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Abstract:

Psychological or physical stress induces an elevation of corticosteroids in the
circulating system. We report here that corticosterone (CT) protects cardiomyocytes
from apoptotic cell death induced by doxorubicin (Dox), an antineoplastic drug known to
induce cardiomyopathy possibly through ROS production. The cytoprotection induced
by CT is within the range of physiologically relevant doses. The lowest dose tested, 0.1
uM (or 3.5 ug/dL), inhibited apoptosis by about 25% as determined by caspase activity.
With 1 uM CT, cardiomyocytes gain a cytoprotective effect after 8-hours of incubation
and remain protected for at least 72 hours. Hydrocortisone, cortisone, dexamethasone
and adosterone but not androstenedione or cholesterol also induced cytoprotection.
Analyses of 20,000 gene expression sequences using Affymetrix High Density
Oligonucleotide Array found that CT caused upregulation of 140 genes and
downregulation of 108 genes over 1.5 fold. Among the upregulated genes are bcl-xL,
metallothioneins, glutathione peroxidase-3 and glutathione S-transferases. Western blot
analyses revealed that CT induced an eevation of bcl-xL but not bcl-2 or proapoptotic
factors bax, bak and bad. Inhibiting the expression of bcl-xL reduced the cytoprotective
effect of CT. Our data suggest that CT induces a cytoprotective effect on cardiomyocytes

in association with reprogramming gene expression and induction of bcl-xL gene.
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Introduction:

Stress is known to increase the level of corticosteroids in the circulating system.
In humans and rodents, one minute of psychological stress can increase the plasma
corticosteroid levels by 5 to 6 fold. The neuroendocrine cascade hypothesis explains
such an increase as a result of hippocampus stimulation, which in turn signals the
hypothalamus to produce arginine vasopressin and corticotrophin-releasing factor, either
of which can act on the anterior pituitary, causing the release of adrenocorticotropic
hormone (ACTH). ACTH stimulates the adrenal cortex to produce corticosteroids. The
major biological form of stress-induced corticosteroid is cortisol in humans and
corticosterone (CT) in rodents (Guyton and Hall, 2000).

The biological function of corticosteroids has been debated over a long period of
time. Early studies found that increased corticosteroid levels due to chronic stress
contributed to memory loss, learning disability, and damage of the hippocampus
(Angducci, 2000). Although it remains questionable whether corticosteroids damage the
hippocampus, it is clear that the level of circulating corticosteroids increases with aging
and Alzheimer patients have significantly elevated levels of cortisol in the ventricular
cerebrospinal fluid (Angelucci, 2000). Chronic elevation of corticosteroids contributes to
a number of psychiatric disorders, including post-traumatic stress disorder, depression
and dementia. In addition to the neurological impact, prolonged exposure to
corticosteroids suppresses immune responses and renders individuals more susceptible to
infection and inflammation. Despite these apparent noxious effects, corticosteroids
induce the expression of gluconeogenic enzymes in the liver, the end result of which is

increased fatty acid synthesis and energy storage (Guyton and Hall, 2000).
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Synthetic corticosteroids have been used as pharmacological agents in several
clinica applications. A few examples of synthetic forms include cortisone,
dexamethasone, prednisone and methylprednisolone. These steroids are currently used in
the clinic for treatment of asthma, rheumatoid arthritis, and osteoarthritis as well as for
suppression of the immune response during organ transplantation. In spite of the vast
amount of information available on corticosteroid function and application, the specific
effect of these steroids on the heart has not been thoroughly studied as evidenced by the
limited literature in this area.

