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1. Summary

Shikonin (SHK), a natural naphthoquinone derived from the Chinese medical herb
Lithospermum erythrorhizon, induces both apoptosis and necroptosis in several cancer
cell lines. However, the detailed molecular mechanisms involved in the initiation of
cell death are still unclear. In the present study, caspase-dependent apoptosis was
induced by SHK treatment at 1 uM after 6 h in U937 cells, with increase in DNA
fragmentation, generation of intracellular reactive oxygen species (ROS), fraction of
cells with low mitochondrial membrane potential (MMP), and in the expression of
BH3 only proteins Noxa and tBid. Interestingly, caspase-independent cell death was
also detected with SHK treatment at 10 pM, observed as increase in SYTOX® Green
staining and release of lactate dehydrogenase (LDH). Necrostatin-1 (Nec-1)
completely inhibited the SHK-induced leakage of LDH and SYTOX® Green staining.
Cell permeable exogenous glutathione (GSH) completely inhibited 1 uM SHK-induced
apoptosis and converted 10 uM SHK-induced necroptosis to apoptosis. Gene
expression profiling revealed that 353 genes were found to be significantly regulated
by 1 uM and 85 genes by 10 uM of SHK treatment, respectively. Among these genes,
the transcription factor 3 (ATF3) and DNA-damage-inducible transcript 3 (DDIT3)
were highly expressed at 1 uM of SHK treatment, while tumor necrosis factor (TNF)
expression mainly increased at 10 uM treatment. These findings provide novel

information for the molecular mechanism of SHK-induced apoptosis and necroptosis.



2. Introduction

Shikonin (SHK) is a chemical compound isolated from the root of Lithospermum
erythrorhizon. SHK is well known to have antibacterial [1], anti-human
immunodeficiency virus [2], and anti-inflammatory activity [3]. It has been reported
that SHK has significant potential against various cancer cell lines, by inhibiting cell
growth and inducing cell death [4]. SHK can induce apoptosis by increasing the
production of intracellular reactive oxygen species (ROS) [5, 6]. Recently, it has been
reported that SHK induces necroptosis and that this mode of cell death could be
blocked and converted into apoptosis by Necrostatin-1 (Nec-1) [7].

Apoptosis, a genetically programmed cell death, was originally defined in terms of
characteristic changes in cell morphology that include plasma membrane blebbing, cell
shrinkage, nuclear fragmentation, chromatin condensation, and chromosomal DNA
fragmentation [8]. Apoptosis plays pivotal roles in the host defense and suppression of
oncogenesis; dysregulation of apoptosis leads to pathogenesis of several diseases
ranging from cancer and auto-immunity to degenerative disorders [9, 10]. Therefore,
apoptosis was extensively investigated in the last decades. There are two pathways for
mammalian apoptosis. The ‘extrinsic’ pathway is triggered by engagement of cell
surface ‘death receptors’ of the tumor necrosis factor receptor (TNFR) family with
their ligands [11]. The ‘intrinsic’ (or mitochondrial) pathway is activated following the
release of cytochrome c into the cytoplasm; the event regulated by interactions
between proteins related to Bcl-2 family [12].

On the other hand, necrosis is morphologically characterized by rounding of the
cells, increase in the cell volume, organelle swelling, plasma membrane rupture and
lack of inter-nucleosomal DNA fragmentation. In contrast to apoptosis, it is considered
as a passive form of cell death without intricate regulatory mechanisms [13]. However,
recently it has been proposed that necroptosis is a form of programmed cell death,
which is distinct from apoptosis, but characterized by necrotic cell death morphology

[14]. In addition, Nec-1 has been identified as a specific and potent small-molecule that



specifically inhibits necroptosis, without any effect on apoptosis. Nec-l blocks
receptor-interacting protein 1 (RIP1) is a critical molecule in necroptosis, and has been
used as an operational definition of necroptosis [15]. The activation of RIP1 in
response to the ligation of TNFR and the formation of a RIP1-RIP3 complex
(necrosome) is the hallmark of necroptosis [16, 17].

Current DNA microarray technology provides a way to view the expression
profiles of many thousands of genes. In addition, technologies for pathway analysis
now allow mapping of gene-expression data by fitting them into relevant pathway
maps based on their functional annotation and known molecular interaction.

