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Abstract. Human eosinophil cationic protein (ECP)/
ribonuclease 3 (RNase 3) is a protein secreted from
the secondary granules of activated eosinophils.
Specific properties of ECP contribute to its cytotoxic
activities associated with defense mechanisms. In this
work the ECP cytotoxic activity on eukaryotic cell
lines is analyzed. The ECP effects begin with its
binding and aggregation to the cell surface, altering
the cell membrane permeability and modifying the
cell ionic equilibrium. No internalization of the
protein is observed. These signals induce cell-specific
morphological and biochemical changes such as

chromatin condensation, reversion of membrane
asymmetry, reactive oxygen species production and
activation of caspase-3-like activity and, eventually,
cell death. However, the ribonuclease activity com-
ponent of ECP is not involved in this process as no
RNA degradation is observed. In summary, the
cytotoxic effect of ECP is attained through a mech-
anism different from that of other cytotoxic RNases
and may be related with the ECP accumulation
associated with the inflammatory processes, in which
eosinophils are present.

Keywords. Eosinophil cationic protein, ribonuclease, eukaryotic cell cytotoxicity, protein aggregation, cell

membrane binding.

Introduction

Human eosinophil cationic protein (ECP)/ribonu-
clease 3 (RNase 3) is a protein secreted from the
secondary granules of the activated eosinophils. ECP
is a polypeptide with a molecular mass of 15.5 kDa,
although glycosylated forms with molecular masses
ranging from 18 to 22 kDa are also found. The amino
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acid sequence and the three-dimensional structure
show that ECP is a member of the ribonuclease A
superfamily, a vertebrate-specific enzyme family that
includes eight human proteins that conserve the same
active site amino acid residues. A well-known enzyme,
the non-glycosylated bovine pancreatic ribonuclease
A (RNase A) is the archetype of this protein family.
ECP shows a 30% sequence homology with the
human pancreatic form (RNase 1) and it shares a 67 %
of sequence identity with the eosinophil-derived
neurotoxin (EDN)/RNase 2. EDN is another member
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of this protein family that is also found in human
eosinophils. The RNase activity of ECP is 100-fold
lower than that of RNase A and 10-fold lower than
that of EDN [1, 2]. Interestingly, some specific
properties of ECP rely on its cytotoxicity, which is
associated with important defense mechanisms; thus,
ECP shows bactericidal [3], helminthotoxic [4, 5] and
antiviral activities [6]. In addition, important extrac-
ellular deposits of ECP are found in tissues under-
going eosinophilic inflammation and they correlate
well with tissue damage as it happens, for example, in
the case of bronchial asthma or in the intestinal
mucosa as is the case in Crohn’s disease [7]. ECP
levels in body fluids are currently used as marker of
eosinophil activity and turnover, and correlate well
with tissue damage [8]. After intraventricular injec-
tion into guinea pigs and rabbits, ECP causes the
Gordon phenomenon that is characterized by cere-
bellar Purkinje cell degeneration [9]. Cytotoxic effects
of ECP have also been described for different
mammalian cell lines [10, 11]. Although the molecular
basis of the ECP effect on eukaryotic cells remains
unknown, it has been described that ECP forms
voltage-insensitive and non-selective transmembrane
pores, and it has been suggested that this could be the
basis of the mechanism for cell killing [12]. The high
number of arginine residues on the molecular surface
and the tryptophan residue at position 35 are crucial to
the cytotoxic activity of ECP, which suggests that these
residues contribute to the destabilization of the
phospholipid bilayer [11, 13]. In addition, recent
studies have demonstrated that glycosylation affects
neither the cytotoxic nor the RNase activities of native
ECP [14].

Two proteins of the RNase A superfamily, bovine
seminal ribonuclease (BS-RNase) and onconase
(ONC) are potent cytotoxins that have been exten-
sively characterized [15]. BS-RNase, obtained from
bovine sperm, is a dimeric protein with two identical
subunits; it shows aspermatogenic, antitumor, embry-
otoxic and immunosuppressive activities. The cyto-
toxic effect of BS-RNase is accompanied by the
induction of apoptosis both in human lymphocytes
and in several tumor cell lines [16, 17]; it enters into
the cells by adsorptive endocytosis and evades the
cytosolic ribonuclease inhibitor [18]. ONC is an
RNase isolated from amphibian oocytes, and is
cytostatic and cytotoxic to numerous tumor cell lines
[19]. The tumor growth -controlling effect of ONC is
achieved by degrading RNA within cancer cells. This
results in the inhibition of protein synthesis and the
arrest of the cell cycle in the G,/G; phase [20]. ONC-
treated cell lines also displayed apoptosis [21] and,
recently, an unusual entry process that relies on
clathrin-dependent endocytic uptake has been descri-
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bed [22]. Recent studies indicate that ONC substan-
tially decreases the content of reactive oxygen species
(ROS) both in normal and in tumor cell lines [23].
Apoptosis and necrosis are two forms of cell death
that have been defined on the basis of distinguishable
morphological criteria [24, 25], even if they may
involve several common signaling and execution
mechanisms. In fact, recent evidence suggests that
identical initiation signals can be involved both in
apoptotic and in necrotic cell death [25].