Recent literature indicates a role of apoptosisin heart failure and various forms of
heart disease (Chen and Tu, 2002; Kang and Izumo, 2000). Apoptotic-like cell death is
known to play arole in cardiomyopathy induced by the anti-neoplastic drug doxorubicin
(Dox) (Keizer et a., 1990; Singal et a., 2000). Dox is an anthracycline quinone
frequently used for treatment of several types of cancer including breast cancer and
leukemia. Although Dox can be an effective antineoplagtic drug, its utilization is
somewhat limited due to its side effect of cardiac toxicity (Keizer et a., 1990; Singal et
a., 2000). The administration protocol has been improved to minimize acute cardiac
toxicity. However, chronic cardiac toxicity usually develops 2-10 years after the drug
administration as patients show signs of dilated cardiomyopathy, in which apoptotic-like
cell death is detectable in a significant proportion of cardiomyocytes during pathological
analysis of the failing hearts (Keizer et al., 1990; Singal et al., 2000).

Dox can accept electrons from oxoreductive enzymes in the mitochondria to form
semiquinone free radicals, which can initiate a chain of redox reactions. Experimental

data have indicated that Dox causes formation of superoxide and H,O, when it is
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incubated with the mitochondrial fraction of heart extracts (Doroshow and Davies, 1986).
In addition to inducing oxidative stress, Dox at high concentrations can interact with
DNA topoisomerase, be intercalated into DNA and cause DNA strand breaks (Singal et
a., 2000). At the cdlular level, Dox has often been used as a model compound for
inducing apoptosis in a number of cell typesincluding cardiomyocytes. This provides us
with an experimental system to test the effect of corticosteroids on apoptosis induced by

Dox in cardiomyocytes.
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Material and Methods:
Chemicals. All chemicals or drugs were obtained from Sigma-Aldrich unless otherwise

indicated in the text.

Cell Culture and Treatment of Drugs: Cardiomyocytes were prepared from 1 to 2-day old
neonatal Sprague-Dawley rats (Harland, Indianapolis, IN) as previously described
(Coronella-Wood et al., 2004). The myocytes were seeded at a density of 2 x 10° cells
per 100 mm dish, 0.3x10° cells per well of 6-well plates or 7.5x10* cells per well of 24-
well plates. At 3-4 days after plating, cardiomyocytes were cultured in DMEM
containing 0.5% FBS and corticosterone (CT) at 1 uM or indicated doses. At 1- 3 days
after culture with corticosteroids, media were changed to fresh DMEM containing 0.5%
FBS and Dox was added to a final concentration of 1 uM for 20-24 hr incubation unless

otherwise indicated.

Caspase activity assay: Detached cells were collected by centrifugation and were mixed
with adherent cells from the same well in 6-well plates. The combined cells were
dissolved in 200 ul of lysis buffer (0.5% Nonidet P-40, 0.5 mM EDTA, 150 mM NaCl,
and 50 mM Tris pH 7.5) for measurements of caspase-3 activity using 40 uM of N-
acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC, Alexis
Biochemicals, San Diego, CA). The released AMC was measured as the Relative
Fluorescence Unit (RFU) using a 96-well fluorescence plate reader (Spectra Max,
Molecular Device, Sunnyvale, CA) with an excitation wavelength of 365 nm and an

emission wavelength of 450 nm.
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Annexin V binding assay: Cels were seeded onto coverglasses in 24-well plates.
Detached cells in the supernatant were collected by 5 min centrifugation at 1000 r.p.m
(500 g). After washing the detached cells and adherent cells with PBS separately,
detached cells were combined with their corresponding group of cells remained adherent
to the coverglass after addition of the labeling solution (10 mM HEPES/NaOH, Ph.7.4,
140 mm NaCl, 5 mM CaCl,). Annexin V-FLOUS (Roche Applied Science, Indianapolis,
IN) was added to the sample (25 ul per well). The cells were examined under a Nikon
E800m fluorescent microscope and the images were acquired using a Hamamatsu C5180

digital camera with the Adobe Photoshop software.

