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Abstract
We examined the morphological, biochemical and molecular
outcome of a nonspecific sulfhydryl reduction in cells,
obtained by supplementation of N-acetyl-L-cysteine (NAC) in
a 0.1–10 mM concentration range. In human normal primary
keratinocytes and in colon and ovary carcinoma cells we
obtained evidences for: (i) a dose-dependent inhibition of
proliferation without toxicity or apoptosis; (ii) a transition
from a proliferative mesenchymal morphology to cell-specific
differentiated structures; (iii) a noticeable increase in cell–cell
and cell–substratum junctions; (iv) a relocation of the
oncogenic b-catenin at the cell–cell junctions; (v) inhibition
of microtubules aggregation; (vi) upregulation of differentia-
tion-related genes including p53, heat shock protein 27 gene,
N-myc downstream-regulated gene 1, E-cadherin, and down-
regulation of cyclooxygenase-2; (vii) inhibition of c-Src
tyrosine kinase. In conclusion, a thiol reduction devoid of
toxicity as that operated by NAC apparently leads to terminal
differentiation of normal and cancer cells through a pleiade of
converging mechanisms, many of which are targets of the
recently developed differentiation therapy.
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Introduction

Molecular and biochemical evidences attribute several
regulatory functions to the redox state of thiol groups.
Modulation of protein activity by disulfide bond formation
represents a universal and common mechanism to adopt a
fast and efficient turn on-off of cellular signaling.1 In particular,
protein tyrosine phosphatases play a pivotal role in the control
of cell cycle and differentiation, and were reported to be
regulated through the redox state of their cysteine –SH
residues.2,3 Also protein tyrosine kinases have an essential
role in the control of cell proliferation and differentiation. For
three of them, Yes, Fyn and c-Src, a redox regulation has
been recently reported4,5 and particularly for c-Src, it
apparently implies a reversible change in the redox state of
a group of four cysteine residues close to the catalytic site.4–7

The activity of transcription factors can also be modulated
through thiol interactions: Binding of transcription factors to
DNA may be sensitive to the redox state of sulfhydryl residues
or to the presence of specific soluble thiols.1,8,9

The study of the effect of sulfhydryl reduction is therefore an
extremely attractive issue that we pursued by supplementing
N-acetyl-L-cysteine (NAC) to different cell types, two human
carcinoma lines and primary human epidermal keratinocytes.
We found for the first time that this reductant treatment is able
to induce cell differentiation through the modulation of several
mechanisms, with modalities that depend on the cell type.
Besides a dose-dependent inhibition of proliferation in the
absence of both toxicity and apoptosis, our results show
morphological, biochemical and molecular changes related to
terminal differentiation. Following the current knowledge on
the differentiation process, some of the observed changes
can also represent the actual driving mechanism for differ-
entiation.

The results obtained on normal primary cells suggest that
the presented redox-driven mechanisms pertain to the
general cell physiology and that the grade of cell malignancy
could be related to the maintenance of the ability to respond
to some of the outlined signals.

Results

Growth inhibition

Different NAC concentrations were tested on two human
colon and ovary carcinoma cell lines, Caco-2 and OVCAR3,
respectively, and primary normal human keratinocytes
(NHEK). The results show that a decrease or a complete
block of [3H]thymidine incorporation could be obtained by
using effective NAC concentrations that were specific for each
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cell type (Figure 1a). The proliferation of Caco-2 cells rapidly
decreased after a double supplementation of NAC, at 24 h
interval, reaching a block of about 95% at 10 mM, while a
single supplementation with 5 mM NAC resulted in a block of
about 85%. The OVCAR3 proliferation instead, was reduced
to about 40% after two supplementations with 10 mM NAC.
The NHEK were the most sensitive to NAC treatment, being
almost completely blocked by a single supplementation of
2 mM NAC. When we also tested NAC concentrations lower
than 0.5 mM, the cell proliferation was slightly increased,
suggesting a trophic effect of NAC at these low concentra-
tions. NAC supplementation did not alter cell viability, as
tested by Trypan blue exclusion method, always between 94
and 96%. In addition, the cytometric analysis of Caco-2 and
OVCAR3 cells did not show any evidence of apoptosis after

supplementation with all tested NAC concentrations, even
after two supplementations with 10 mM NAC, at 24 h interval,
as in the case of OVCAR3 cells. In the Figure 1b–e we only
report the cytometry data relative to controls and to the
highest NAC concentration. The data analysis10 also indi-
cated an increase in the relative concentration of cells in the
G1 phase, of about 25 and 10% for Caco-2 and OVCAR3
cells, respectively. This last observation is consistent with all
additional evidences of cell differentiation, reported in the
following sections.