In an effort to understand the cytotoxic mechanism of
ECP on mammalian cells we have analyzed its cellular
effects using HL-60 and HeLa cell lines as models. In
this work we have demonstrated that the effect of ECP
is achieved through a mechanism different to that of
other cytotoxic RNases; the observations show a
direct relationship between cytotoxicity and the ECP
accumulation associated to inflammatory processes.
The ECP cytotoxic effects begin with the binding and
aggregation of the protein to the cell surface. This is
followed by an alteration of the cell membrane
permeability, which results in a modification of the
ionic intracellular equilibrium. These signals initiate
specific morphological and biochemical cellular
changes such as chromatin condensation, reversion
of membrane asymmetry, ROS production, activation
of caspase-3-like activity and, eventually, cell death. In
contrast with other cytotoxic RNases no internaliza-
tion of the protein is observed.

Materials and methods

Preparation of recombinant ECP

A human ECP synthetic gene was used to obtain
recombinant ECP. The protein was expressed in E.
coli BL21 (DES3) strain (Novagen, USA) using the
pET11c expression vector and was purified from
inclusion bodies [1]. In all the experiments, diluted
protein samples were centrifuged at 9000 g for 10 min
before use.

Cell culture conditions

Human acute promyelocytic leukemia cell line HL-60
[CCL-240, American Type Culture Collection
(ATCC), USA] was maintained in continuous sus-
pension culture in RPMI 1640 medium (Vitacell,
USA), containing 10 mM HEPES, 1 mM sodium
pyruvate, 2mM L-glutamine, 4.5 g/L. glucose and
1.5 g/L sodium bicarbonate; the cervix HelLa adeno-
carcinoma cell line (CCL-2, ATCC) was maintained in
Dulbecco’s Modified Eagle’s medium (DMEM; Vi-
tacell). Both media were supplemented with 10%
heat-inactivated fetal calf serum (FCS), 200 U/mL
penicillin and 0.2 mg/mL streptomycin, and cells were
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incubated at 37°C under moisturized air containing
5% CO,.

Cell growth and viability assay

Metabolic cell activity was determined with the Cell
Proliferation kit I (MTT; Roche, USA), a colorimetric
assay based on the cleavage of the yellow 3-[4.5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide salt (MTT) to purple formazan crystals. Expo-
nentially growing HL-60 (2x10° cell/mL) and HeLa
cell cultures (5x10* cells/well, serum-depleted to
0.5% FCS for 6 h before ECP treatment) were plated
in 96-well dishes (Orange Scientific, Belgium), and
treated with ECP concentrations ranging from 10 to
40 uM for 24, 48 and 72 h. Protein samples were
diluted in PBS. Positive controls of cell growth were
carried out by adding the same volume of PBS without
protein. Cell viability was determined following the
working instructions provided by Roche and measur-
ing the difference in absorbance between 540 nm and
690 nm. In each set of assays, analyses were carried out
in duplicate or triplicate.

This assay was also used to check the effect, at a 50 uM
concentration, of benzyloxycarbonyl-aspartyl(OMe)-
fluoromethylketone (Boc-Asp-FMK; Calbiochem,
UK), a cell-permeable broad-spectrum caspase pep-
tide inhibitor, on the metabolic activity of ECP-
treated cells.

Cell morphology

The effect of ECP on cell morphology was analyzed by
fluorescence microscopy (Leica DMRS, Germany),
using a filter block that included a 515-560-nm
excitation filter and a 580-nm emission filter. HL-60
cells (0.5x10° cells) were treated with 10 and 20 uM
ECP for 24 and 48 h followed by the addition of 10 pg/
mL propidium iodide (PI), and were incubated for
30 min. Samples were pelleted by centrifugation,
washed in PBS and mounted on glass slides using
Fluoprep (Biomérieux, France). Anisomycin (2-p-
methoxyphenylmethyl-3-acetoxy-4-hydroxypyrroli-
dine, 2 ug/mL) was used as a positive control of
apoptosis [26].

Conjugation of ECP and RNase A with the Alexa
Fluor 488 dye

ECP or RNase A (Sigma Aldrich), 0.5 mL of a 2 mg/
mL protein concentration, was labeled using the
Alexa Fluor 488 Protein Labeling kit (Molecular
Probes, USA) following the instructions of the man-
ufacturer. A PD10-desalting column (GE Healthcare)
equilibrated with PBS at pH 7.2 was used to separate
labeled protein from free dye.

The degree of labeled protein was calculated as:
m = nAu,/71 000P [where m is the mol dye/mol
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protein, n is the dilution factor, A4, the absorbance
at 494 nm and P the protein concentration (M)].

