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Abstract
Patulin is a fungal mycotoxin of Aspergilus and Penicillium that is commonly found in rotting
fruits and exerts its potential toxic effect mainly by reactive oxygen species (ROS) generation.
However, the effect of patulin on cancer cells as well as its intracellular mechanism has been
controversial and not clearly defined yet. In this study, patulin was found to induce G1/S
accumulation and cell growth arrest accompanied by caspase-3 activation, PARP cleavage and
ATF3 expression in human colon cancer cell line HCT116. Ser/Thr phosphorylation of a
transcription factor, EGR-1, was increased while its expression did not change upon patulin
treatment to the cells. Knockdown of ATF3 and EGR-1 using their respective siRNAs showed
EGR-1 dependent ATF3 expression. Moreover, treatment of the cells with antioxidants N-
acetylcysteine (NAC) and glutathione (GSH) revealed that patulin induced ATF3 expression and
apoptosis were dependent on ROS generation. ATF3 expression was also increased by patulin in
other colorectal cancer cell types, Caco2 and SW620. Collectively, our data present a new anti-
cancer molecular mechanism of patulin, suggesting EGR-1 and ATF3 as critical targets for the
development of anti-cancer chemotherapeutics. In this regard, patulin could be a candidate for the
treatment of colorectal cancers.
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1. Introduction
Patulin, 4-hydroxy-4H-furo(3,2c)pyran-2(6H)-one, is a mycotoxin produced by molds
including Penicillium expansum, Aspergillus, and Byssachlamys, also occurring world-wide
in apple, apple products and sometimes in a number of foods including peaches, pears, and
grain, or their products [1–6]. Patulin level of 50 μg/kg in apple juice was suggested to be
sufficient for protection of human health [7]. Some in vivo works, however, reported that
several organs or systems including kidney, liver, intestinal tissue and immune system were
affected by the administration of patulin, possibly due to some teratogenic, genotoxic and
carcinogenic effect of patulin in certain experimental animals [8–10]. Patulin exerts its toxic
effect by covalently binding to reactive sulfhdryl groups in cellular proteins, as well as by
glutathion depletion, resulting in oxidative damage and generation of reactive oxygen stress
(ROS) [11–13]. Although several studies have shown patulin induced DNA strand breaks in
mammalian cells [14,15], the mechanism of all these effects including apoptosis, however,
is still poorly understood.

Activating transcription factor3 (ATF3), a member of the ATF/CREB family of bZIP
transcription factors, is stress-responsive gene product [16]. Although ATF3 induction in
astrocytes contributed to the cytoprotective function against oxidative insults [17], there
have been other observations indicating that the expression of ATF3 was low in normal and
quiescent cells but might be rapidly induced by a variety of physiological and pathological
stimuli [18–20]. ATF3 expression plays an important role in berberine-induced apoptosis in
human colorectal cancer cells [21]. Moreover, ATF3 is increased by nonsteroidal
antiinflammatory drugs (NSAID), conjugated linoleic acid, LY294002, curcumin, and 3,3′-
diindolylmethane, which are reported to have anti-tumor activity in human colorectal cancer
cells [22–26]. These results showed that ATF3 could function as a pro-apoptotic protein and
mediate cytotoxic agents induced apoptosis in various systems. However, the upstream
regulations of ATF3 expression have not yet been clearly defined although activation of a
few apoptosis associated proteins, including p53 and ERK1/2 was reported [10,27,28].

Although many mycotoxins including zearalenone, citrinin, gliotoxin, nivalenol and fuonisin
B1 were shown to have cytotoxic effects [29–32], our study presents a new anticancer
mechanism of patulin suggesting that EGR-1 phosphorylation by oxidative stress following
patulin treatment might trigger EGR-1 binding to ATF3 promoter which leads to the
apoptotic proteins expression and cell growth arrest of HCT-116 human colorectal cancer
cells.