Morphological changes

Proliferating Caco-2 cells display an irregular morphology and
form several multiple cell layers with scarce microvillous
structures and large intercellular space (Figure 2a and c). A
single supplement of 2 mM NAC was given to Caco-2 cells,
24 h after seeding. Cells were then grown for three more days
and analyzed. NAC-treated Caco-2 cells showed: (i) a regular
polygonal morphology typical of end-stage differentiated cells;
(ii) an increased thickness, about three times than that of
controls (Figure 2a, b and k); (iii) a relevant number of brush
border microvilli at the cell surface (Figure 2d, e and h); (iv) a
well-developed secretory vesicles apparatus in the vicinity
of the microvillous structures (Figure 2h–k); (v) a dramatically
reduced intercellular space (arrows in Figure 2d); (vi) the
location of the nucleus in the basal portion (Figure 2g), as it is
in differentiated cells.

Primary NHEK have a limited life span in culture, of
approximately 30 days, with a terminal differentiation
achieved at the end of this period, concurrently with the
formation of the cornified envelope. During the first passages,
proliferating NHEK show a heterogeneous polygonal mor-
phology, with a villous surface, relatively broad intercellular
space and multiple cell layers can be observed with increasing
cell density (Figure 3a and d). At 3 days after a 2 mM
supplementation of NAC, NHEK grew flat in a thin monolayer,
with a regular polygonal morphology (Figure 3b) and a smooth
surface, losing the fine microvillous structure of proliferating
keratinocytes (Figure 3e). We observed a relevant number of
cells expelling their nucleus and exfoliating, as in the cornified
envelope stage (Figure 3b, c and inset). In addition, NAC-
treated cells had dramatically reduced intercellular space
(Figure 3e).

Increase in cell–cell and cell–substratum
adhesions

NAC-treated Caco-2 showed a remarkable increase in b-
catenin and E-cadherin labeling (Figure 4c–f). As analyzed
by the NIH ImageJ software, the integrated fluorescence

Figure 1 (a) [3H]Thymidine incorporation of cells treated with NAC. Data
normalized to controls and reported as a function of NAC concentration for a
single supplementation to NHEK, for a single (x1) and a double supplementation
(x2, at 24 h interval) to Caco-2 and OVCAR3 cells. (b–e): Flow cytometry data of
propidium iodide-labeled Caco-2 (b and c) and OVCAR3 (d and e) cells, controls
(b and d) and treated with 10 mM NAC (c and e). OVCAR3 cells were treated
twice at 24 h interval

Figure 2 Effect of NAC treatment on the morphology of Caco-2 cells. (a–e) Scanning electron micrographs of controls (a and c) and of NAC-treated cells (b, d and e).
Arrows in (d) point to cell–cell junctions. In (e) is a detail of brush border microvilli. (f–h): Transmission electron micrographs of control (f) and of NAC-treated cells (g and
h). Arrowheads in (g) and (h) point to brush border microvilli and open arrows in (h) point to secretory vesicles. (i): Confocal fluorescence micrographs of intracellular
secretory vesicles apparatus. Fluorescence intensity of the WGA-TRITC-labeled Golgi apparatus and endoplasmic reticulum in controls (i and top k) and in NAC-treated
cells (j and bottom k). The apical distribution of secretory vesicles is well visualized in the longitudinal sectioning along the x/z plane of images (k) with the intensity color
scale on the right. Bars: 25 mm in (a, b, i, j); 10 mm in (c and d); 5 mm in (e); 1 mm in (f, g); 300 nm in (h)
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intensity of b-catenin and E-cadherin increased of a factor
between 7 and 10 in treated versus untreated Caco-2 cells.
The intracellular localization of b-catenin was also greatly
affected by NAC, with redistribution from the nucleus to
adherens junctions. Also cell–substratum adhesion plaques
increased after NAC treatment, with the formation of several
focal adhesions below and around the cell monolayer (Figure
4g and h).

After 3 days from a 5 mM NAC treatment, OVCAR3 cells
showed clear morphological changes, from large and flat to
smaller and regularly polygonal (Figure 4i–l, upper insets),
and with the disappearance of b-catenin labeling from the
nucleus while it increased at the level of cell–cell junctions
(Figure 4i–l). From the image analysis, in NAC-treated
OVCAR3 cells the b-catenin fluorescence intensity at the
junctions increased of a factor of 30 with respect to controls
(Figure 4i–l).

Also NHEK treated with NAC (2 mM) showed an increased
number of intercellular junctions, with b-catenin bound to
junctions (Figure 4m and n), and a modified distribution of
focal adhesion plaques, as evidenced by vinculin labeling,
both below and at the borders of the cell monolayer (Figure 4o
and p).

Modification of cell cytoskeleton

NAC treatment induced a reorganization of cell cytoskeleton
both in Caco-2 and in NHEK cells, as evidenced by its
fragmentation followed by a rearrangement of the relative
location of cytokeratin and actin at early (24 h) and later times
(72 h), respectively. In Caco-2 cells, 24 h after NAC supple-
mentation, fragmented and curly cytokeratin fibers were
observed (Figure 5b). After 3 days, the cytokeratin signal
strongly increased (Figure 5c and d) and actin fibers were

located in the upper cell portion, sustaining the brush border
microvilli (Figure 5g and h). Untreated control tumor cells
showed a random or even opposite location of actin and
cytokeratin (Figure 5c). As a consequence and in agreement
with increased cell–cell and cell–matrix adhesions shown
above, cell motility was dramatically reduced so that the NAC-
treated culture was constituted of sparse colonies in mono-
layers instead of cells covering the whole flask, occasionally
with multiple layers, as in controls (Figure 5i–j). Residual
proliferating cells were present in our samples, as expected in
Caco-2 cells treated with 2 mM NAC (Figure 1a), but we
observed that although chromosomes were doubled, for the
lack of tubulin polymerization, several cells could not divide
and the mitotic spindle could not be formed, so that
anomalous prophase features were detected (Figure 5k and
l).