SHK has been used widely as a model compound for apoptosis or necroptois.
However, the detailed molecular mechanisms and the genes involved in SHK-induced
cell death are still not fully understood. The present study aims to clarify the molecular
mechanisms of SHK involved in initiating different types of cell death, namely;
apoptosis and necroptosis. Furthermore, we examined gene expression patterns in
human myelomonocytic lymphoma U937 cells using a GeneChip® analyzing system.
The functional relationships among candidate genes were examined using Ingenuity
Pathway Analysis tools for better understanding the mechanisms of SHK- induced cell

death.



3. Materials and methods

3.1. Reagents

SHK, Tetramethylrhodamine methyl ester (TMRM) and glutathione (GSH) were
purchased from Wako (Osaka, Japan). Nec-1 and glutathione monoethyl ester
(GSH-MEE) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
SYTOX® Green Nucleic Acid Stain (Molecular Probes, Inc. Eugene, OR) was
purchased from Invitrogen. Hydroxyphenyl fluorescein (HPF) was purchased from
Sekisui Medical. Z-VAD-FMK was purchased from Protein Institute (Osaka, Japan).
Anti-TNF-a, anti-DDIT3, secondary HRP-conjugated anti-mouse or anti-rabbit 1gGs
were purchased from Cell Signaling Technology (Beverly, MA). Anti-ATF3 was
purchased from Calbiochem (CA, USA).

3.2. Cell line and culture
The human lymphoma U937 cells (Human Sciences Research Resource Bank,
Tokyo, Japan) were cultured in RPMI 1640 medium containing 10% heat-inactivated

fetal bovine serum (FBS) at 37 °C in humidified air with 5% CO..

3.3. Morphological cell death assay

Hoechst staining was performed to identify cells with nuclear changes typical of
apoptotic cell death [18]. The cells were harvested at 6 h after treatment with SHK and
stained with 2 pug/ml of Hoechst 33342 (Sigma), for 10 min in the dark at 4 °C. The
nuclear morphology was observed under a fluorescence microscope. Apoptotic cells
were undergoing nuclear condensation and fragmentation was counted within a total of
at least 500 cells per sample in random areas.

SYTOX® Green is a membrane-impermeant dye excluded from cells when the
plasma membrane is intact. In dying cells with increased plasma membrane
permeability, nuclear fluorescence becomes apparent. To determine the mode of cell

death, U937 cells were harvested at 6 h after treatment with SHK. The samples were



washed with phosphate buffered saline (PBS) and incubated for 15 min with 5 uM of
SYTOX® Green dye, and morphological changes in the nuclei were examined by

fluorescence microscope.

3.4. DNA fragmentation assay

The quantitative DNA fragmentation assay was carried out according to the
method of Sellins and Cohen [19] with minor modifications. U937 cells were treated
with SHK in a dose-dependent manner. After 6 h, the cells were harvested and lysed
with 200 uM of lysis buffer (1 mM EDTA, 0.2% Triton X-100, 10 mM Tris—HCI, pH
7.5) and centrifuged at 13,000 x g for 10 min at 4 °C. Subsequently, each DNA sample
in the supernatant and the resulting pellet were precipitated in 12.5% trichloroacetic
acid (TCA) at 4 °C, and quantified using the diphenylamine reagent after hydrolysis in
5% TCA at 90 °C for 20 min. The percentage of fragmented DNA for each sample was
calculated as the amount of DNA in the supernatant divided by the total DNA for that
sample (supernatant plus pellet).

U937 cells were pretreated with the antioxidant agents GSH-MEE 1 mM or GSH 5
mM for 1 h and then treated with SHK in a dose-dependent manner. After 6 h

incubation, DNA fragmentation assay was performed.

3.5. Cytotoxicity assay

To evaluate SHK-induced cytotoxicity in U937 cells by lactate dehydrogenase
(LDH) assay, the release of LDH from cells into the culture medium was measured in a
dose- and time-dependent manner using the LDH Cytotoxicity Detection Kit (Takara
Bio, Shiga, Japan) according to the manufacturer’s instructions. Cytotoxicity was

expressed in percentage, taking the activity of LDH liberated from lysed cells as 100%.

