
uffer containing 1% Triton X-100, sonicated for 5 s and centrifuged
t 15,000g for 10 min at 4°C in an Eppendorf microcentrifuge. The
upernatants were used for the determination of membrane-
ssociated enzyme activity. The times of incubation with HNE and
PA are indicated in the figure legends.

DEAE-Sepharose chromatography. The cytosolic and membrane
ractions were adsorbed in a 1.5 ml microcentrifuge tube to a 0.2 ml
f DEAE-Sepharose fast flow (Pharmacia) previously equilibrated
ith buffer A (20 mM Tris, pH 7.5, 0.5 mM EGTA, 0.5 mM EDTA, 10
M 2-mercaptoethanol). The column was washed three times with

he same buffer and then eluted with buffer A containing 0.2 M
aCl. Protein concentrations were determined with the Bio-Rad
rotein reagent using BSA as the standard.

Protein kinase C assay. PKC activity was determined by measur-
ng the transfer of 32P from -P32 ATP (Amersham) to a substrate

FIG. 2. PKC activity in cytosol and membranes of control MEL c
M) for 15 min, 1 h, and 1 h and 45 min. Results are the mean 6 S
77
histone H1). DEAE-Sepharose fractions (5 ml) were incubated in a
0 ml reaction mixture containing 20 mM Tris–HCl (pH 7.5), 10 mM
gCl, 40 mg of histone H1, 100 mg/ml of phosphatidylserine (PS), 500
M CaCl2 or 200 mM EGTA and PS without CaCl2. Assay was carried
ut as described by Aquino et al. (27).

ESULTS

The differentiation induction of MEL cells by HNE is
emonstrated by modulation of growth, hemoglobin
ontent and b-globin mRNA level in MEL cells (Fig. 1).
NE effects were compared to those obtained in
MSO-treated cells. Growth of MEL cells was highly

educed by HNE treatments (Fig. 1A). Hemoglobin
ontent (Fig. 1B) was significantly increased in HNE
reated cells starting from day 4, whereas b-globin
xpression (Fig. 1C) increased as soon as 24 h after the
eginning of treatments and remained at high level
ven at 4 days.
DMSO induced the same modulations observed in
NE-treated cells, but with some important differ-

nces: DMSO inhibitory effect on cell growth was lower
han that displayed by HNE; b-globin accumulation in
NE-treated cells preceded that induced by DMSO,
ut the two expressions became similar after 4 days.
he subcellular distribution of PKC activity between
ytosol and membrane fraction was compared in unin-
uced and induced cells at early times during incuba-
ion with HNE. TPA-treated cells were used as a pos-
tive control (Fig. 2). After 15 min from the addition of
PA, a total translocation of PKC activity to the mem-
rane fraction occurred. Equally rapid translocation,
ven if lower than in TPA-treated cells, was demon-
trated also in HNE-treated cells 15 min after the
reatment and it persisted up to 1 h, whereas, after 1 h
nd 45 min, the membrane-associated PKC activity
ecame lower than that detected in the cytosol. In the

s and of cells treated with TPA (0.1 mM) for 15 min or with HNE (1
f three separate experiments.
ell
D o
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ays following the HNE treatments, PKC activity dis-
ribution between cytosol and membranes was similar
o those observed in the control cells (data not shown).

In Fig. 3A is reported the growth rate of cells treated
ither with HNE or TPA, or both, according to the
rocedures described in materials and methods. HNE
trongly inhibited MEL cells proliferation, whereas
PA alone did not show any significant effect. Inter-
stingly, a significant reduction of cell growth in HNE-
reated cells persisted even after TPA treatment, not
nly when TPA was removed before HNE treatments,
ut also when the compound was maintained in cell
ultures for 7 days. None of these treatments affected
ell viability.

The degree of differentiation was evaluated by ana-
yzing the hemoglobin content in MEL cells treated
ither with HNE or with TPA in combination with

FIG. 3. (A) Growth of MEL cells treated with TPA (0.1 mM), HNE
repeated treatments over 2 days with 1 mM HNE) or preincubated
ith TPA for 30 min before HNE treatments or maintained in
resence of TPA during the HNE treatments and for all the length of
xperiments (7 days). Results are the mean 6 SD of three separated
xperiments. (B) Hemoglobin content of MEL cells treated with HNE
lone (repeated treatments over 2 days with 1 mM HNE), preincu-
ated with TPA for 30 min before HNE treatments or maintained in
he presence of TPA during the HNE treatments and for all the
ength of experiments (7 days). Results are the mean 6 SD of three
eparate experiments.
78
tarting for 4th to 7th day, by subtracting the control
alues obtained at the corresponding time. TPA alone
id not induce hemoglobin accumulation (data not
hown), according to the results reported by others
28). When TPA was added to cell suspension for 30