2. Materials and methods
2.1. Cells and materials

Cell lines were purchased from ATCC (Rockville,MD). HCT116, SW620 and Caco2 human
colorectal cells were grown in McCoy’s 5A, L-15 and Eagle’s Minimum Essential Medium
(MEM), respectively, supplemented with 10% FBS. Patulin, N-acetylcysteine (NAC) and
glutathion (GSH) were obtained from Sigma (St Louis, MO). Antibodies against EGR-1,
phospho-JNK, phospho-eIF2α, eIF2α and JNK were purchased from Cell Signaling
(Beverly, MA). Antibodies against ATF3, poly (ADP-ribose) polymerase (PARP), HA and
GAPDH were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody against
caspase-3 was obtained from Calbiochem (Darmstadt, Germany).

2.2. Flow cytometric analysis
HCT116 was treated with vehicle or various concentrations of patulin for 24 h and then the
cells were washed twice with cold PBS. The collected cells were resuspended in annexin-V
binding Ca2+ buffer in annexin-V-FITC staining solution (1.0 μg/ml) and incubated for 15
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min at room temperature in the dark. Flow cytometric analysis was performed using a FACS
(Becton Dickinson, San Jose, CA).

2.3. Western blot analysis
Cells were harvested and equal amount of cellular proteins was subjected to sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis as described previously [33]. Proteins
were transferred to polyvinylidene difluoride (PVDF) membrane and the blots were probed
with various primary antibodies. Enhanced chemiluminescence reagent was used to detect
the proteins on the membranes.

2.4. Plasmid, transfections, and reporter assay
Chromosomal DNA was prepared from HCT116 cells using the DNAzol™ reagent (Gibco-
BRL, Gaithersburg, MD). Human ATF3 promoter was amplified from chromosomal DNA
with the following synthetic primers: 5′-
CGACGCGTTCCCGCCACCCTGGCTTGAGG-3′ (sense), and 5′-
CCCTCGAGAGCGTTGCATCACCCCTTTTATAGCCC-3′ (antisense). The PCR product
was digested with Mlu and Xho and cloned upstream of the firefly luciferase gene in pGL3-
basic vector (Promega). PCR products were confirmed by electrophoresis. For transfection,
in brief, cells were plated onto 6-well plates at a density of 4×105 cells/well and grown
overnight. Cells were co-transfected with the appropriate amount of plasmid and pCMV-β-
galactosidase plasmid for 5 h using Lipofectamine. After transfection, cells were cultured in
10% FBS medium with or without compounds for 24 h. Luciferase and β-galactosidase
activities were assayed according to the manufacturer’s protocol (Promega). Luciferase
activity was normalized for β-galactosidase activity in cell lysate and expressed by an
average of three independent experiments.

2.5. Cell proliferation
HCT116 was seeded in 96-well plates and treated with various concentrations of patulin,
and cell viability was determined by MTT assays.

2.6. RNA isolation and reverse transcriptase-polymerase chain reaction (RT-PCR)
ATF3 mRNA expression was determined by RT-PCR. Total cellular RNA was extracted
from cells using the TRIzol reagent (Life Technologies). cDNA was synthesized from 2 μg
of total RNA using M-MLV reverse transcriptase (Gibco-BRL, Gaithersburg, MD). cDNA
for ATF3 and GAPDH were amplified by PCR with specific primers. The sequences of the
sense and anti-sense primer for ATF3 were 5′-GTTTGAGGATTTTGCTAACCTGAC-3′
and 5′-GCTGCAATCTTATTTCTTTCTCGT-3′, respectively. PCR products were
analyzed by agarose gel electrophoresis and visualized by ethidium bromide.