MTT assay for cell viability. At the end of Dox or CT plus Dox treatment, MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, Sigma Aldrich) was added cells
in 6-well plates to 0.5 mg/ml in culture medium. After 20 min incubation in 37°C tissue
culture incubator, culture medium was removed and resulting formazan crystals were
dissolved in isopropanol. The solublized formazan products were quantified by a
spectrophotometer (Shimadzu 1601) for absorbance at a wavelength of 570 nm. The
background absorbance was subtracted by spectrophotometric measurements at a

wavel ength 690 nm.

Western blot: Cells in 100 mm dishes were lysed by scraping in EB buffer (for
glucocorticoid receptors, 1% Triton X-100, 10 mM TrispH 7.4, 5 mM EDTA pH 8.0, 50

mM NaCl, 50 mM NaF, 2 mM NagVOs) or Laemini buffer [for bcl-2 or bcl-xL, 0.5 M

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 8, 2005 as DOI: 10.1124/mol.104.003814
This article has not been copyedited and formatted. The final version may differ from this version.

MOL Manuscript # 3814

Tris, pH 6.8, 2.4% (w/v) SDS, 50% (v/v) glycerol] with freshly added protease inhibitors
(CoronellaWood et al., 2004). Protein concentration was measured by the Bradford
method (Bio-Rad, Richmond, CA), the Bicinchoninic acid (BCA) method (Pierce,
Rockford, IL), or the Warburg-Christian method (Layne, 1957). Proteins were separated
by SDS polyacrylamide gel electrophoresis and were transferred to immobilon-P
membranes (Millipore, Bedford, MA). The membrane was incubated with antibodies
obtained from Cell Signaling Technology against cytochrome c (#4272) or capase-3
(#9665 for cleaved caspase-3); from Santa Cruz Biotechnology against capase-3 (sc-7148
for intact caspase-3), glucocorticoid receptor (sc-1004), Bcl-xL (sc-8392), cyclin B1 (sc-
245), cyclin D1 (sc-452), bcl-2 (sc-7382 ), Bax (sc-526), or Bak (sc-832); from Sigma-
Aldrich against o-smooth muscle actin, Proliferating Cell Nuclear Antigen (PCNA), or
vinculin; from Calbiochem against glutathione S-transferase (GST)ol (#354206) or
GSTmu2 (#354209); from Cayman Chemical against cyclooxygenase-2 (Cox-2,
#160106), Cox-1 (#160109); from Stressgen Biotechnology against heat shock protein 27
(Hsp27, SPA-803); or from MBL International against Bad (JM-3005-100). The bound
antibodies were detected using an enhanced chemiluminescence reaction after blotting

with the secondary antibodies conjugated with horseradish peroxidase.

Microarray: Cardiomyocytes were harvested by Trizol (Sigma, St. Lois, MO) for
extraction of total RNA. RNA was cleaned with an RNeasy mini kit (Qiagen). The
quality of RNA was examined by agarose gel electrophoresis and the Agilent 2100
bioanalyzer (Agilent Technologies) to ensure the purity and integrity of RNA suitable for

microarray. The RNA was converted to cDNA by reverse transcription using the
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SuperScript Choice kit from Invitrogen with a T7-(dT)24 primer incorporating a T7 RNA
polymerase promoter. The cRNA was prepared and labeled with biotin via in vitro
transcription using the Enzo BioArray High Yield RNA Transcript labeling kit (Enzo
Biochemical). Labeled cRNA was fragmented by incubation at 94°C for 35 min. For
hybridization, 15 ug of fragmented cRNA was incubated for 16 hrs at 45°C with a Rat
Expression 230A Gene chip. After hybridization, the gene chips were automatically
washed and stained with streptavidin-phycoerythrin using a fluidics station (Affymetrix).
The probed arrays were scanned at 3um resolution using the Genechip System confocal
scanner made for Affymetrix by Agilent. Affymetrix Microarray Suite 5.0 was used to
scan and analyze the relative abundance of each gene from the average difference of
intensities with p values < 0.005 when perfect matched signals are compared to
mismatched signals by the Wilcoxon’s Signed Rank test. Output from the microarray
analysis was merged with the Unigene descriptor and stored as an Excel data spreadshest.
The genes reported here appeared in two independent experiments (two pairs) and at least
one time during inter-pair comparisons. The changed p value, obtained by comparing the
signals of control versus CT treated samples using the Wilcoxon's Signed Rank test, is
less than 0.0005 for each gene. The final data were presented as average + standard
deviation obtained by intra-pair as well as inter-pair comparisons. Additional statistical
analyses using the Unpaired Student t-tests were performed using the Stata 8.2 software

from the average + standard deviations.