In NHEK, at early times after exposure to NAC, actin fibers
showed several stress fibers (Figure 6a and b) and cytokeratin
was fragmented and curly (Figure 6c and d). This fragmenta-
tion was confirmed by electrophoresis of the whole cytoske-
leton extract where we observed more bands than those in the
cytoskeleton extracted from control cells (Figure 6i). At 3 days
after NAC supplementation, images of treated NHEK showed
a redistribution of actin and cytokeratin, and an increase in
total cytokeratin (Figure 6e–h), while the cytokeratin 14, a
marker for the undifferentiated state of keratinocytes, almost
completely disappeared in NAC-treated cells (Figure 6j).
Concurrently with the formation of the cornified envelope,
actin fibers participated in the enucleation process (green
labeling in the inset of Figure 3c). Our results extend those of
a previous report on the rearrangement of actin cytoskeleton
and on the enhancement of adhesion to plastic or vitrogen
substrates after NAC supplementation to human epidermoid
carcinoma cells A431.11

Figure 3 Effect of NAC treatment on NHEK morphology. (a–e) Scanning electron micrographs of controls (a and d) and of NAC-treated cells (b, c and e); arrows in (b)
point to a cell showing initial stage of the cornified envelope, detailed in c at higher magnification. Inset: confocal fluorescence micrograph of an actin–vinculin (green and
red, respectively) double-stained cornified cell showing that actin microfilaments participate to the enucleation process. Bars: 100 mm in (a and b); 25 mm in (c–e) and
inset

Differentiation induced by sulfhydryl reduction
T Parasassi et al

1288

Cell Death and Differentiation



Real-time RT-PCR analysis – NHEK and Caco-2

A global gene expression profile of Caco-2 cells and of NHEK
after NAC treatment has been performed and will be
published elsewhere (Gustafsson AC, Kupershmidt I,
Edlundh-Rose E, Parasassi T, Lundeberg T, Bracci-Laudiero

L, Greco G, Krasnowska EK, Romano MC, Serafino A,
Lundeberg J. Global gene expression analysis in time series
following N-Acetyl L-Cysteine induced epithelial differentiation
of human normal and cancer cells in vitro, submitted on line to
BMC Cancer; Edlundh-Rose E, Kupershmidt I, Gustafsson
AC, Parasassi T, Bracci-Laudiero L, Greco G, Krasnowska

Figure 4 Effect of NAC treatment on cell–cell and cell–substratum adhesions. (a–h): Caco-2 cells; (a and b): transmission electron micrographs of cell–cell contacts in
control (a) and in NAC-treated (b) cells. Arrows point to aligned junctions. (c–h): Confocal fluorescence micrographs of b-catenin (c, d), E-cadherin (e, f) and vinculin (g,
h) in controls (c, e, g) and in NAC-treated (d, f, h) cells. (i and l): OVCAR3 cells; confocal fluorescence micrographs of b-catenin distribution in controls (i) and in NAC-
treated cells (l); in the lower insets, details at higher magnification of b-catenin distribution; in the upper insets, optical microscopic images of cells stained with Wright
Giemsa. (m–p): NHEK cells; confocal fluorescence micrographs of b-catenin (m, n) and vinculin (o, p) distribution in controls (m, o) and in NAC-treated (n, p) cells; in the
insets, details at higher magnification. Bars: 500 nm in (a and b); 25 mm in (c–p)
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EK, Romano MC, Serafino A, Lundeberg T, Nilsson P,
Lundeberg J. Gene expression analysis of human epidermal
keratinocytes over time following the addition of the anti-

oxidant, N-acetyl L-cysteine using spotted cDNA microarrays,
submitted to Pathobiology). For the present study, some
selected genes were also analyzed using real-time RT-PCR
and differential expressions are reported relatively to the
untreated control samples (Table 1). In Caco-2 cells, the time
sequence of differential gene regulation induced by NAC
showed an early (12 h) upregulation of the p53, (HSP27) and
N-myc downstream-regulated gene 1 (NDRG1) genes,
followed by the upregulation of E-cadherin gene at 24 h. The
upregulation of p53 following NAC treatment is in agreement
with a previous report12 where microscopic evidence of
apoptosis was also reported. Our extensive cytometry
investigation excludes the occurrence of apoptosis, reason-
ably because of the upregulation of the HSP27 gene whose
product is reported to prevent apoptosis associated to growth
arrest.13–15 The upregulation of HSP27 and NDRG1 genes
was maintained at 24 h and up to 48 h, respectively, while the
p53 gene expression returned to control levels after 24 h.
Interestingly, the COX-2 was downregulated at a late time,
48 h. NHEK cells displayed quite a different behavior than
Caco-2 cells, with a delayed upregulation of the p53 and
E-cadherin genes, at 24 and 48 h, and a constant upregulation
of the HSP27 gene at all times. The NDRG1 and COX-2
genes were not affected by NAC treatment.