2.7. Gel shift assay
In brief, cells (4×106 in 10 ml) grown in 100 mm dishes were lysed on ice for 15 min in a
hypotonic solution containing 10 mM HEPES–KOH (pH 7.8), 10 mM KCl, 2 mM MgCl2,
0.1 mM EDTA (sodium salt), 0.2 mM NaF, 0.2 mM Na3VO4, 0.4 mM
phenylmethylsulfonyl fluoride (PMSF), leupeptin (10 μg/ml), 1 mM dithiothreitol (DTT),
and 0.15% NP-40. The lysate was centrifuged at 15,000 rpm for 1 min at 4 °C, and the
resulting nuclear pellet was suspended in ice-cold extraction buffer (50 mM HEPES–KOH
pH 7.8, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 0.2 mM NaF, 0.2 mM Na3VO4, 0.4
mM PMSF, 1 mM DTT and 10% glycerol) and incubated for 30 min at 4 °C with occasional
vortex. The nuclear lysate was then centrifuged at 15,000 rpm for 30 min at 4 °C, and the
resulting supernatant was stored at −70 °C or immediately subjected to EMSA analysis.
Oligonucleotide containing GC-rich box (5′-
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CGACCGCGCCGCCAGCCGACCGCGCCGCCAGC-3′) (3.5 pmol) was incubated for 10
min at 37 °C in 10 μl containing 10 μCi of [γ-32P] ATP, 5 U of T4 polynucleotide kinase,
and 1× kinase buffer (supplied with the kinase). The labeling reaction was terminated by the
addition of 100 mM EDTA, after which the reaction mixture was centrifuged through a
Sephadex G-25 column to remove unincorporated 32P. The 32P-labeled oligonucleotide was
then stored at −70 °C until use. For EMSA assay, nuclear protein extract (10 μg) was
incubated for 30 min at room temperature in a final volume of 10 μl containing 0.03 pmol
of 32P-end-labeled oligonucleotide, 40 mM HEPES–KOH (pH 7.8), 10% glycerol, 1 mM
MgCl2, 0.1 mM DTT and 1 μg of poly (dI–dC). The binding reaction was terminated by the
addition of electrophoresis sample buffer, and the samples were fractionated on 5% non-
denaturing polyacrylamide gels in 0.5× Tris–boric acid–EDTA (TBE) buffer. The gels were
then subjected to autoradiography. For “supershift” analysis, the nuclear extract was
incubated with specific antibodies for 30 min at room temperature before exposure to
the 32P-labeled oligonucleotide. The reaction was stopped by the addition of gel loading
dye, and the samples were subjected to electrophoresis on a non-denaturing 6%
polyacrylamide gel in 0.5× Tris–borate–EDTA buffer followed by autoradiography.

2.8. Small interfering RNA (siRNA)
ATF3 small interfering RNA (siRNA) (sc-29757) was purchased from Santa Cruz
Biotechnology and EGR-1 small interfering RNA (siRNA) was designed by Dhamacon.
Cells were transfected with 100 nM of siRNA using Lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA) in OPTI-MEMI-reduced serum medium (Invitrogen) for
6 h. The medium was removed and replaced with fresh McCoy’s 5A medium supplemented
with 10% fetal calf serum. Cells were harvested 72 h after transfection for western blot
analysis and FACS analysis.

2.9. Measurement of ROS
Intracellular ROS generation was measured by flow cytometry following staining with 10
μM of 2′,7′-dichlorofluorescein diacetate (DCFDA; Sigma), which has been shown to be
somewhat specific for detection of H2O2. After cells were collected, the fluorescence was
analyzed using FACSCalibur and a Leica DC300F fluorescence microscopy.

2.10. Immunoprecipitation
The total cell extracts were immunoprecipitated by incubating with antibody against EGR-1
overnight at 4 °C. Immune complexes were collected using protein A/G-Sepharose beads
(Santa Cruz Biotechnology), washed and eluted in sample buffer. Samples were run on 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gels, transferred
to PVDF membranes, and probed with specific antibodies against phospho-Serine/threonine
or EGR-1. Blots were developed using the ECL reagent.

2.11. Statistical analysis
Values are presented as the mean±S.E of three separate experiments. Statistical comparisons
were made using the Student’s t-test when two groups were involved. A one way analysis of
variance (ANOVA) with Dunnett post-test was used when more than two groups were
compared. The P value of 0.05 or less was considered as statistically significant.