RT-PCR: Total RNA extracted using Trizol was used as templates for RT-PCR. M-MLV
reverse transcriptase (Invitrogen) was used for reverse transcription at 37°C for 90 mins.

The denaturation and primer extension temperature were 94°C and 72°C. The annealing

10

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 8, 2005 as DOI: 10.1124/mol.104.003814
This article has not been copyedited and formatted. The final version may differ from this version.

MOL Manuscript # 3814

temperature varied depending on the GC content of the primers as suggested by the

oligonucleotide synthesis company (Biosynthesis, Lewisville, TX). The primer

sequences are 5'-AGGCTGGCGATGAGTTTGAA and 5-
CGGCTCTCGGCTGCTGCATT for bcl-xL; 5'-
GAATTCCGTTGCTCCAGATTCACCAGATC and 5-

GAATTCTCACATGCTCGGTAGAAAACGG for metdlothionein | (MT 1); 5-
AAACAGGAGCCAGGCGAGAACT and 5-CCCGTTCACATCTCCTTTCTCAAA for
glutathione peroxidase-3 (GPx3); 5-CCCTGAGAACCAGAGTCAGC and 5'-
CCCAGCAATTCCTCATCAGT for GST al; 5-ATTCGCCTGTTCCTGGAGTA and
5 -AAACGTCCACACGAATCCTC for GSTmu2; 5-TTTTTTTTCCCAACCCTTGC
and 5-AATGAACAAAGGTTGGGGGG for serum/ glucocorticoid regulated kinase
(SGK); 5-AAAGCTTGTCACTGGGGCCAGCAAA and 5-
AGGATCCAGAGCAAACTTGCTTGCA for hydroxysteroid 113 dehydrogenasel (113-
HSD1); 5-GAGACCCTGTGCGTGATTGC and 5-CCTGCTCCACCTGGCTGAGG
for adrenergic receptor B2 (B2-AR); 5-TACAAGCAGTGGCAAAGGCC and 5-
CAGTATTGAGGAGAACAGATGGG for Cox-2; 5-
TAAGTACCAGGTGCTGGATGG and 5'-GGTTTCCCCTATAAGGATGAG for Cox-
1, 5-GGAGACGACTTACAGTGTAGCC and 5-CACACCCAAAGCAATCTTC for
agiotensin converting enzyme 1 (ACEL); 5-GAAATACACGCTCCCTCCAG and 5'-
GGCTTCTACTTGGCTCCAGA for Hsp27; and 5-AGACAGCCGCATCTTCTTGT
and 5’-CCACAGTCTTCTGAGTGGCA for glyceradehyde-3-phosphate dehydrogenase
(GAPDH). The products were detected by agarose gel electrophoresis and ethidium

bromide staining.

11
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Bcl-xL SRNA Transfection: Primary cultured cardiomyocytes were transfected with
SIRNA on the 3 day of plating. The cellsin 6 — well plates were incubated 6 hrs with
100 nM each 5 - GGCUGGCGAUGAGUUUGAALt-3' (abbreviated as SI, Ambion) and
5-GGUAGUGAAUGAACUCUUULt-3' (abbreviated as SII, Ambion) or a silencer
negative control SSIRNA of 19 base oligonucleotide derived from a scrambled sequence
(Ambion) in 1 ml mixture of Opti-MEM (Invitrogen) and DMEM containing 3 ul
Oligofectamine (Invitrogen). At 48 hours after transfection, cells were treated with
corticosterone for determining the protein level of bcl-xL and the effect of corticosterone

on Dox induced apoptoss.