3.6. Analysis of mitochondrial membrane potential (MMP)
The cationic fluorophore, TMRM, accumulates in mitochondria in response to

MMP and is released upon loss of MMP [20]. The samples were centrifuged at 500 x g



for 5 min. The resulting pellets (1 x 10° cells/sample) were stained with 10 nM of
TMRM for 15 min at 37 °C in PBS. The Percentage of cells showing low MMP was

measured by flow cytometry.

3.7. Assessment of intracellular ROS

To measure intracellular ROS we used the HPF. HPF is a suitable probe for
detecting the generation of intracellular ROS including *OH and ONOO-. U937 cells
were treated with 1 uM of SHK in a time-dependent manner. Briefly, the samples were
centrifuged at 500 x g for 5 min. The resulting pellets (1 x 10° cells/sample) were
loaded with 5 uM of HPF for 15 min at 37 °C. The fluorescence emission was

measured by flow cytometry.

3.8. Western blot analysis

The cells were collected and washed with cold PBS. Cells were lysed in a RIPA
buffer (150 mM NacCl, 1% Nonidet P-40 (v/v), 1% sodium deoxycholate, 0.05% SDS,
1 pg/ml each of aprotinin, pepstatin, and leupeptin, 1 mM phenylmethl sulfonyl
fluoride, 50 mM Tris—HCI, pH 7.2) for 20 min on ice. After brief sonication, the
lysates were centrifuged at 13,000 x g for 10 min at 4 °C, and protein concentrations in
the supernatant were measured using a Bio-Rad Protein Assay kit (Bio-Rad, Hercules,
CA). Western blot analysis of Bcl-2 family proteins, caspase-3, caspase-8, cytochrome
¢ (Santa Cruz, CA) and B-actin (Sigma) were performed using specific monoclonal or
polyclonal antibodies. Using the secondary horseradish peroxidase (HRP) conjugated
anti-rabbit and anti-mouse IgGs, protein signals were detected using an ECL kit
(Amersham Biosciences, Buckingham-shire, UK) [21]. For the assay of the release of
cytochrome ¢ from mitochondria to cytosol, the cytosolic fraction was prepared as
follows. The cells were collected, washed with PBS, and suspended in 300 ul of
extraction buffer (210 mM D-mannitol, 70 mM sucrose, 5 mM EDTA, 1 ug/ml each of
aprotinin, pepstain, and leupeptin, 1 mM PMSF, 10 mM HEPES-KOH, pH 7.4). After

5 min incubation on ice, the cells were homogenized and centrifuged at 1500 x g for 5



min at 4 °C to remove nuclei and debris. Then, the supernatant was centrifuged at
105,000 x g for 30 min at 4 °C. The resulting supernatant was used as the soluble

cytosolic fraction.

3.9. RNA isolation
Total RNA was extracted from cells using a FastPure® RNA kit (Takara Bio, Shiga,
Japan) and treated with RNase-free DNase | for 15 min at room temperature to remove

residual genomic DNA.

3.10. High-density oligonucleotide microarray and computational gene expression
analysis

Gene expression was analyzed using a GeneChip® system with a Human Genome
U133-plus 2.0 array (Affymetrix, Santa Clara, CA) spotted with 54,675 probe sets.
Samples for array hybridization were prepared as described in the Affymetrix
GeneChip® Expression Technical Manual. Briefly, 5 ug of total RNA was used to
synthesize double-stranded cDNA with a GeneChip® Expression 3" -Amplification
Reagents One-Cycle cDNA synthesis kit (Affymetrix). Biotin-labeled cRNA was then
synthesized from the cDNA using GeneChip® Expression 3 -Amplification Reagents
for IVT labeling (Affymetrix). After fragmentation, the biotinylated cRNA was
hybridized to the GeneChip array at 45 °C for 16 h. The arrays were washed, stained
with streptavidin—phycoerythrin, and scanned using a probe array scanner. The scanned
chip was analyzed using GeneChip Analysis Suite Software (Affymetrix). The
obtained hybridization intensity data were converted into a presence or an absence call
for each gene, and changes in gene expression level between experiments were
detected by comparison analysis. The data were further analyzed using Gene-Spring
software (Silicon Genetics, Redwood City, CA) to extract the significant genes. To
examine gene ontology, including biological processes, cellular components, molecular
functions, and genetic networks, the obtained data were analyzed using Ingenuity