in and washed out before HNE treatment, the hemo-
lobin content at day 4 was lower than that obtained
ith HNE alone. However, during the following days,
emoglobin content increased, reaching values compa-
able with those of HNE-treated cells. On the contrary,
he simultaneous addition of TPA and HNE caused a
trong decrease of inducer-mediated hemoglobin accu-
ulation at every time it was tested.
In this study we also evaluated the effect of a selec-

ive inhibitor of PKC in HNE-induced differentiation of
EL cells. BIM is a potent inhibitor of PKC acting in

he range of 1–5 mM, both in vitro and in vivo (29).
rowth of MEL cells was significantly inhibited either
y HNE or by HNE plus 1 mM BIM, whereas BIM alone
id not affect this parameter (Fig. 4A). Hemoglobin
ontent in MEL cells treated with both BIM and HNE

FIG. 4. (A) Growth of MEL cells treated with HNE (repeated
reatments over 2 days with 1 mM HNE), BIM (1 mM) or with both
NE and BIM. Results are the mean 6 S.D. of three separated

xperiments. (B) Hemoglobin content of MEL cells treated with HNE
repeated treatments over 2 days with 1 mM HNE), BIM (1 mM) or
ith both HNE and BIM. Results are the mean 6 SD of three

eparate experiments.
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etected in HNE-treated cells at 4, 5, and 6 days. BIM
lone did not induce hemoglobin accumulation. None of
hese treatments affected cell viability (data not
hown).

ISCUSSION

Several direct and indirect evidences are consistent
ith the rapid translocation of PKC in the process of
ifferentiation induction (21, 30). We demonstrated
hat HNE induces an early translocation to the mem-
rane of PKC activity. Since TPA decreases drastically
he proportion of cells induced to differentiate by HNE,
his translocation seems to be necessary for the HNE-
nduction. Moreover, the reduction of differentiated
ells is reversed when TPA was removed from the cell
ultures before HNE treatments. Similar results have
een obtained in HMBA-induced MEL cell differentia-
ion, in which, upon removal of TPA, the restoration of
EL cells sensitivity to HMBA was correlated with

eaccumulation of PKC activity (21).
Although TPA completely prevents the HNE-

nduced differentiation, it does not affect the reduction
f proliferation induced by HNE treatments. This phe-
omenon may be explained by assuming that the inhi-
ition of cell growth and the accumulation of hemoglo-
in are determined by HNE acting on different
echanisms. In fact, our results and other previous

bservations (31) demonstrate that the inhibition of
rowth in HNE-treated cells is stronger than that pro-
oked by other differentiation inducers, i.e., DMSO
nd precedes the onset of differentiation (8, 9, 31).
NE inhibition of cell growth was observed even in the
bsence of terminal differentiation (7) but it is always
ccompanied by a strong inhibition of c-myc (7, 11) and
-myb oncogene mRNA expressions (32). This may sug-
est that the inhibition of proliferation is, at least at
he outset, not linked to the hemoglobin accumulation.
ccording our observations, it has been reported that

nducer-mediated accumulation of hemoglobin is more
ensitive to inhibition by TPA than the early inducer-
ediated changes are (21). In fact, TPA does not block

he early HMBA- and DMSO- induced inhibition of
-myc and c-myb expressions (21, 23).

The reduction of HNE-induced differentiation by
IM confirms the involvement of some PKC isoforms in

his process. BIM shows a highly selective inhibition of
KC isoenzymes a, b1, b2, g, d and e (33), some of
hich are highly expressed in MEL cells (a, g, e) (34).
n increase in the membrane associate PKC isoforms
elta and epsilon has been reported during MEL cells
ifferentiation induced by HMBA (34). These isoforms
re both inhibited by BIM. Thus, we may suppose that
elta and epsilon isoforms of PKC may be involved also
n HNE-induced differentiation. However, the inhibi-
ion of HNE-dependent differentiation induced by BIM
79
soforms, not inhibited by BIM, may be involved. Fur-
her studies are in progress to clarify this observation.

The role of PKC activity during HNE-induced differ-
ntiation is by no doubt complex, and it is reasonable
hat it represents only one element in a cascade of
ignal transduction. PKC activity can be modulated in
ifferent ways by the differentiation inducers: HMBA
auses, like HNE, a transient increase in PKC
embrane-associated activity (30, 34), while DMSO

eems to activate the enzyme residing on the mem-
rane in a responsive but inactivated state and not by
riggering the translocation of cytosolic PKC to mem-
ranes (35). Our results point out that the transloca-
ion of PKC activity is required to induce MEL cells
ifferentiation HNE. In fact, the differentiation is com-
letely prevented when cytosolic PKC is depleted by
PA.
In conclusion, the present results add a new evidence

o the complex differentiation pathway induced in
EL cells by HNE.
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