12
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Results:
Corticosterone I nhibits Apoptosis | nduced by Dox.

Cardiomyocytes are adherent cultures but they detach and round up when they
undergo apoptosis. Such morphology was observed with the treatment of Dox at 1 uM or
higher doses. Caspase-3 activity measurement was used as a quantitative assay for
apoptosis. When cardiomyocytes were incubated with Dox for 24 hr, an elevated activity
of caspase-3 was observed with Dox at 0.1 uM or above (Fig. 1). Caspase-3 activity
assay indicates that 1.0 uM was an appropriate dose for inducing apoptosis since a higher
dose (5.0 uM) did not appear to induce more caspase-3 activity (Fig.1A). Activation of
caspase-3 by Dox was detectable at 9 hr but reached the highest level at 24 hrs (Fig. 1B).

The vast amount of literature concerning CT involves induction of apoptosis in
lymphocytes and neuronal cells. We have tested whether CT could induce apoptosis in
cardiomyocytes. Our experiments failed to show that CT induced apoptosis in
cardiomyocytes using physiologicaly relevant doses (0.1uM or 3.5ug/dL to 1 uM or 35
ug/dL) or higher (1 - 100 uM). To test the effect of CT on Dox induced apoptosis,
cardiomyocytes were cultured in medium containing 1.0 uM CT for 3 days and were
placed in fresh medium afterwards for Dox treatment. Figure 1B shows that cells
cultured with CT were reluctant to activate caspase-3 as evidenced by measurements at
various time points following Dox treatment. The effect of CT was dose dependent and
the lowest dose tested, 0.1 uM, showed about 25% protective effect (Fig. 1C). CT a 1
uM can inhibit about 70% of caspase-3 activity induced by Dox (Fig. 1C).

Morphological analysis was consistent with caspase-3 measurement, showing that

CT pretreatment prevented cells from detaching and presumably undergoing apoptosis

13
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(Fig. 2A-D). In addition to morphological changes and activation of caspases, apoptosis
can be measured by Annexin V binding. Using Annexin V conjugated with the FITC
fluorescent group, we found that Dox induced binding of Annexin V (Fig. 2E-F).
Culturing cardiomyocytes with CT prevented Dox from inducing Annexin V binding
(Fig. 2G-H). Propidium iodine stains nuclei, allowing us to examine the nuclear
morphology of cells treated with Dox (Fig. 2I-J). Scoring the percentage of cells that
round up and detach or exhibit the nuclear morphology of apoptotic cells (Chen et al.,
2002) provided quantitative evidence that CT pretreatment indeed inhibits Dox from
inducing apoptotic-like cell death (Fig. 2K). To demonstrate that CT indeed prevented
the loss of cell viability due to apoptosis induced by Dox, we measured cell viability
using MTT assay. Fig. 2L shows that while Dox caused reduction in cell viability,
treatment of CT prevented the loss of cell viability. Additional evidence supporting CT
inhibition of apoptosis was shown with the DNA degradation assay (Fig. 3A), loss of
mitochondrial cytochrome c (Fig. 3B), and caspase-3 cleavage (Fig. 3C).

Cdl death can be induced by a number of damaging agents. To address whether
CT inhibits apoptosis induced by chemicals in addition to Dox, we tested the effect of CT
on caspase-3 activated by two other cardiac toxins. palmitate and 2-deoxyglucose (De
Windt et al., 2000; Hickson-Bick et al., 2002). Although it is not clear whether oxidative
stress plays arole in palmitate or 2-deoxyglucose toxicity, these two compounds induced
activation of caspase-3 at 0.5 and 25 mM doses respectively (Fig. 4A). Pretreatment with
CT prevented palmitate or glutamate from inducing caspase-3 activation (Fig.4A),
suggesting that CT may protect cardiomyocytes from cell death induced by a number of

toxins.