Inactivation of c-Src

Proteins in cell–cell and in cell–matrix adhesions, as well as
proteins in the cytoskeleton, are substrates of the nonreceptor
proto-oncogene tyrosine kinase c-Src.16–18 In particular,
tyrosine phosphorylation of E-cadherin and b-catenin induces
their disassembly from adhesion junctions. We therefore
investigated whether the observed increase in cell–cell and
cell–substratum adhesions was dependent on an inhibition of
c-Src kinase after NAC treatment. The modulation of c-Src
activity is, in turn, mainly achieved by a selective phosphory-
lation of two tyrosine residues, with phospho-Y419 corre-
sponding to active c-Src and phospho-Y530 corresponding to
inactive c-Src. We examined c-Src phosphorylation at the
Y419 and Y530 sites, in Caco-2 and OVCAR3 cells lysates,
and the results are shown in Figure 7. In both cell types, after
15 min from NAC treatment we observed a noticeable
decrease in the Y419 phosphorylation, while the Y530
phosphorylation was unaffected. Our results well fit with a
mechanism of c-Src inactivation induced by sulfhydryl
reduction that decreases Y419 phosphorylation without
affecting the phosphorylation of Y530.4–7

Figure 5 Effect of NAC treatment on cytoskeleton components of Caco-2 cells.
(a–h, k and l): Confocal fluorescence micrographs of controls (a, c, e, g and k)
and of NAC-treated cells (b, d, f, h and l). Pan-cytokeratin staining in (a and b);
longitudinal sectioning showing the relative redistribution of actin and cytokeratin
along the x/z plane: actin (red)/cytokeratin (green) double staining in (c and d).
Actin staining in (e–h) with a longitudinal sectioning in (g and h) showing the
distribution of actin microfilaments that, in NAC-treated cells, are mainly located
in the upper portion of the cell sustaining the brush border microvilli. (k and l):
Tubulin staining (green) and counterstaining of nuclei with propidium iodide (red).
(i and j): toluidine blue staining of control (i) and of NAC-treated (j) monolayers.
Bars: 25 mm in (a–h, m, n); 100 mm in (i and j)
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Discussion

The thiol-bearing compound NAC has several experimental
and pharmacological uses related to its antioxidant and
detoxifying actions.19,20 The in vitro differentiating action of
NAC reported for the first time in the present work is not
related to its radical scavenging properties. Indeed, neither
antiproliferative effect nor differentiation were induced by the
paradigmatic scavenger Trolox C, supplemented to the cell
growth medium at concentrations ranging from 0.1 to 0.5 mM.
Therefore, NAC action has to be attributed to a modification of
protein thiol/disulfide status and to thiol-mediated changes in
gene activation.1 We observed that also L-cysteine can induce
an increase in cell–cell junctions, however using a concentra-
tion one order of magnitude higher than that of NAC and
therefore with a clearly detectable toxic effect on cells (not
shown).

The first result on cell proliferation obtained by sulfhydryl
reduction was a dose-dependent and biphasic effect. Both in
normal and cancer cells, a low concentration range, below
0.5 mM NAC, stimulated cell proliferation, suggesting a
trophic effect. Instead, the mid to high NAC dose range, from
0.5 to 10 mM, had a dose-dependent antiproliferative effect in
the absence of any variation of cell viability. The inhibition of
cell proliferation was also cell type dependent, with a relatively
low dose, of 2 mM, able to induce a complete block of normal
keratinocytes proliferation, while higher doses and, even-
tually, multiple supplementations were necessary to arrest the
colon and the ovary carcinoma cells proliferation. This dose-
and cell type-dependent antiproliferative – and differentiating
– effect of NAC can explain the unsatisfactory results obtained
after a 2-year clinical trial on patients with head, neck, or lung
cancer, performed with low dosages, that is, 600 mg/day.21

The decreased proliferation of NAC-treated cells is not
dependent on apoptosis. In agreement with the generally
observed inhibition of apoptosis due to NAC,20 our cytometric
analysis of NAC-treated Caco-2 and OVCAR3 cells did not
show any evidence of apoptosis. In addition, in our confocal
microscopy observations, after propidium iodide staining
(Figures 5k, l and 6c, d) we never observed fragmented
nuclei. Consistently, our gene expression analysis in colon
carcinoma cells and in normal keratinocytes showed an early
upregulation of both p53, a proliferation suppressor gene, and
of HSP27. The HSP27 gene product is reported to prevent
apoptosis associated to growth arrest, possibly by binding to
cytochrome c and to procaspase-3.13–15 The cytometric
analysis, instead, suggested that the antiproliferative effect
of NAC has to be related to an increase of the cell population in
the G1 phase, finally to a terminal differentiation, as
demonstrated by all our other results.