Confocal microscopy

Experiments were carried out in complete culture
medium, at 37°Candin a5 % CO, atmosphere. HeLa
cells were seeded in 35-cm’ plates with a glass
coverslip and grown to about 80% confluence prior
to experiments. Cell viability was assessed by incubat-
ing the cells in the presence of 5 pg/mL Alexa Fluor
568-transferrin (Molecular Probes) for 40 min; the
cells were then washed with PBS buffer three times to
eliminate the fluorescent marker and finally complete
medium sufficient to cover the surface of the plate was
added. Alexa Fluor 488-ECP (2 uM) was added
directly to the cultures and time lapse was recorded
at intervals of 2 min in short-term (0—35 min) experi-
ments and of 10 min in long-term (3-8 h) experi-
ments.

For the colocalization experiments, 5 uL. 1 mM Vi-
brant Dil cell-labeling solution (Molecular Probes)
were added to 1 mL of complete growth medium.
Cells were incubated at 37°C for 10 min and washed
with PBS buffer three times. For each wash cycle, cells
were washed with PBS then covered with fresh
medium and incubated for 10 min.

Confocal images of the cultures were captured using a
laser scanning confocal microscope (Leica TCS SP2
AOBS equipped with a HCX PL APO 63x1.4 oil
immersion objective, Germany). The Alexa Fluor
488-ECP images were acquired using a 488-nm argon
laser (515-540 nm emission collected). Both Vibrant
Dil and Alexa Fluor 568-transferrin were excited
using an orange diode (588—-715 nm emission collect-
ed).

In the time-lapse analysis, xyt (300 um) sections were
captured at each time point in several independent
experiments. Similar experiments were carried out
using Alexa Fluor 488-RNase A.

Cytosolic free Ca** and Na™ concentration assays

HeLa cells were washed, detached with trypsin and
reseeded onto glass coverslips 24 h before calcium
measurements. Fluo-4/AM (Teflabs, USA) was used
to monitor changes of the calcium levels in the cytosol.
Fluo-4 was dissolved [50 pg in 25 ul dimethylsulfoxide
(DMSO)] and 2 pL of this stock solution was added to
each culture plate in 1 mL recording medium (10 mM
HEPES, 140 mM NaCl, 4.8 mM KCI, 1 mM MgCl,,
1.8 mM CaCl, and 10 mM glucose, pH 7.4). After 45-
min incubation, the remaining dye was washed out
and the cells were incubated in recording medium. For
experiments performed in low extracellular calcium
concentration, cells were bathed for 10 min in 10 mM
HEPES, 140 mM NacCl, 4.8 mM KCl, 2.3 mM MgCl,,
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0.5 mM CdCl,, and 10 mM glucose, pH 7.4. An IX-
FLA equipment (Olympus Biosystems connected to
an Olympus IX70 microscope with a x20 lens) was
used to image the cells. The cells were scanned using
Cell® software (Olympus Biosystems). Changes in the
Fluo-4 fluorescence were recorded for a 60-s test at
2.5 Hz with a spatial resolution of 512 x 480 pixels and
then 20 uM ECP was added. At the end of the
experiments the images were analyzed over time,
using regions of interest (ROIs). AF/F analysis was
performed and plotted over time.

Statistical analysis was carried out using the Sigma
Stat software (SPSS). Values given in the text corre-
spond to the mean + SEM. When comparing two-
group means of normally distributed data, the Stu-
dent’s t-test was used. A significance level of p < 0.05
was adopted in all comparisons.

Sodium Green tetraacetate (Molecular Probes) was
used to monitor changes in the sodium levels in the
cytosol of Hel.a cells. Sodium Green was dissolved in
DMSO and was added at a 3 uM final concentration in
1 mL recording medium (10 mM HEPES, 4.8 mM
KCI and 140 mM NacCl, pH 7.4). Control and 50 uM
ECP-treated cells were incubated for 60 min at 37°C
and then washed with PBS to remove excess probe.
Changes in the Sodium Green fluorescence were
recorded with a laser scanning confocal microscope
Leica TCS SP2 AOBS. At the end of the experiments
the images were analyzed over time, using ROIs. AF/F
analysis was carried out and plotted over time.

Flow cytometry techniques

Samples were analyzed on a FACSCalibur cytometer
(Becton Dickinson, USA). The instrument was set up
with the standard configuration: excitation of the
sample was done using a 488-nm air cooled argon-ion
laser at 15 mW power. CellQuest software (Becton
Dickinson) was used to control the system and to carry
out data analysis.