Pathways Analysis tools (Ingenuity Systems, Mountain View, CA), a web-delivered
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application that enables the identification, visualization and exploration of molecular
interaction networks in gene expression data. The gene lists identified by Gene-Spring
containing Affymetrix gene ID and the natural logarithm of normalized expression
signal ratios from GeneChip CEL files were uploaded into the Ingenuity Pathways
Analysis system. Each gene identifier was mapped to its corresponding gene object in
the Ingenuity Pathways Knowledge Base. These so-called focus genes were then used

as a starting point for generating biological networks [22].

3.11. Real-time quantitative polymerase chain reaction (QPCR) assay

Real-time gPCR assay was performed on a Real-Time PCR system (Mx3000p,
Stratagene Japan, Tokyo, Japan) using SYBR Premix Ex Tag Il (Takara Bio, Shiga,
Japan) according to the manufacture’s protocol. Reverse transcriptase reaction
(PrimeScript® RT reagent Kit, Takara Bio) was carried out with DNase-treated total
RNA using a random primer pd(N)s. Real-time gPCR assay was performed using the
specific primers listed in Table 1. The transcript levels of these genes were estimated
from the respective standard curves. Each mRNA expression level was normalized to
the mRNA expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
[23].

Table 1

Nucleotide sequences of primers and a TagMan probe for target genes.

Genes | Orientation Nucleotide sequence (Position) GeneBank accession No.

ATF3 Sense 5-ACCTGACGCCCTTTGTCAAG-3’ AB066566
Antisense 5-GGCACTTTGCAGCTGCAATC-3"

DDIT3 Sense 5-CTCCAGATTCCAGTCAGAGC-3’ BT006691
Antisense 5-GCGCTCGATTTCCTGCTTGA-3"

TNF Sense 5-CACTGAAAGCATGATCCGGG-3" M10988
Antisense 5-GGCTGATTAGAGAGAGGTCC-3"

GAPDH | Sense 5-AAGGCTGGGGCTCATTTGCA-3" NM_002046
Antisense 5-ATGACCTTGCCCACAGCCTT-3

11




3.12. Statistical analysis
All data are presented as mean * standard deviation (SD) from at least three
independent experiments. Significance was assessed with Student’s t-test and was

assumed for p-values < 0.01.

4. Results

4.1. Caspase-dependent apoptotic cell death induced by low dose SHK

To examine SHK-induced cell death, U937 cells were treated with SHK in a
dose-dependent manner. After 6 h, apoptosis was induced at low doses of SHK
significantly. A peak in level of apoptosis was observed at 1 uM of SHK, with DNA
fragmentation over 50% (Fig. 1A).

In order to examine SHK-induced changes in U937 cells morphology, the cells
were treated with 1 uM of SHK for 6 h and then collected for Hoechst staining. Typical
signs of apoptosis, namely chromatin condensation and nuclear fragmentation were
observed. Moreover, pretreatment with Z-VAD-FMK (a pan-caspase inhibitor) almost
completely inhibited these apoptotic features (Fig. 1B).

To study the potential effects of SHK on the mitochondrial apoptotic pathway, the
cells were treated with 1 uM of SHK, fraction of cells with low MMP were
significantly increased in a time-dependent manner (Fig. 1C).

To examine the involvement of oxidative stress in apoptosis, the cells were treated
with 1 uM of SHK time-dependently, and the intracellular ROS was monitored by flow
cytometry with HPF. According to the results shown in Fig. 1D, the generation of

intracellular «OH and ONOO- was significantly increased by 1 uM of SHK at 6 h.
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Figure 1. SHK induces apoptosis at low concentration in U937cells. (A) U937 cells were treated with
SHK at indicated concentrations (0.25-10 uM) for 6 h followed by DNA fragmentation assay. (B) U937
cells were treated with 1 uM of SHK in the presence or absence of 50 uM Z-VAD-FMK for 6 h. Signs
of apoptosis were detected by Hoechst staining and then examined under a fluorescence microscope at
x400 magnification. (C) After treatment with 1 uM of SHK from 1 to 6 h, cells were stained with 10 nM
of TMRM for 15 min. Loss of MMP was measured by flow cytometry. (D) After administration of 1 uM
of SHK for the indicated time, the cells were stained with 5 uM of HPF for 15 min, the intracellular *OH
and ONOO- were measured by flow cytometry. The results are presented as the means + SD (n = 3). “p
< 0.01 denotes a mean significantly different from control.