The decrease in proliferation after sulfhydryl reduction
resulted in the induction of differentiation in colon and ovary
carcinoma cells, and in a 10-fold acceleration of normal
keratinocytes differentiation. At a morphological level, in NAC-
treated cells we showed: (i) a regular polygonal morphology,
as opposed to the mesenchymal morphology of proliferating
cells; (ii) a de novo formation of the brush border microvillar

Figure 6 Effect of NAC treatment on NHEK cytoskeleton components. (a–h) Confocal fluorescence micrographs of controls (a, c, e and g) and of NAC-treated cells (b,
d, f and h); (a and b): actin staining; (c and d): Pan-cytokeratin staining (green) and nuclei (blue) counterstained with propidium iodide; (e–h): actin (red)/cytokeratin
(green) double staining; (e and f): transversal sectioning at the level of cell–substratum adhesion site; (g and h): longitudinal sectioning showing the relative redistribution
of actin and cytokeratin along the x/z plane and the increase in the fluorescence intensity of labeled cytokeratin. Bar: 25 mm. (i) Electrophoresis of the whole cytoskeleton
extracts. (j) Western blotting for the determination of cytokeratin 14 content, and for monitoring the amount of loaded protein by b-actin, in control and NAC-treated NHEK

Table 1 Relative gene expression levels measured by real-time RT-PCR in NAC treated as compared to untreated Caco-2 and NHEK cells

Caco-2 NHEK

Gene 12 h 24 h 48 h 12 h 24 h 48 h

p53 Up (4.90) Nc (1.51) Nc (1.47) Nc (1.27) Up (2.57) Up (2.32)
Hsp27 Up (2.84) Up (2.19) Nc (0.77) Up (2.60) Up (3.79) Up (3.58)
NDRG1 Up (5.40) Up (6.83) Up (4.56) Nc (1.35) Nc (1.25) Nc (0.96)
E-cadherin Nc (1.33) Up (2.67) Nc (1.08) Nc (1.57) Up (5.22) Up (2.63)
COX-2 Nc (0.91) Nc (0.59) Down (0.41) Nc (0.87) Nc (0.69) Nc (0.61)

Significant fold change: 0:5o2�DDCT42 for down- and upregulated genes, respectively. nc, no change. Numbers in parentheses indicate the measured fold change

Figure 7 Inactivation of c-Src induced by NAC treatment. Proteins from lysate
of control cells (C) or of cells treated with NAC (N), 15 min after the treatment,
were probed with antiphosphoY419 or Y530 Abs. For the same representative
experiment, we also report the bands of the c-Src protein. After antiphosphoY419
probing, membranes were stripped, reprobed with anti-c-Src, stripped again and
reprobed with antiphosphoY530. The numbers below bands represent the
average intensities of five independent experiments, with S.D. For each
experiment, the antiphospho-tyrosine intensity has been normalized to the
intensity of its c-Src protein, then each value of a NAC-treated sample has been
normalized to its control. Band intensity was read using the Gel-Doc image
analyzer system (BioRad, Hercules CA, USA). OVCAR3 cells were treated once
with 20 mM NAC, and Caco-2 cells were treated once with 10 mM NAC
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structure in colon carcinoma cells and of the cornified
envelope in keratinocytes; (iii) the basal relocation of the
nucleus in Caco-2 cells together with the formation of a robust
apical vesicular apparatus; (iv) an overall rearrangement of
cytoskeleton to fulfill the requirements of newly formed
structures; (v) the appearance of several cell–cell and cell–
substratum junctions; and, finally, (vi) the disappearance of
the oncogenic b-catenin from the nucleus and its only
presence at the cell–cell junctions. Taken together, the
relocation of b-catenin at the level of junctions and the
increased concentration of E-cadherin represent both mar-
kers and inducers of differentiation22–26 suggesting the
establishment of a positive feedback in the differentiation
process. The increase in cell–cell and cell–substratum
adhesions identifies a more adhesive and less motile
phenotype. Also, an increased cell–substratum adhesion
has been indicated as a differentiation marker.27

At a molecular level, the upregulation of HSP27 is related
to differentiation.13–15 Induction of differentiation in Caco-2
cells after NAC treatment was also shown by the early
upregulation of the NDRG1 gene, originally identified as a
marker of differentiation28–31 and usually not found in colon
cancer cells.32 In tumors, the NDRG1 gene is downregulated
while restoration of its expression in neoplastic cells results in
growth inhibition and in morphological differentiation of colon
cancer cells, accompanied with the increase of differentiation
markers such as alkaline phosphatase and E-cadherin.33,34

As expected, the NDRG1 gene expression did not change in
NHEK cells after NAC treatment. In agreement with the
dramatic increase of cell–cell junctions evidenced by immuno-
fluorescence labeling, an upregulation of E-cadherin gene
after NAC treatment was evidenced both in Caco-2 and in
NHEK. It is worth noticing that in Caco-2 cells the down-
regulation of COX-2 gene after sulfhydryl reduction well fits
the recent efforts in the treatment of colon carcinoma by using
nonsteroidal anti-inflammatory drugs (NSAIDs).35,36

The genes we analyzed in this work represent a selection
from a more extensive gene expression analysis after NAC
treatment in colon carcinoma cells and in normal keratino-
cytes, performed in a time series by the Affymetrix Gene-
Chipt Human Genome U95Av2 chip, which contains
approximately 12 000 previously characterized sequences,
and by a spotted cDNA array, comprising approximately
30 000 features. On a whole, the obtained results, to be
published elsewhere, showed the downregulation of genes
involved in proliferation and the upregulation of genes
involved in differentiation-related pathways.