Cell cycle analysis. Cell cycle analysis was performed
on HL-60 and HeLa cells (1x10°~2x10° cells/mL).
ECP-treated (20 uM ECP for 24 and 48 h) and control
cells were washed with PBS and fixed in ice-cold 70 %
ethanol. The slides were washed twice with PBS and
incubated with 100 uL 100 pg/mL RNase A (DNase
free) for 5min at room temperature. Then 400 pL
50 pg/mL PI in 3.8 mM sodium citrate were added.
Fluorescence intensity was measured at 585/42-nm
band pass filter. Data were analyzed with the ModFit
LT cell cycle analysis software (Verity Software
House, USA). The Student’s t-test was used to
estimate the significance of the values determined
for ECP-treated cells with respect to those of non-
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treated cells. A significance level of p < 0.05 was
adopted in all comparisons.

Phosphatidylserine exposure assay. HL-60 and HeLa
cells (1x10° cells/mL) were incubated with 20 uM
ECP for 10 and 24 h. HL-60 cells were harvested by
centrifugation and HeLa cells were trypsinized prior
to centrifugation. Cells were then washed twice with
cold PBS and resuspended in 100 uL. annexin V-
binding buffer (10 mM HEPES-NaOH, 140 mM NaCl
and 2.5 mM CaCl,, pH7.4). Then 5uL 0.5nM of
annexin V-fluorescein isothiocyanate (annexin V-
FITC; Molecular Probes, Invitrogen) and 2 uL
10 mg/mL PI were added. Cells were incubated at
room temperature for 15 min, 400 uL. annexin V-
binding buffer were added and samples were kept on
ice in the dark prior to analysis. A 530/30-nm and 585/
42 nm-band pass filters were used to measure green
fluorescence (annexin staining) and red fluorescence
intensity (PI, DNA staining), respectively. Dead cells
were excluded by gating population on the FSC
(forward scatter) versus SSC (side scatter) dot plots.
The effect of 2 pg/mL anisomycin for 24 h was used as
positive control.

Assay for intracellular ROS generation. HL-60 and
HelLa cells (1 x 10° cells/mL) were treated with 20 uM
ECP for 24 h. HL-60 cells were harvested by centri-
fugation and HeLa cells were trypsinized prior to
centrifugation. ROS in cells were measured using the
oxidation-sensitive fluorescence probe dichlorofluor-
escein diacetate (DCFH-DA) (Fluka, Switzerland).
Cells were incubated with 5 uM DFCH-DA for 15 min
at 37°C. The 2'-7'-dichlorofluorescein (DCF) forma-
tion was measured using a 530/30-nm band pass filter.
The effect of 100 uM hydrogen peroxide for 24 h was
used as positive control.

Caspase-3 activity assay

HL-60 and HeLa cells were harvested after a 24-h
ECP treatment (20 uM) and washed with PBS. Pellets
of atleast 1 x 10° cells for each reaction were frozen for
later analysis. Caspase-3 activity was measured fol-
lowing the instructions of the EnzChek Caspase-3
Assay kit (Molecular Probes). Fluorescence intensity
was measured using a fluorescence microplate reader
at 520 nm and, according to the manufacturer instruc-
tions, sensitivity was adjusted with a standard curve.
To normalize activity values, protein concentration
was determined by the Bradford method. The effect of
2 pg/mL anisomycin for 10 h was used as positive
control for caspase-3 activation.
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Figure 1. Metabolic and mor-
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RNA analysis

HeLa cells (0.5x10° cells/mL) cultured in a six-well
plate were treated with 20 uM ECP for 24 and 48 h.
Cells were processed for RNA isolation using the TRI
Reagent® method (Ambion, USA). Cells were homo-
genized in TRI Reagent (1 mL TRI Reagent/cm’
cultured dish area), RNA was then extracted with
0.2 volumes of chloroform, precipitated with 0.5 vol-
umes of isopropanol and finally washed with 75 %
ethanol. RNA was analyzed on an Experion Auto-
mated Electrophoresis (Bio-Rad Laboratories, USA).
Data were analyzed with the Experion™ Software
v1.0 (Bio-Rad).

Results

ECP effect on cell metabolic activity and cell
morphology

The effect of ECP on the metabolic activity of
suspension cells (HL-60) and adherent cells (HeLa)

phological effects of eosinophil
cationic protein (ECP) on eu-
karyotic cell lines. (A) Effect of
ECP concentration on the meta-
bolic activity of HL-60 and HeLa
cells. Control and ECP-treated
cell cultures were maintained for
72 h and metabolic activity was
determined by the MTT assay.
See methods for detailed assay
conditions. (B) Contrast phase
microscopy and fluorescence mi-
croscopy by propidium iodide
(PI) staining of the ECP effect
(20 uM for 24 h) on HL-60 cells.
Bar 15 um.