3. Results
3.1. Patulin induces apoptosis through G2/M arrest

To determine the anti-proliferative effect of patulin (Fig. 1A) on cell viability, HCT116 cells
were treated with increasing concentrations of patulin for the various days and the cell
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viability was determined by MTT assay. Treatment of patulin dose-dependently decreased
the cell viability (Fig. 1B), and increased the percentage of annexin-V+ stained apoptotic
cells and G2/M phase cells (Fig. 1C). Accordingly, fluorescent microscopy analysis by
differential staining with Hoechst 33342 and propidium iodide (PI) showed significantly
increased staining of the cells when treated with patulin (50% of the cells PI-positive at 10
μM of patulin, Supplementary 1). Western blot analysis revealed cleavage of both caspase-3
and PARP by patulin treatment for 24 h (Fig. 1D). Thus, patulin induced apoptotic death of
HCT116 cells.

3.2. Patulin-induced apoptosis is mediated by ATF3
In search for factors that influence the patulin-induced apoptosis, ATF3 was found to be
highly expressed among some pro-apoptotic- or anti-apoptotic proteins (data not shown).
Patulin induced ATF3 expression dose- and time-dependently. ATF3 mRNA expression was
also increased by patulin (Fig. 2A). In accordance with this ATF expression, patulin
dramatically increased ATF3 promotor activity in a dose-dependent manner (Fig. 2B). When
ATF3 expression blocked by siRNA of ATF3, however, caspase-3 cleavage and the number
of annexin-V stained cells were significantly reduced (Fig. 2C), demonstrating that ATF3 is
required for patulin-induced apoptosis.

3.3. Patulin-induced ATF3 expression is associated with ROS generation
Patulin can induce an oxidative stress response in mammalian cells (10, 11). To determine
whether ATF3 expression is related to oxidative stress after treatment of patulin, ROS
generation was measured by determining the level of H2O2 using DCFDA staining in
HCT116 cells. As shown in Fig. 3A, patulin treatment for 24 h highly increased ROS
production. In determining the effect of patulin-induced ROS generation on ATF3
expression, it was found that ATF3 transcriptional activity was reduced by prior treatment of
antioxidants, GSH and NAC for 1 h (Fig. 3B). Reduction of ATF3 expression by patulin
also lowered caspase-3 activation (Fig. 3C). These results suggest that patulin-induced
ATF3 expression might be associated with oxidative stress.

3.4. The EGR-1 is required for patulin-induced ATF3 expression
EGR-1 is a well known transcription factor that binds within the region of ATF3 promoter.
In investigating the molecular mechanism of patulin-induced ATF3 transcriptional
regulation, it was found that patulin did not affect EGR-1 expression (Fig. 4A).
Electrophoretic mobility shift assay (EMSA) using an oligonucleotide containing the GC-
rich sequence on the ATF3 promoter region, however, showed increased binding of nuclear
protein(s) on the oligonucleotide (Fig. 4B). The specificity of this binding was confirmed by
supershift analysis in which band retardation occurred by including anti-EGR-1 antibody
into the reaction mixture while anti-SP1/SP3 antiobody had no effect. Next, to determine
whether EGR-1 is responsible for patulin-induced ATF3 expression, HCT116 cells
transfected with the scramble or EGR-1 siRNA were treated with patulin for 24 h. It was
clearly found that EGR-1 knockdown noticeably reduced ATF3 expression in response to
patulin (Fig. 4C). Reporter gene assay and annexin-V staining of the cells also showed that
ATF3 expression and the number of apoptotic cells by patulin were reduced, respectively
(Fig. 4D & E). On the other hand, EGR-1 phosphorylation at Ser/Thr was significantly
increased by patulin treatment (Fig. 4F). These results suggest that EGR-1phosphorylation
in patulin-treated cells at serine/threonine residues may be important for EGR-1-mediated
ATF3 expression.
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3.5. Patulin-induced ATF3 expression is not related with ER-stress or JNK
Endoplasmic reticulum stress (ER-stress) induces increased expression of chaperones
including GRP78, which mediates the correct folding of proteins in the ER. Failure of
misfolded protein removal could lead to an apoptotic death of cells through the activation of
caspase-12 or c-Jun N-terminal kinase (JNK) downstream of ER-associated proteins PKR-
like ER kinase (PERK) and eukaryotic translation initiation factor 2α (eIF2α) [34–38]. JNK
could also be activated independently of ER-stress for cell apoptosis. Although HCT116
cells were treated with patulin, however, there was no obvious change in ER-stress.
Moreover, patulin-induced ATF3 expression did not change even when the phosphorylation
of JNK by patulin was significantly diminished by prior treatment of the cells with a JNK
inhibitor (Fig. 5), which demonstrates that patulin-mediated ATF3 expression is regulated
neither by ER-stress nor by JNK activity.