Effects on signaling molecules were also observed after
sulfhydryl reduction, including the relocation of the oncogenic
b-catenin from the nucleus to the cell–cell junctions.24,25,37

Among other functions related to the proliferation/differentia-
tion transition, the nonreceptor tyrosine kinase c-Src has a
pivotal role in b-catenin relocation.38,39 Robust in vitro
evidences bind the modulation of c-Src kinase activity to the
redox state of a group of four cysteine residues close to its
catalytic site, a key target for a mutually counteracting
reversible control operated by oxidizing and reducing
agents.4–7 The direct involvement of –-SH residues has been
demonstrated by the use of a nitric oxide generator, known to
bind to sulfhydryl residues on proteins, and by reversing this

activation, only in vitro, by 2-mercaptoethanol or by dithio-
threitol.4,5 c-Src was also activated when sulfhydryl cysteine
residues were specifically oxidized by mercuric ions.6

Mercuric ions have the unique property to react with two
adjacent sulfhydryl groups and its action was specifically
inhibited by NAC, as a sulfhydryl-donating agent. Which
cysteine residues are involved in the redox regulation of c-Src
was proven by the use of a series of Src mutants in which
cysteines were replaced to alanines.7 This modulation of c-
Src activity operating though the redox state of –SH groups
implies, for inactivation, a dephosphorylation at the auto-
catalytic Y419 site, with no effect on the phosphorylation of at
the Y530 site. This characteristic phosphorylation pattern is
alternative to the well-known regulation operating through
phosphatases and kinases acting on the Y530. We hereby
demonstrated that the sulfhydryl reductant action of NAC
induces the inhibition of c-Src in living cells, yielding the same
signature pattern than that obtained in immunoprecipitated
c-Src treated with mercaptoethanol or dithiothreitol,4 that is, a
dephosphorylation of Y419 without affecting Y530. It is worth
noticing that in comparison with these other sulfhydryl
reductants, NAC is not toxic. Although also protein tyrosine
phosphatases should be activated by sulfhydryl reduction,3

the lack of Y530 dephosphorylation excludes a role of
phosphatases in this NAC-mediated c-Src inactivation. More
experiments are in progress to better elucidate this mecha-
nism for c-Src inactivation and to quantitatively determine the
oxidized/reduced –SH groups. Indeed, the NAC-mediated
inhibition of c-Src deserves a particular attention when
considering that: (i) the inherited or acquired deregulation of
this kinase has been implicated in the pathogenesis of cancer;
(ii) the inhibition of c-Src has been proposed as a promising
strategy in anticancer treatment;39 and (iii) the recent approval
of Imatinib mesylate prompted the investigation of new
molecules to inhibit others nonreceptor protein kinases
through the design of new drugs able to interfere with the
binding of ATP or of the substrate to c-Src.40,41

Together with c-Src inactivation, NAC also downregulates
the COX-2 gene in Caco-2 cells. The inhibition of cycloox-
ygenase-2 represents a target for most recent drug design in
cancer therapy. The COX-2 gene is upregulated in several
human tumor cells, and antitumor properties of NSAIDs have
been demonstrated in epidemiological studies and in experi-
mental animal models.35,42–44 Among the evolving family of
selective COX-2 inhibitors, some are already in clinical trials
for the prevention of colorectal carcinoma and promising
results have been reported.44

In summary, by treating proliferating normal and cancer
cells with NAC we obtained a nonspecific sulfhydryl reduction
that shifted the overall cell activity to a differentiated state,
through a series of converging mechanisms. The 10-fold
acceleration of differentiation observed in primary normal
keratinocytes highlights the intervention of sulfhydryl reduc-
tion in a physiological switch that can be (partly) conserved
after transformation. A further elucidation of involved pro-
cesses can well be of both physiological and therapeutic
interest. Apparently, sulfhydryl reduction can achieve some of
the goals of the recent differentiation therapy for cancer
treatment.45–47 An appropriate drug design would be desir-
able, to select compounds and delivery methods able to
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minimize adverse alterations of the thiol status in areas
external to the targeted regions.