+ ECP 20 uM, 24h -

cultures, as determined by the MTT assay, is shown in
Figure 1A; in both cases a dose-dependent effect
(from 0 to 40 uM) was observed, although HL-60 cells
showed a higher sensitivity than HeLa cells to ECP
treatment. In addition, in both cases a time-dependent
effect (from 0 to 72 h) was also observed (data not
shown). The ECP effect on HL-60 cell morphology
was visualized by contrast phase and fluorescence
microscopy (Fig. 1B). ECP induces cell aggregation
and important changes in cell morphology. The
changes in the cell membrane permeability and nuclei
morphology can be determined in fresh cultures using
fluorescence microscopy and PI staining. ECP-treated
cells show intracellular events, e.g., the loss of the
plasma membrane integrity and typical apoptotic
nuclear morphology changes such as chromatin con-
densation and apoptotic body formation. This sug-
gests that ECP induces apoptosis in these cell lines.
Anisomycin, a protein synthesis inhibitor, was used as
control for apoptosis induction. Treatment with 20 uM
RNase A under the same conditions neither alters the
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metabolic activity nor the cell morphology of HL-60
cell cultures, indicating that RNase A may be used as a
negative control for RNase cytotoxicity (data not
shown and [11]). Taking into account the ECP
cytotoxicity on both HL-60 and HeL a cells as well as
the specific requirements of each technique, the
following experiments were carried with the most
suitable cell line.

Confocal microscopy analysis of ECP dynamic
distribution and membrane bilayer colocalization
The ECP distribution on HeLa cell cultures was
analyzed using confocal microscopy. Since cell fixa-
tion was shown to cause significant artifacts on the
cellular localization of proteins [27], distribution of
the fluorescent Alexa Fluor 488-ECP was analyzed
without fixing cells and maintaining cells cultures at
37°C in a 5% CO, atmosphere. Alexa Fluor 568-
transferrin was used as a culture survival control. The
ECP distribution was analyzed in short-term experi-
ments, from 0 to 35 min after ECP addition to the
cultures, and in long-term (3-8h) experiments
(Fig. 2A and B, respectively, show some representa-
tive images obtained during the time-lapse experi-
ments). The image analysis showed that at a very short
time after protein addition (t=1 min) the labeled
ECP was present only in the culture medium;
however, a clear binding of the protein and its
aggregation on the cell surface was observed in the
early stages (35 min). The cell surface binding is
maintained both in short-term and long-term experi-
ments, and no internalization of ECP was observed in
any case (Fig. 2A and B). Similar experiments using
Alexa Fluor 488-RNase A did not show any protein
binding (data not shown) in accordance with the
results obtained using other experimental approaches,
again indicating the lack of cytotoxicity of RNase A.
The binding of Vibrant Dil, a marker of membrane
phospholipids, to the cell was also analyzed by
confocal microscopy. Figure 3 shows the colocaliza-
tion of ECP and Vibrant Dil. The results of this “in
vivo” experiments also confirm that ECP is not
internalized. Previous studies about the ECP cytotox-
icity on eukaryotic cell lines using rhodamine B
isothiocyanate (RITC)-labeled ECP and fluorescence
microscopy suggested that the protein accumulates in
the cytoplasm; however, it was not clear whether
endocytosis of ECP had occurred [10]. These con-
trasting results may be explained by the cell fixation
procedure used in the fluorescence microscopy ex-
periments that may promote an artifactual redistrib-
ution of the protein into the cell [27].
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Figure 2. Study of the ECP dynamic distribution on HeLa cell
cultures by confocal microscopy. HeLa cells were incubated with
medium containing Alexa Fluor 568-transferrin (5 pg/mL), used as
a culture survival control, and Alexa Fluor 488-ECP (2 uM). After
washing, cells were analyzed by multi-channel confocal micro-
scopy. Images were taken in complete medium at 37°C and 5%
CO, atmosphere. (A) Short-term experiments (0—35 min),
(B) long-term experiments (0—8 h).

B
t=0h

The effect of ECP on cell membrane permeability
Fluo-4/AM fluorescent measurements were per-
formed to test whether ECP increases the cytosolic
free Ca’" concentration of HeLa cells (Fig. 4). ECP
(20 uM) induced a transient cytosolic calcium increase
in 60 % of the HeLa cells analyzed (62 out of 104 cells,
seven culture wells) in the first 60 s after application of
the protein in the recording medium. The amplitude of
the cytosolic calcium transient response was 3.7 £ 0.2
times over background level. This effect was depend-
ent on ECP concentration because a 10 uM ECP
solution did not induce the transient cytosolic calcium
increase (1.21 £ 0.03 U, n = 15 cells) (Fig. 4B).

The effect of ECP on HeLa cells was compared with
that of RNase A (Fig. 4B). Addition of either 10 or
20 uM RNase A did not induce a cytosolic calcium
increase (1.3 + 0.2 times over background level) in
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Vibrant Dil ECP

A

t =50 min

95% of cells (71 out of 75, from seven culture wells).
Only in 5% of the cells was a significant cytosolic
calcium increase (3.4 + 1.7 U) detected.

To elucidate the origin of the calcium that appeared in
the cytosol, we carried out some calcium recordings
with a low extracellular calcium medium (Fig. 4B).
Application of 20 uM ECP in a low-calcium medium
did not induce a significant calcium increase in the
HeLa cytosol (1.2 £ 0.1 U, n =35 cells, from three
culture wells).