14

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 8, 2005 as DOI: 10.1124/mol.104.003814
This article has not been copyedited and formatted. The final version may differ from this version.

MOL Manuscript # 3814

We then tested the effect of several different corticosteroids on caspase-3
activation induced by Dox to determine if the inhibition of apoptosis is limited to CT.
Among the steroids tested, hydrocortisone, dexamethasone, cortisone, and aldosterone
showed an inhibitory effect against Dox induced caspase-3 activation (Fig. 4B). 4-
Androstenedione, an intermediate of steroid synthesis, and cholesterol, the precursor of

adrenal steroids, failed to inhibit caspase-3 activation (Fig. 3B).

Delayed Time Course and Dependence on Receptor and Protein Synthesis

In order to determine the mechanism of CT induced cytoprotection, we tested the
role of the glucocorticoid receptor (GR) (Yudt and Cidlowski, 2002). Rat neonata
cardiomyocytes appear to express GR and the two protein bands from Western blot
analyses represent the 94 kD o isoform and 90 kD 3 isoform (Fig 5A). Treatment of CT
did not appear to alter the level of GRs (Fig. 5A). Mifepristone (MF) can bind to GR
with high affinity and maintains the receptor in an inappropriate conformation for
corticosteroid binding (Cadepond et al., 1997). We tested the effect of MF on CT-
induced cytoprotection by pretreating cells with MF for 30 mins prior to CT addition. It
was found that CT in the presence of MF could no longer inhibit caspase-3 activation
induced by Dox treatment (Fig. 5B).

The cytoprotective effect of CT was first discovered by culturing cardiomyocytes
with CT for 3 days. To define the minimal time frame required for CT to produce a cdll
survival response, we pretreated cells with CT from 30 minsto 8 hrs or for 1, 2 and 3
days before Dox treatment. The results showed that 8 hr CT pretreatment was starting to

have a cytoprotective effect (Fig. 6A) and 24 hr pretreatment was just as effective as 3-

15
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days pretreatment in inhibiting apoptosis (Fig. 6B). The fact that CT requires 8 hr or
more to induce a cell survival response led us to postulate that new protein synthesis
could have played arole. We therefore tested the dependence of new protein synthesis
on CT-induced cell survival by placing cells in a medium deficient of the essential amino
acids methionine and cysteine or by adding the protein synthesis inhibitor cycloheximide
to the complete culture medium during 24 hr CT pretreatment. The culture medium was
changed back to fresh complete medium during 24 hr Dox treatment. In complete
medium, CT inhibited 76.2% caspase activity induced by Dox treatment. The methionine
and cysteine deficient medium reduced CT inhibition to 48.1%. Addition of 0.5 ug/ml of
cycloheximide during CT pretreatment reduced the protective effect down to 20%. The

results indicate arole of new protein synthesisin CT induced cell survival response.

Gene Expression Altered by Corticosteroids

Microarray analysis allows us to address the mechanism of CT induced
cytoprotection systematically without the bias of prior knowledge. We have used the
Affymetrix High Density Oligonucleotide Expression Array system to identify the genes
that change expression levels by CT treatment. RNA was harvested from control or
treated cardiomyocytes at 24 hr after addition of 1 uM CT. This time point was chosen
based on the studies of the apoptosis time course showing that the cells had gained
maximal cytoprotective capacity. We examined the expression of 20,000 genes or
transcribed sequences using the Rat Expression 230A Gene Chips. The results reveaed
that about 1.7% genes changed expression by 1.5 fold or more in cells treated with CT.