Materials and Methods

Cell culture and NAC treatment

The Caco-2 human colon carcinoma cells were seeded at a density of
9� 103 cells/cm2, grown in Dulbecco’s-modified Eagle minimum essential
medium (DMEM, GIBCO Labs, Grand Island, NY, USA), supplemented
with 10% (v/v) heat-inactivated fetal calf serum (GIBCO Labs), L-glutamine
(2 mM), penicillin (50 IU/ml) and streptomycin (50 mg/ml). OVCAR3 cells at
a density of 2� 104 cells/cm2, were grown in RPMI 1640 medium with
10% fetal bovine serum, 10 mM Hepes, 1 mM sodium pyruvate, 4.5 g/l
glucose, 0.01 mg/ml insulin, penicillin (50 IU/ml) and streptomycin (50mg/ml).
Normal human epidermal keratinocytes (NHEK, Cambrex Corp., San
Diego, CA, USA), plated at a density of 8� 103/cm2, were grown in KGM
medium plus KGM Single Quots (sCambrex Corp.). N-acetyl-L-cysteine
(NAC, Sigma Chem. Co., St. Louis, MO, USA) stock solution (20 or
100 mM in growth medium), stored at 41C and in the dark, was used within
1 week from preparation and sterilized by filtration before addition to the
cell culture. A proper aliquot of NAC stock solution was added to the cell
culture 24 h after seeding. For the proliferation assay (below) the total
volume of NAC stock solution never exceeded 20% of the growth medium.

Cell proliferation and viability assay

Overnight incorporation of 0.5mCi/well [3H]-thymidine (Amersham
Biosciences, Freiburg, Germany) by cells plated on 96-wells dishes was
determined by liquid scintillation counting in Rach Beta scintillation counter
(LKB Wallac 1214 Rack Beta, Bromma, Sweden). Parallel counting of
dead cells was performed by Trypan blue (0.2%) staining. Cells were
seeded at a density of 8� 103/cm2 for Caco-2 and NHEK cells and
2� 104/cm2 for OVCAR3.

Flow cytometry measurements

Caco-2 and OVCAR3 cells were treated once or twice, at 24 h interval,
with different NAC concentrations, from 2 to 10 mM, as described above.
At 3 days after NAC supplementation, cells were fixed in 70% ethanol
and stained with propidium iodide (50 mg/ml; Sigma Chem. Co.) in PBS
containing RNAase A (75 kU/ml; Sigma Chem. Co.), and measured by an
EPICS 541 (Coulter Hialeah, FL, USA) flow cytometer. DNA histograms
were analyzed by a suitable mathematical model10 to estimate the
percentage of cells in the various phases of the duplication cycle.

Real-time RT-PCR

Gene-specific real-time PCR primers for six human transcripts (Transferrin
receptor: NM_003234, COX-2: NM_000963, n-myc downstream regu-
lated: NM_006096, p53:NM_000546, E-cadherin:NM_004360,
hsp27:NM_001540) were designed using the Primer Express software
(Applied Biosystems, Foster City, CA, USA). The analysis was performed
in triplicate using ds cDNA (diluted 1 : 50) synthesized from mRNA
obtained from Caco-2 cells or NHEK cells grown for 12, 24 and 48 h, with
or without supplementation of NAC, as template. The total RNA was
extracted from cell cultures using Trizol (GIBCO Labs) according to the
manufacturers instructions. Thereafter, mRNA was extracted by oligo dT
Dynabeads (Dynal, Oslo, Norway) and the quality of mRNA was validated
using the Bioanalyzer 2100 (Agilent technologies, Waldbrunn, Germany).

The Transferrin receptor gene was used as internal standard. A PCR
mastermixture was prepared using the SYBRsGreen PCR Core
Reagents (Applied Biosystems) and aliquoted into microplate wells
together with 1 ml template and 5 pmol of each primer for a final volume of
25ml per reaction. The iCycler iQt Multicolor Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA) was used for PCR
and for the detection of fluorescent signal. Standard curves (CT versus log
concentration) were generated for each primer pair using duplicate cDNA
samples in a series of consecutive five-fold dilutions. Efficiency
calculations (E¼ 10(�1/amplificationslope)�1) were performed to validate
compatibility of investigated genes with the internal control. The
compatibility of all pair-wise compared amplification efficiencies were
confirmed with a maximal deviation of 10% (data not shown). The
specificity of all individual amplification reactions was confirmed by
meltcurve analysis (data not shown). For data evaluation, the comparative
threshold cycle (CT) method was used, and the level of significance was
set to a two-fold relative difference between samples, that is, significant
fold change 0:5o2�DDCT42 for down- and upregulated genes,
respectively.

Scanning electron microscopy

Cells grown on coverslips were fixed with 2.5% glutharaldehyde in 0.1 M
Millonig’s phosphate buffer (MPB) at 41C for 1 h. After washing in MPB,
cells were postfixed with 1% OsO4 in the same buffer for 1 h at 41C and
dehydrated in increasing acetone concentrations. The specimens were
critical-point dried using liquid CO2 and sputter-coated with gold before
examination on a Stereoscan 240 scanning electron microscope
(Cambridge Instr., Cambridge, UK).