4.2. Necroptosis induced by high concentration of SHK

Next we examined necroptosis induced by higher concentration of SHK. LDH
leakage in the culture medium is an index for detecting necrosis and necroptotic
program cell death due to damaged cytomembrane. Release of LDH into the culture
medium was significantly increased in a dose- and time-dependent manner (Fig. 2A).
Interestingly, LDH leakage with 10 uM of SHK was completely inhibited in the
presence of Nec-1, but not in the presence of Z-VAD-FMK (Fig. 2B).

Further, the mode of cell death was determined by SYTOX® Green staining after

treatment with SHK for 6 h. SYTOX® Green stained cells were significantly increased
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by 10 uM of SHK, while no significant changes were detected in the cells treated with
1 uM of SHK. In addition, the pre-treatment with Nec-l significantly decreased the
number of SYTOX® green stained cells (Fig. 2C). These results indicate that higher

concentration of SHK can induce necroptosis instead of apoptosis.
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Figure 2. SHK induces necroptosis at higher concentration and inhibited by Nec-1 in U937cells.
(A) LDH leakage assay was performed after the cells were treated with SHK in a dose- and
time-dependent manner. The results are presented as the means £ SD (n = 3). (B) The cells were
pretreated with 60 uM of Nec-1or 50 uM of Z-VAD-FMK for 30 min, and then treated with 10 uM of
SHK for 6 h and 9 h, LDH release into the culture medium was measured. The results are presented as
the means + SD (n = 3). p < 0.01, compared with 10 uM of SHK for 6 h, *p < 0.01, compared with 10
uM of SHK for 9 h. (C) U937 cells were pretreated with or without 60 uM of Nec-1 for 30 min, and
then treated with 1 and 10 pM of SHK for 6 h. Cell death was detected by SYTOX® Green staining and
then examined under a fluorescence microscope at x200 magnification. One representative
photomicrograph from three independent experiments is shown here.

4.3. The effects of GSH on the cell death induced by SHK
Pretreatment with cell membrane permeable GSH-MEE at 1 mM for 1 h
significantly prevented SHK-induced apoptosis (Fig. 3A). In addition, treatment with

GSH-MEE converted the 10 uM SHK-induced necroptosis to apoptosis characterized
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by an increase of DNA fragmentation. Interestingly, pretreatment with cell
impermeable GSH could also inhibit the apoptosis completely (Fig. 3B). Collectively,
these results indicate that SHK might interact with GSH causing its depletion. Thus,
oxidative stress seems to play important roles in both SHK-induced apoptosis and

necroptosis.
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Figure 3. Effects of GSH on the cell death induced by SHK. U937 cells were pretreated with or
without 1 mM of cell permeable GSH-MEE (A) or 5 mM of cell impermeable GSH (B) for 1 h, and then
stimulated with SHK at indicated concentrations. DNA fragmentation assay was carried out after 6 h.
The results are presented as the means + SD (n = 3). “p < 0.01, compared with 1 uM of SHK treatment,
5 < 0.01, compared with 10 uM of SHK treatment.

4.4. Changes in the expression of apoptosis-related proteins

To determine whether MMP changes or rupture of cell membrane led to release of
cytochrome c, the cells were treated with SHK in a dose-dependent manner followed
by Western blotting. As shown in Fig. 4A, after 6 h incubation significant release of
cytochrome ¢ from the mitochondria to the cytosol was determined at 1 uM of SHK;
the release of cytochrome c was further increased at 10 uM of SHK.