3.6. Effect of patulin in human colorectal cancer cell lines, Caco2 and SW620
To examine whether the effect of patulin on ATF3 protein expression and cell growth arrest
could be generally occurring in other colorectal cancer cell types, SW480 and CaCo2 cells
were treated with patulin for 24 h and the expression of ATF3 was measured. As revealed in
Fig. 6, ATF3 expression was increased in the presence of patulin in all the cells dose- and
time-dependently, accompanied by an increased cleavage of caspase-3 (Fig. 6A & B).

4. Discussion
Patulin is a secondary metabolite of fungi and has been extensively studied for its cytotoxic
effects in various tumor models including in vitro and in vivo systems. Many studies
revealed genotoxicity and mutagenicity by patulin [39]. The toxic effects of patulin may
involve direct effects on cellular glutathione levels and mitochondrial function in addition
direct effects on the plasma membrane [40]. It was also reported that glutathione depletion
by patulin resulted in the generation of ROS, playing a critical role in initiation and
execution of apoptosis, controlling mitotic cell division and senescence [41–44]. Although
ERK1/2, p53 and p21/WAF1 signaling pathways were correlated with patulin-mediated
ROS generation [10,27], our study showed more detailed apoptotic signaling by patulin. It
was found that patulin arrested cell cycle at G2/M phase, leading to the increased ATF3
expression (Fig. 2) and apoptotic cell death (Fig. 1) which were dependent on ROS as
revealed by the treatment of the cells with ROS scavengers, GSH and NAC (Fig. 3B & C).
In exploiting the downstream signaling molecules of ROS, it was necessary to determine the
expression of patulin-induced apoptotic proteins. Based upon the observations that ATF3
expression could be regulated by a variety of regulatory proteins, including NF-κB [45],
ATF/CRE [46], MAPK [47], ER stress [48] and EGR-1/Sp1/Sp3 [49], we explored the
relation of EGR-1 and ATF3 since ATF3 promoter region contains EGR-1 binding site.
Although patulin did not affect the expression of EGR-1 in the cells (Fig. 4A), EMSA
analysis, however, showed that EGR-1 binding to the ATF3 promoter region could be
increased by patulin (Fig. 4B). In addition, EGR-1 knockdown by siRNA significantly
repressed ATF3 expression by patulin (Fig. 4C and D). However, given the same binding
site (GC-rich box) of EGR-1 and Sp1/Sp3 in the ATF3 promoter, it was interesting to note
that only EGR-1 antibody retarded oligonucleotide-protein complex while there was no
effect by Sp1/Sp3 antibody as revealed in the supershift assay (Fig. 4B, lanes 4 & 5).
Additional study showed that patulin increased the levle of Ser/Thr phosphorylation of
EGR-1 (Fig. 4F). Since EGR-1 has been reported to have several Ser/Thr phosphorylation
sites, influencing the DNA binding and transcriptional activity of EGR-1 (24), it is
presumable that patulin-induced phosphorylation of EGR-1 could contribute to the increased
binding of EGR-1 to ATF3 promoter. Thus, this is the first report suggesting that patulin
induced ROS generation and EGR-1 Ser/Thr phosphorylation might lead to the increased
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expression of ATF3 and apoptotic cell death. Although not confirmed yet, ROS generation
is suggested to play a key role for the phosphorylation of EGR-1.