Transmission electron microscopy

Cells in flask were fixed for 1 h at 41C with 2.5% glutharaldehyde in 0.1 M
Millonig’s phosphate buffer (MPB) containing 2% sucrose, and postfixed
for 1 h at 41C with 1% OsO4 in the same buffer. Samples were then
scrapped out of flasks, dehydrated in increasing ethanol concentrations
and embedded in Spurr epoxy resin (Agar Scientific LTD, Stansted,
Essex, UK). Ultrathin sections were stained with uranyl acetate and lead
citrate and observed by a Philips CM12 transmission electron microscope
operating at 80 kV.

Optical microscopy

Treated and untreated OVCAR3 or Caco-2 cells, grown on coverslips,
were stained with Wright Giemsa or toluidine blue, respectively, and
observed by optical microscopy.

Immunofluorescence labeling and confocal
microscopy observations

Cells grown on coverslips were fixed with 4% paraformaldehyde for 10 min
and permeabilized with 0.2% Triton-X 100 in PBS for 5 min. Indirect
immunofluorescence staining was performed using the following primary
antibodies: (i) mAb to human vinculin (Sigma Chem. Co.); (ii) mAb to
E-cadherin (Sigma Chem. Co.); (iii) mAb to b-catenin (Transduction Labs,
Lexington, KY). Primary antibody detection was obtained by reaction with
fluorescein (FITC)-conjugated IgG (Sigma Chemical Co.). Actin microfila-
ments were stained with FITC-conjugated phalloidin (Sigma Chem. Co.),
cytokeratin was stained by mAbs to FITC-labeled Pan-cytokeratin and
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microtubules were stained by rabbit polyclonal antibody raised against
chicken tubulin plus FITC IgG. Cell nuclei were stained with 2 mg/ml
propidium iodide (Sigma Chem. Co.) in the presence of 0.1 mg/ml RNAase
(Sigma Chem. Co.). For Golgi apparatus and endoplasmic reticulum
staining, cells were incubated with TRITC-conjugated wheat germ
agglutinin (WGA-TRITC; Sigma Chem. Co.) for 1 h at room temperature.

Fluorescently labeled samples were imaged by a confocal LEICA TCS
4D microscope (Leica, Heidelberg, Germany) equipped with an argon/
krypton laser. Confocal sections were taken at 0.5–1 mm intervals. The
excitation and emission wavelengths were 488 and 510 nm, respectively,
for FITC-labeling, and 568 and 590 nm, respectively, for propidium iodide
and TRITC-labeling. The NIH ImageJ software was used to calculate the
integrated fluorescence intensity of interest, after subtracting a constant
background.

Whole cytoskeleton extraction

NHEK were washed twice with PBS containing 1 mM Ca2þ and Mg2þ ,
and incubated for 20 min at 41C with the extraction buffer (50 mM Tris/HCl,
pH 7.5, 40 mM KCl, 5 mM EGTA, 5 mM MgCl2, 1% Triton X-100, 1 mM
PMSF, 40 mg/ml aprotinin, 2 mM benzamidine). Cells were then scraped,
centrifuged at 4000� g at 41C for 20 min. The pellet was washed twice
with the extraction buffer and resuspended in 8 M urea/1% SDS. Samples
of 6 mg protein were used for PAGE on 15% slab gel under nonreducing
conditions. For immunoblotting, proteins from SDS-PAGE were trans-
ferred into nitrocellulose filter (Amersham Biosciences), using 4% milk
protein in Tris-buffered saline (TBS: 25 mM Tris, pH 7.5, 0.5 M NaCl), then
exposed to the mouse anticytokeratin peptide 14 (Sigma Chem. Co.). After
incubation for 1 h with sheep anti-mouse biotinylated IgG (Amersham
Biosciences), the blot was transferred to a solution of streptavidin
conjugated with horseradish peroxidase (Amersham Biosciences),
washed three times with TBS and developed by the Bio-Rad system.
The blot was simultaneously incubated with anti-b-actin antibody to
monitor the amount of protein.

Immunoblotting

Cells were washed twice with ice-cold PBS containing 1 mM Na3VO4

and lysed with RIPA buffer (20 mM Tris-HCl pH 7.4, 1% Triton X-100,
150 mM NaCl, 5 mM MgCl2, 0.5% sodium deoxycolate, 0.1% SDS, 50 mM
NaF and 1% protease-phosphatase inhibitor cocktail (Sigma Chem. Co.))
for 20 min at 41C. The lysate was centrifuged 10 min at 1000� g at 41C
and protein concentration was determined (Bradford assay, Bio-Rad
Labs.). Proteins were resolved on SDS 10% polyacrylamide and
transferred to a nitrocellulose membrane. The membrane was incubated
with anti-Src mouse monoclonal antibody (Upstate Biotechnology, Lake
Placid, NY, USA) and with anti-Src phosphospecific Y419 and Y530 rabbit
polyclonal antibodies (Calbiochem, Cambridge, MA, USA; where human
Y419 and Y530 correspond to the Y416 and Y527 chicken c-Src
numbering, respectively) for 1 h at room temperature. Proteins were then
probed with the appropriate horseradish peroxidase-conjugated anti-
bodies for 1 h at room temperature and visualized by ECL-Western blotting
detection reagents (Amersham Biosciences).
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