An increase of intracellular Na* concentration due to
the addition of ECP was also detected by changes in
the Sodium Green fluorescence detected by confocal
microscopy; however, in this case a low signal
intensity was obtained (data not shown).

Studies on apoptotic events

Effect of ECP on the cell cycle. The ECP cytotoxicity
was also observed in the dot-plot experiments as the
increase of dead cells and debris populations of the
ECP-treated preparations (see Fig. 5, insets). The
DNA content of cells was quantified by flow cytom-
etry of PI staining of permeabilized cells, a method
that also allowed the assessment of which phase of the
cell cycle the cells were in, as well as monitoring the
ECP effect on the dying population (Fig. 5). When the
percentage of cells at Go/G,, G,/M and S phase of HL-
60 cells in the control and in the presence of 20 uM
ECP (Fig. 5) are compared, the results show that the
ECP effect was not cell-cycle dependent as judged by
the uniform loss of cells from all stages of the cell cycle.
The Student’s t-test was applied considering the
difference between cell number averages from three
independent experiments and in all cases, the results
were not statistically significant as the p value was
higher than 0.05.

ECP aggregation on eukaryotic cell membrane

Figure 3. Cellular  colocaliza-
tion of Vibrant Dil and Alexa
Fluor 488-ECP on the mem-
brane bilayer of living HeLa
cells. Cells were incubated
with: A, Vibrant Dil solution
(1:2000 dilution), a lipophilic
membrane stain, for 5 min prior
to visualization; and B, with
Alexa Fluor 488-ECP (2 uM)
for 10 min; C corresponds to
merged images of A and B. Bar

10 pum.

Phosphatidylserine exposure and loss of plasma
membrane integrity. The results illustrated in Figure 6
show the effect of ECP on HL-60 cells probed with
annexin V-FITC and PI to measure the exposure of
phosphatidylserine and plasma membrane permea-
bility. The flip of phosphatidylserine from the inner to
the outer leaflet of the plasma membranes by the
cleavage of flippase and/or activation of scramblase
(floppase) is an early event during the initiation stages
of apoptosis [28]. It is possible to determine and
differentiate viable, apoptotic and non-viable necrotic
cells. On the one hand, the effect of ECP is to increase
the debris and dead cells (Fig. 6B, left) and on the
other an increase in the percentage of the cell
population in apoptotic or necrotic steps is observed
when dead cells are excluded by gating (Fig. 6B, right).
Anisomycin, a potent apoptotic inductor, was used as
positive control. Similar results were obtained in ECP-
treated HeLa cells submitted to the same conditions
(data not shown).

Intracellular ROS generation. The effect of ECP on
the ROS generation of cell cultures (HL-60 and HeLa
cells) was determined by flow cytometry using the
DCFH-DA assay (Fig. 7). Figure 7A shows the effect
of 20uM ECP for 24 and 48h on the DCFH
fluorescence profile of HL-60 cells. The width-pulse
area signal was used to discriminate between G, cells
and cell doublets and gate out the latter (data not
shown). Untreated cells were analyzed to assess the
nonspecific oxidation and 10 uM hydrogen peroxide
treatment was used as positive control. Figure 7B
shows the fluorescence intensity histogram for control
and ECP-treated HL-60 and HeLa cells; a significant
increase of intracellular ROS generation due to the
effect of ECP was observed in both cell types.
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Effect of ECP on caspase-3 activity and caspase
inhibition

A typical event in apoptotic cell death is activation of
the caspase cascade where caspase-3 activity is a
critical downstream effector of apoptosis. Caspase-3-
like activity was determined with the EnzChek
Caspase-3 Assay kit; treatment with 20 uM ECP for
24 h increased the caspase-3 activity in HL-60 and
HeLa cells with respect to the control (Fig.8).
Anisomycin was used as positive control for caspase-
3 activation [29].

The effect of Boc-Asp-FMK, a caspase activity
inhibitor, on the cell metabolic activity of control
and ECP-treated HL-60 cells was also assessed with
the MTT assay (Table 1). Boc-Asp-FMK is a cell-
permeable broad-spectrum caspase peptide inhibitor
that irreversibly binds to the protease catalytic site of

caspases and inhibits caspase-mediated apoptosis by
preventing the processing of caspase proenzymes to
their active forms [30]. Caspase inhibition alone
increased the cell metabolic activity as a consequence
of the inhibition of the residual caspase activity but, in
addition, a clear suppression of the ECP effect was
also observed.