Caspase-3 activity was significantly increased at 1 uM of SHK treatment, while it
was completely absent at 10 uM of SHK treatment. Here we showed that 10 uM of
SHK in the presence of Nec-1 slightly increased caspase-3 activity. Therefore, these
results suggest that Nec-1 also converts the necroptosis into apoptosis in U937 cells

(Fig. 4B).
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Western blot analysis revealed that 1 uM of SHK induced down-regulation of
anti-apoptotic protein Bcl-xL, increases in cleaved form of Bid (tBid) and Noxa, while
no such findings were observed with 10 uM of SHK treatment. However, in the
presence of Nec-1 both concentrations showed increases in the expression of tBid and
Noxa. Although Bax and Bcl-2 have been regarded as the regulators of the cytochrome

c release in apoptosis, no change was observed in the expressions of both (Fig. 4C).
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Figure 4. Changes in the expression of apoptosis-related proteins. (A) After treatment with SHK at
the indicated concentrations for 6 h, release of cytochrome ¢ from mitochondria to the cytosol was
determined by Western blot. HSP60 was used as loading control. (B) The cells were pretreated with 60
uM of Nec-1 for 30 min, and then treated with 1 and 10 uM of SHK for 6 h, the activation of caspase-3;
caspase-8 was determined by Western blot. (C) U937 cells were treated with 1 and 10 uM of SHK with
or without 60 uM of Nec-1 for 6 h, expression of Bcl-2 family proteins was determined by Western blot.
Representative results from three independent experiments are shown.

4.5. ldentification and functional analyses of SHK responsive genes

To analyze gene-expression profiling of the cells treated with SHK, we carried out
16



GeneChip® analysis of cells treated with SHK 1 and 10 puM for 3 h incubation. Many
probe sets were differentially expressed by >2.5-fold in cells treated with SHK: 353
up-regulated genes in cells treated with 1 uM treatment and 85 up-regulated genes in
cells with 10 uM treatment were detected in comparison to control (Supplementary
Table S1). Fifty of these up-regulated genes were common to both treatment groups.

The biologically relevant networks of the differentially expressed genes identified
from the GeneChip® analysis were depicted using Ingenuity Pathway Knowledge Base.
The networks contained genes related to apoptosis was up-regulated under 1 uM of
SHK, including transcription factor 3 (ATF3), DNA-damage-inducible transcript3
(DDITS3), jun proto-oncogene (JUN), phorbol-12-myristate-13-acetate-induced protein
1 (PMAIP1), protein phosphatase 1 regulatory subunit 15A (PPP1R15A). However,
these apoptosis promoting genes were significantly inhibited by 10 uM of SHK. In
addition, BCL2-associated athanogene 3 (BAG3) and HSP-related genes such as DnaJ
(Hsp40) homolog, subfamily B, member 1 (DNAJB1), heat shock 70 kDa protein 1A
(HSPA1A)/heat shock 70 kDa protein 1B (HSPA1B) also elevated at 1 uM of SHK
(Fig. 5 B and C). On the other hand, TNF (formerly known as TNF-a) was
dramatically increased at 10 uM of SHK and decreased at 1 uM of SHK treatment (Fig.
6 B and C).
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Figure 5. Changes in gene networks induced by SHK. U937 cells treated with 1 and 10 uM of SHK
for 3 h, GeneChip® analysis was performed. The changes of the genes by SHK were analyzed using
Ingenuity Pathways Analysis tools. The networks were displayed graphically as nodes (genes or
proteins) and edges (the biological relationships between the nodes). The colors of the nodes indicate the
expression level of the genes. Nodes and edges are displayed by various shapes and labels that represent
the functional class of genes and the nature of the relationship between the nodes, respectively. (A) Venn
diagram of the up-regulated genes by >2.5-fold in cells exposed to 1 and 10 uM of SHK. (B)
Up-regulated genes with 1 uM of SHK. (C) Regulation of similar genes as shown in A, with 10 uM of
SHK.
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Figure 6. Changes in gene networks induced by SHK. U937 cells treated with 1 and 10 uM of SHK
for 3 h, GeneChip® analysis was performed. The changes of the genes by SHK were analyzed using
Ingenuity Pathways Analysis tools. The networks were displayed graphically as nodes (genes or
proteins) and edges (the biological relationships between the nodes). The colors of the nodes indicate the
expression level of the genes. Nodes and edges are displayed by various shapes and labels that represent
the functional class of genes and the nature of the relationship between the nodes, respectively. (A) Venn
diagram of the up-regulated genes by >2.5-fold in cells exposed to 1 and 10 uM of SHK. (B)
Up-regulated genes with 10 uM of SHK. (C) Regulation of similar genes as shown in A, with 1 uM of
SHK.