EGR-1 plays a pivotal role in the regulation of cell growth, differentiation and apoptosis,
and its pro-apoptotic activity may depend on the cell type and the nature of the stimulus.
EGR-1 expression was suppressed or absent in a variety of human cancer cell lines [50,51]
and tumors including breast carcinoma [50], glioblastoma [52] and lung cancer [53]. Our
results also showed an important role of EGR-1 in ATF3 expression and apoptosis. On the
other hand, another apoptosis-associated pathway, endoplasmic reticulum stress (ER-stress),
does not seem to be involved in patulin-induced apoptosis since there was little change in
the level of ER-stress associated proteins, caspase-12, GRP78 and eIF2α, in response to
patulin in the cells (Fig. 5). Interestingly, however, JNK phosphorylation was increased by
patulin but was not relevant with ATF3 expression since JNK inhibitor could not affect the
expression of ATF3 by patulin (Fig. 5). Although the involvement of upstream regulators
including ERK1/2, p53 and p21 for EGR-1 phosphorylation has not yet been defined, our
data clearly demonstrate that ROS-mediated EGR-1 phosphorylation and ATF3 expression
are critical in patulin-induced apoptosis. Moreover, two other human colorectal cancer cells
showed similar pattern of ATF3 expression by patulin (Fig. 6), supporting further that ROS
generation, EGR-1 phosphorylation and ATF3 expression might mainly function for patulin-
induced apoptosis of many colorectal cancer cells.

We have tried several times to identify the direct binding target protein of patulin by
attaching biotinylated links to the compound. However, due to the instability of patulin, it
was not easy to perform the proteomic analysis further. Thus, we are currently chemically
modifying patulin to obtain more stable patulin derivatives. This will help find a new
therapeutic target against cancer.