Effect of ECP on cellular RNA

The contribution of the ribonuclease activity of ECP
to its cytotoxic activity was assessed from the analysis
of the RNA profiles of control and ECP-treated cells
(Fig. 9). No significant RNA breakdown associated to
the presence of ECP was observed (lanes 2 and 3).
Previous studies also indicated that the ECP intrinsic
RNase activity is not necessary for its bactericidal
activity [31]. These results may be a consequence of
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the low RNase activity of ECP [1, 2]. However, it  Discussion

cannot excluded that the RNase activity of ECP may
be involved in the cleavage of some specific RNAs.
Such a possibility has been proposed for other
members of the RNase superfamily such as ONC,
which may exert their cytotoxic activity by disrupting
the RNA interference system of gene expression
regulation [32].

The cytotoxic properties of ECP have been described
for different eukaryotic cell lines [10, 11]. This work
focuses both on the ECP effects and on the cell events
that are involved in this toxicity. Our observations
indicate that ECP induces both a dose-dependent and
a time-dependent effect on cell aggregation, metabol-
ic cell activity and typical apoptotic cell morphology
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Figure 6. Representative experi-
ment of the effect of ECP on
phosphatidylserine exposure and
plasma membrane integrity. Dot-
plot diagrams of annexin V-
FITC/PI flow cytometry of HL-
60 cells (left figures). Dead cells
were excluded by gating SSC-
height versus FSC-height dot-
3% plot (right figures). (A) HL-60
control cells and (B) cells treated
with 20 uM ECP for 10 h. See
LI T — Material and methods for de-
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Figure 7. Effect of ECP onintra-
cellular reactive oxygen species
(ROS) generation. (A) Control
HL-60 cells (red line), and HL-60
cells treated with 20 pM ECP for
24 h (green line) and 48 h (blue
line). (B) Histogram of HL-60
cells and HeLa cells showing the
average values of fluorescence
intensity at a wavelength of 530/
30 nm detected by flow cytome-

try, as indicative of ROS gener-
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Figure 8. Effect of ECP on caspase-3-like activity of HL-60 and
HeLa cells. Activity was determined with the fluorescence
EnzChek Caspase-3 Assay kit in control and 20 uM ECP-treated
cells for 24 h. Values for caspase-3 activity were normalized for the
amount of protein as determined by the Bradford method. The
apoptotic inducer anisomycin was used as a positive control.

Table 1. Effect of caspase inhibitor (Boc-Asp-FMK) on cell
metabolic activity of both control and 20 uM eosinophil cationic
protein (ECP)-treated HL-60 cells for 24 h. Cell metabolic activity
was determined by the MTT assay. Data are mean values from
three independent experiments.

HL-60 cells Metabolic
cell activity (%)
Control 100 £5
+ 50 uM caspase inhibitor 125 +£ 14
+20 uM ECP 66 + 4
+ 20 uM ECP + 50 uM caspase inhibitor 136 £5

changes (Fig. 1). “In vivo” experiments carried out
with confocal microscopy indicate that ECP binds and
aggregates to the cell surface without internalization
of the protein (Figs2 and 3). In addition, the fast
change in cell membrane permeability, as shown by
the increase in the Ca®" and Na' cytosolic contents
(Fig. 4), suggests that both processes, ECP membrane
binding and membrane permeability changes, are
crucial in the initiation of the cytotoxic process. Those
initial ECP effects trigger intracellular biochemical
eventsinvolved in the pathway that eventually leads to
cell death: chromatin condensation, increase of phos-
phatidylserine exposure, loss of plasma membrane
permeability (Fig. 6), increase of intracellular ROS
generation (Fig.7) and activation of caspase 3-like
activity (Fig. 8).

ECP aggregation on eukaryotic cell membrane
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Figure 9. Effect of ECP on cell RNA. RNA was extracted as
described in Materials and methods from untreated (lane 2) and
20 uM ECP-treated HeLa cells for 24 h (lane 3). Samples were
analyzed by Experion automated electrophoresis and RNA was
visualized with Experion™ software. Lane 1 contains molecular
mass markers.

The studies about the effect of ECP on cell metabo-
lism have been carried out at 10-20 uM protein
concentrations according to the previous results of
the ECP effect on the cell viability of HL-60 and HeLa
cell lines [11]. However, the conditions for the ECP
binding to the cell surface analyzed by confocal
microscopy and detected by fluorescence were ob-
tained at 2 uM ECP. Under these conditions excellent
and clearer images were obtained. In addition, we
have observed that the metabolic cell effects become
visible after 24 h of the cell exposure to ECP, whereas
ECP binding to the cell surface, protein aggregation
and changes in cell permeability are fast processes that
are analyzed on a time-scale of seconds or minutes.
The ECP effects on eukaryotic cell lines described in
this work may be correlated with previous immuno-
histochemical studies of the effect of ECP on different
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tissue infiltrations of eosinophils that indicated a
strong direct relationship between the ECP release
from eosinophils and eosinophil inflammatory con-
ditions and tissue necrosis in different organs [33].
Initial studies on the cytotoxicity of ECP using cell
membrane models indicated the existence of a mech-
anism associated to the formation of pores in the
target membrane, possibly inducing cell damage by
means of a colloid-osmotic mechanism. These trans-
membrane pores are relatively voltage insensitive and
non-ion selective, suggesting a role for channel
formation by ECP in the target cell damage mediated
by eosinophils. In fact, channel formation by granule
proteins of immune effector cells was proposed as a
general and effective mechanism for target cell killing
[12]. Recent studies using lipid bilayers as membrane
models have shown that ECP has a potent membrane-
destabilizing activity that is dependent on the lipid
bilayer composition; this activity is compatible with a
detergent or “carpet-like” mechanism for membrane
destabilization [13, 34, 35]. Previous studies of the
effect of ECP on eukaryotic cell lines had also
suggested that a specific affinity for the cell membrane
surface may be involved in its action [10].