4.6. Verification of differentially expressed genes

To verify the microarray results, real-time gPCR assay was performed. The
expression levels of four selected genes were comparable to those determined by
microarray analysis; the expression levels of ATF3, DDIT3 were significantly
increased at 1 uM of SHK and TNF was significantly increased at 10 uM of SHK for 3
h. In addition, we verified their protein expression by Western blot analysis (Fig. 7).

These results are very similar to those of the microarray experiments.
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Figure 7. Verification of microarray results by real-time gPCR and Western blot analysis. U937
cells were treated with 1 and 10 uM of SHK and then incubated at 37°C for 3 h and then real-time qPCR
assay was performed. (A) ATF3. (B) DDIT3. (C) TNF. Each mRNA expression level was normalized to
GAPDH expression level. The results are presented as the means £ SD (n = 4). #*p < 0.01 denotes a
mean significantly different from control. (D) The cells were treated with 1 and 10 uM of SHK and then
incubated at 37°C for 6 h, and protein expression of ATF3, DDIT3, and TNF-o was determined by
Western blot analysis. Representative results from three independent experiments are shown.

5. Discussion

In this study, we were able to demonstrate that both apoptosis and necroptosis can
be induced in U937 cells after treatment with different concentrations of SHK. It has
been reported that SHK induces apoptosis in human bladder cancer T24 cells [24] and
HeLa cells [25]. In both cancer cells caspase-3 plays a key role in the apoptosis
induction. Recently, it has been reported that SHK also induces necroptosis in HL-60
cells, and this cell death is associated with change of mitochondrial membrane

permeability [7].
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Excessive intracellular ROS generation is known to induce mitochondrial
dysfunction and subsequently release cytochrome ¢ from mitochondria into the cytosol,
which in turn activates the caspase cascade. Activation of the caspase cascade will
execute apoptosis and is also considered as a characteristic feature that distinguishes
between apoptotic and non-apoptotic cell death [26,27]. In the present study, low dose
of SHK has been found to induce DNA fragmentation, increases in intracellular ROS
generation, loss of MMP (Fig. 1).

SYTOX® Green is impermeant to live cells and cells undergoing apoptosis, and it
is a useful indicator for necrotic cell death [28]. SHK-induced non-apoptotic cell death
was determined by SYTOX® Green at 10 uM of SHK. Nec-1 significantly suppressed
SHK-induced SYTOX® Green stained cells (Fig. 2C). These results clearly indicate
that SHK-induced necroptosis at high concentration in U937 cells.

Oxidative stress is not only important in apoptosis, but also involved in the
necroptosis signal transduction [29]. In the present study, cell impermeable GSH
inhibits both apoptosis (Fig. 3B) and necroptosis at higher concentrations (data not
shown). It suggests that SHK is able to interact with GSH outside of cells and that this
interaction that depletes intracellular GSH is associated with SHK-induced cell death.
This is consistent with another finding that the pre-treatment of cell membrane
permeable GSH-MEE not only inhibit 1 uM of SHK-induced apoptosis, but also
convert 10 uM of SHK-induced necroptosis to apoptosis (Fig.3A). Reduced GSH, is
the most prevalent cellular thiol that protect cells from oxidative stress by playing an
essential role in preserving a reduced intracellular environment. It is considered that
the higher dose of SHK results in a more severe depletion of GSH and oxidative stress.
We conclude that intracellular GSH was depleted by SHK dose dependently; massive
oxidative stress induced by 10 uM of SHK causes breaks down of mitochondria,
inhibit apoptosis and lead to necroptotic cell death.