In summary, patulin, through increased oxidative stress, induces phosphorylation of a
transcription factor EGR-1 for elevated expression of ATF3, which in turn results in the cell
cycle arrest and activation of apoptotic protein cascades (Fig. 7). Our study provides more
detailed mechanism of patulin for colorectal cancer cell death. When the direct target protein
to which patulin binds is identified, both the target and patulin could be applied to anti-
cancer therapeutics development.
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Fig. 1.
Apoptotic effect of patulin in HCT116 cells. (A) Chemical structure of patulin. (B) Effect of
patulin on cell proliferation measured by MTT assay. HCT116 cells were treated with
vehicle or varying concentrations of patulin four days followed by lysis for MTT assay. Data
are means±SE from representative triplicate experiments. (C) Flow cytometric analysis for
DNA content and cell cycle distribution in response to patulin. HCT116 cells were treated
with varying concentrations of patulin for 24 h and stained with annexin-V+ and PI. (D)
Activation of apoptotic proteins by patulin. HCT116 cells were treated with the indicated
concentrations of patulin for 24 h. After lysis, the level of cleaved caspase-3 and PARP was
determined by western blot analysis.
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Fig. 2.
Effect of patulin on ATF3 expression in HCT116 cells. (A) ATF3 expression by patulin.
Cells were treated with patuln at varying concentrations for 24 h, or at 5 μM for various
times. Cell lysate and total RNA were subjected to western blot and RT-PCR analyses,
respectively. (B) Reporter gene assay for ATF3 promoter. Cells were transiently transfected
with 2 μg pATF3-luc plasmid or mock vector, and then incubated in the presence of patulin
(10 μM) for 24 h. Luciferase activity was measured and expressed as means±SE from a
representative triplicate experiments performed three times independently. Statistical
significance was determined by Dunnett’s test (**p<0.01, ***p<0.001) followed by one-
way ANOVA. (C) Effect of ATF3 knockdown on caspase-3 activation and apoptosis. Cells
were transfected with ATF3 siRNA or scrambled siRNA for 48 h, and then treated with
patulin at 5 μM for another 24 h. ATF3 expression and caspase-3 activation were
determined by western blotting. Apoptotic cells were also determined by FACS analysis in
the same condition and expressed as means±SE from a representative triplicate experiment.
Statistical significance was determined by Student’s t-test **p<0.01.
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Fig. 3.
Association of ATF3 expression and apoptosis with ROS generation in response to patulin
in HCT116 cells. (A) ROS accumulation by patulin. Cells were treated with varying
concentrations of patulin followed by the addition of 5 μM H2DCFDA for 30 min at 37 °C.
FACS analysis was performed to measure the intracellular accumulation of ROS. (B) Effect
of antioxidants on patulin-induced ATF3 expression. Cells were transiently transfected with
2 μg pATF3-luc plasmid or mock vector, and then treated with glutathione (1 mM) or NAC
(5 mM) for 1 h prior to patulin treatment at 5 μM for 24 h. Luciferase activity was measured
and expressed as means±SE from representative triplicate experiments. Statistical
significance was determined by Student’s test (***p<0.001). (C) Cells were pretreated with
either GSH (5 mM) or NAC (10 mM) for 1 h prior to the exposure to patulin at 5 μM for 24
h. Cells were lysed and subjected to western blot analysis. The arrows represent cleaved
caspase-3 fragments.
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Fig. 4.
EGR-1 is required for patulin-induced ATF3 expression in HCT116 cells. (A) Cells were
treated with various concentrations of patulin for 24 h, and then lysed for measurement of
EGR-1 by western blot analysis. (B) EMSA analysis. Nuclear fraction (10 g) obtained from
the cells treated with patulin at the indicated concentrations was applied to EMSA analysis
using GC-rich oligonucleotide as described in Materials and methods. For supershift, EGR-1
or SP1/SP3 antibody (1 μg) was added into the EMSA reaction mixture. As a competitor,
unlabeled cold oligonucleotide was added into the reaction mixture (lane 6). (C) EGR-1
knockdown abrogates patulin-induced ATF3 expression. Cells were transfected with EGR-1
siRNA or scrambled siRNA for 48 h followed by patulin treatment at 5 μM for 24 h.
Proteins were detected by western blotting. (D) Effect of EGR-1 knockdown on patulin-
induced ATF3 promoter activity. After transfection with EGR-1 siRNA or scrambled siRNA
for 24 h, cells were transiently transfected 2 μg pATF3-luc plasmid prior to patulin
treatment for further 24 h. Luciferase activity was measured and expressed as means±SE
from a representative triplicate experiment performed three times independently. Statistical
significance was determined by Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001) followed
by one-way ANOVA. (E) FACS analysis for the determination of the effect of EGR-1
knockdown on patulin-induced cell apoptosis. All the procedures were similar to Fig. 2C.
Data are expressed as means±SE from a representative triplicate experiment. Statistical
significance was determined by Dunnett’s test ((*p<0.05, **p<0.01, ***p<0.001) followed
by one-way ANOVA. (F) Effect of patulin on EGR-1 phosphorylation. Cells were treated
with varying concentrations of patulin for 24 h, and then lysed for immunoprecipitation with
anti-EGR-1 antibody. The immunoprecipitates were subjected to SDS-PAGE and analyzed
by immunoblotting with anti-p-Ser/Thr antibody. The membrane was then stripped and
reprobed with anti-EGR-1 antibody.
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Fig. 5.
Effect of patulin on ER-stress and JNK activation in HCT116 cells. (A) Cells were treated
with varying concentrations of patulin for 24 h, and then lysed for measurement of
caspase-12, GRP78, p-eIF2α and eIF2α by western blot analysis. (B) Cells were pretreated
with JNK inhibitor (25 μM) for 1 h before the exposure to patulin for further 24 h. After cell
lysis, pJNK, JNK and ATF3 were measured by western blot analysis.
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Fig. 6.
Effect of patulin on ATF3 expression and caspase 3 activation in human colorectal cancer
cell lines, Caco2 and SW620. (A) Cells were treated with patulin at varying concentrations
for 24 h, and lysed for the determination of ATF3 level and Caspase3 cleavage forms by
western blot analysis. (B) Cells were treated with patulin at 5 μM for various times, and
lysed for the determination of ATF3 level and Caspase3 cleavage forms as done in (A).
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Fig. 7.
A simplified proposed model for patulin-induced ATF3 activation and apoptosis. Patulin-
induced ROS generation triggers EGR-1 phosphorylation at Ser/Thr residue increased
binding of the phosphorylated EGR-1 to the GC-rich box region of ATF3 promoter,
consequently leading to the activation of apoptotic proteins and cancer cell death.
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