ECP aggregation on the cell surface can be discussed
in the light of recent studies on the ECP stability,
which shows that, after thermal unfolding, the protein
has a high tendency to form oligomeric structures and
non-f3-sheet aggregates [36]. Aggregates of proteins
not associated with amyloid diseases can impair the
ability of cells to function in a extent similar to that of
aggregates of proteins linked with specific neuro-
degenerative conditions; the toxicity of these aggre-
gates appears to be the result of an intrinsic ability to
impair fundamental cell processes by interacting with
cell membranes; this generates oxidative stress and an
increase in intracellular free Ca’" that eventually lead
to apoptotic or necrotic cell death [37]. It is not clear
why protein aggregation is followed by production of
ROS. It has been suggested that the increase in the
intracellular levels of ROS following exposure to
aggregates is a consequence of Ca*" entry into the
cells. This would be followed by stimulation of the
oxidative metabolism aimed at providing the ATP
needed to support the activity of the membrane ion
pump involved in clearing the excess of Ca*" [38—40].
As we have pointed out in the Introduction section,
the general model for the mechanism of the cytotoxic
action of other proteins of the RNase A superfamily
includes interaction of the enzyme with the cell
membrane, internalization, translocation to the cyto-
sol, and degradation of RNA [15, 41, 42]. This is the
case for ONC, a potent cytotoxic RNase that has been
extensively characterized. ONC arrests the cell cycle
in G,/G, phase followed by cell apoptosis [20], inhibits
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protein synthesis by degradation of various species of
RNA, predominantly tRNA [43], and decreases the
content of intracellular ROS [23]. In addition, recent
studies by confocal microscopy have also indicated
that ONC enters to the cell probably via a receptor-
mediated endocytosis [22].

The results of the present work taken together with
the special characteristics of the three-dimensional
structure of ECP [44] contribute to explaining the
molecular basis of the cell processes involved in ECP
cytotoxicity. In any case the cytotoxic effect of ECP is
attained through a mechanism different from that of
ONC and other cytotoxic RNases.

Disturbance of the cell membrane permeability can
lead to cell death and, thus, it has been extensively
analyzed in the case of cytotoxic peptides [45]. These
peptides are relatively small cationic molecules con-
taining exposed hydrophobic residues that interact
with the lipid bilayer. This results in an alteration of
the cell membrane permeability that modifies cellular
signal transduction and, as a consequence, cell death
occurs. Some peptides and proteins exert a similar
effect by a mechanism that involves an initial protein
misfolding resulting in the exposure of hydrophobic
regions and protein aggregation [37]. These structural
characteristics, which involve both electrostatic and
hydrophobic protein-membrane interactions, are also
present in ECP. On the one hand, it is a cationic
protein with a large number of arginine residues
located on the protein’s surface [44] and, on the other,
some hydrophobic residues, especially Trp35 that
shows an unusual exposure at the protein surface,
contribute together with electrostatic interactions to
the binding of ECP to the membrane [34]. In this
context it has been shown that the cytotoxicity of ECP
on eukaryotic cell lines depends strongly on Trp35
[11]. In contrast, previous studies [11] and the results
of the present work also indicate that the bovine
pancreatic form, RNase A, which shares with ECP a
32% sequence identity and a similar three-dimen-
sional structure, does not show any cytotoxic activity,
does not bind to the cell membrane and has no effect
on the cell membrane permeability. From the struc-
tural point of view, RNase A has a lower overall
surface charge than ECP (3 and 14 positive values,
respectively) [44] and lacks Trp35. These structural
characteristics together with previous results obtained
with ECP site-directed mutagenesis [11, 13] contrib-
ute to explain the molecular basis of the specific
cytotoxic activity of ECP.

In summary, the cytotoxic effects of ECP take place by
means of a specific mechanism that correlates with the
pathological deposition of ECP and other eosinophil-
associated proteins in the damaged tissue during the
inflammation processes. Further studies will analyze,
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by means of scanning and transmission electron
microscopy techniques, the effect caused by aggrega-
tion of ECP on the membrane ultrastructure to clarify
the sequence of cell events that are involved in the cell
death process associated to the extracellular deposits
of ECP found in tissues undergoing eosinophilic
inflammation.
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