Mitochondrial membrane permeabilization is tightly regulated by complex
interaction of Bcl-2 family proteins in the apoptosis process [12], in contrast of that

necroptosis is linked to rapid mitochondrial dysfunction without activation of caspase
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cascade [30,31]. Bid is a pro-apoptotic Bcl-2 family member containing a BH3 domain
only, which can be cleaved by caspase-8, and the cleaved Bid translocates to
mitochondria and causes the induction of cytochrome ¢ [32]. In addition, up-regulation
of Noxa that causes mitochondrial membrane permeabilization and cytochrome c
release is a promising key mechanism underlying potent apoptosis [33]. In this study,
increases in the expression of tBid and Noxa were observed and this evidence indicates
that Bid is cleaved and activated by SHK at low dose (Fig. 4C). Therefore, these
findings indicate that the low dose of SHK induced apoptosis through
mitochondria-caspase dependent pathway. Interestingly, under 10 uM of SHK
treatment, cytochrome c¢ was released from mitochondria in increased amount
compared to that under 1 uM of SHK (Fig. 4A), without any changes of those BH3
domain only proteins observed in 1 uM of SHK (Fig. 4C). Therefore, these data
suggest that 10 uM of SHK induce increase necroptosis without any conventional
apoptotic signal transduction.

In the present study, GeneChip® analysis data also support the hypothesis.
CREB/ATF family of transcription factors and Ap-1 pathways were significantly
up-regulated at 1 uM of SHK (Fig. 5A). ATF3 is a member of CREB/ATF family, is
able to both homodimerize and heterodimerize with other basic-region leucine zipper
transcription factors, such as CHOP/DDIT3, JUN [34]. DDIT3 is usually expressed at
undetectable levels and its expression is induced by cellular stress [35]. ATF3 with
DDIT3 regulate gene expression, important to cellular repair and apoptosis. It has been
reported that loss of ATF3 function, reduce stress-induced expression of PPP1R15A, is
correlated with DNA damage and growth arrest induced apoptosis [36]. In addition,
JUN is the most important component of Ap-1 transcription factors. It has been well
accepted that JUN regulates cell proliferation, transformation and apoptosis. JUN
dependent pro-apoptotic protein FasL has also been reported in several experimental
systems [37]. FAS trigger apoptosis through FADD-mediated recruitment and
activation of caspase-8 [11]. FAS-induced apoptosis requires amplification through

proteolytic activation of the pro-apoptotic Bcl-2 family member Bid [38]. However,
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those genes were clearly down-regulated by 10 uM of SHK, it indicate that ATF3,
DDIT3, JUN and FAS are associated with low dose SHK-induced apoptosis, and lack
of these apoptotic signal transduction at 10 uM of SHK lead the cell death to
necroptosis.

On the other hand, significant increase of TNF expression is one of the most
remarkable events at 10 uM of SHK treatment. TNF encodes a multifunctional
pro-inflammatory cytokine that belongs to the TNF super family. This cytokine is
mainly secreted by macrophages and is involved in the regulation of a wide spectrum
of biological processes, such as cell proliferation, differentiation, and cell death. TNF
is able to trigger both apoptosis and necroptosis [13]. It has been demonstrated that
TNF stimulus are able to execute necroptosis when the apoptosis pathway is inhibited
or inactive. Ubiquitination of RIP1 and alternative activation of caspase-8 is an
important factor for signaling towards induction of apoptosis, conversely, RIP1-RIP3
complex has a central role in necroptosis [15-17]. In agreement with that 10 uM of
SHK induced necroptosis accompanied with increases in TNF expression (Fig. 6A)
without caspase-8 activation (Fig. 4B).

Microarray analysis showed the up-regulation of cytoprotective genes such as
BAG3, DNAJBL and HSPALA/HSPA1B [39] at low dose of SHK (Fig. 5A).
Previously, our group identified HSPA1A and DNAJB1 (Hsp40 homologs) being
up-regulated by SHK without induction of cell death [40]. We consider that the
expression of the genes is a response to the SHK-induced oxidative stress. However,
the oxidative stress induced by SHK might overcome the cytoprotective effects of the
BAG3 or the HSP-related genes, and thus the cells fate to the cell death.

On the basis of these findings, we conclude that (1) Low dose SHK induces
apoptosis via mitochondria caspase dependent pathway; (2) High dose SHK induces
necroptotic cell death by up-regulation of TNF expression and lack of activation in the
downstream components of apoptosis; (3) Depletion of intracellular GSH and
oxidative stress are involved in the cell death induced by SHK. To identify which gene

is the key to determine the cell fate to necroptosis or apoptosis, further investigation is
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under progress.
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