CT induced 140 genes plus 116 unnamed Transcribed Sequences to increase their

16
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expression over 1.5 fold. There were 108 genes plus 72 unnamed Transcribed Sequences
downregulated by CT treatment. The unnamed Transcribed Sequences have been

verified by searching against the Unigene database (www.ncbi.nlmr.gov) for gene names

and have either no sequence homology or less than 50% homology to a specific gene in
the database. Table 1 lists the genes that are up or downregulated by CT treatment. We
have verified the gene array data by RT-PCR analysis for 12 genes. All of the genes
tested by RT-PCR were upregulated by CT treatment (Fig. 7). The RT-PCR data is
therefore consistent with the microarray finding.

Among the upregulated genes found by microarray analyses are the antiapoptotic
gene bcl-xL and several antioxidant, detoxification enzymes and metal binding proteins,
including metallothionein | and II, glutathione peroxidase 3 and glutathione S
transferases (Table 1). In addition, a number of the genes upregulated by CT have been
shown to contribute to cell survival in the literature, some of which have been shown
specifically to be cytoprotective for cardiomyocytes. These genes include insulin like
growth factor-1, Hsp27, prostaglandin-endoperoxide synthetase-2 (Cox-2) and
serum/glucocorticoid regulated kinase (SGK) (Table 1). Microarray analyses also
revealed that CT induced 6 muscle or contractile proteins, 6 channel proteins, 4
prostaglandin synthesis enzymes, 12 endocrine factors or their binding proteins, 6
receptors, 15 signaling molecules, 8 transcription factors, 3 chromatin or DNA binding
proteins, 9 cytoskeletal proteins, 7 cell surface or extracellular matrix proteins, and 11
enzymes for energy, nucleic acid, lipid or steroid metabolism (Table 1). Although many
of above categories also have genes that were downregulated by CT, the most striking

finding among the decreased genes are cell cycle regulators (Table 1). We have verified
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the expression of bcl-xL, two GSTs, Cox 1 and 2, Hsp27, cyclin D2, cyclin B1, and
PCNA at the protein level by Western blot analyses using commercialy available
antibodies. Those have been verified by Western blot show consistent results with
microarray or RT-PCR analyses in induction or reduction (Fig. 8). The gene array data
suggest that CT induces multiple changes at the gene expression level. A part of these

changes likely contribute to the observed cytoprotection as reported here.

Induction of Bcl-xL in Absence of Elevation of Bcl-2 or Proapoptotic Factors

The prosurvival members of the bcl-xL family can protect cells from apoptosisin
various experimental systems. An increase in the protein level of bcl-xL could explain
the cytoprotection induced by CT pretreatment. To determine the correlation between
bcl-xL induction and inhibition of apoptoss, we have measured the dose response and
time course of bcl-xL induction. An elevation of bcl-xL protein was observed with 24
hrs treatment of CT at the concentration of 0.1 uM and the elevation reached its highest
level with 1.0 uM CT (Fig. 9A). With 1.0 uM CT treatment, the elevation was
significant at 4 hrs, reached the highest induction at 8 hrs, and remained at the highest
level of induction throughout 72 hrs (Fig. 9B). Treatment with MF abolished induction
of bcl-xL by CT (Fig. 9C). The dose response, time course and the impact of MF studies

suggest that bel-xL induction correlates well with the cytoprotective effect of CT.

Previous studies found that treatment with Dox can change the level of bcl-xL
protein (Negoro et a., 2001), posing the question of whether or not induction of bcl-xL

indeed contributes to the observed cytoprotective effect of CT. We determined the levels
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of bcl-xL induction by CT with or without Dox treatment. Figure 10 shows that while
the induction of bcl-xL by CT is profound, Dox did not appear to alter the level of bcl-xL
significantly in our experimental system within the time frame tested (24 hrs).

We have used stringent conditions to select for genes that up or down regulated
by CT treatment during microarray analyses. Target measurements of genes in the bcl-2
family alow us to determine the importance of bcl-xL elevation in CT induced
cytoprotection. Bcl-2 is another prosurvival factor, overexpression of which can protect
cells from undergoing apoptosis. Measurement of bcl-2 protein revealed that CT or Dox
did not induce significant changes in the level of bcl-2 protein (Fig. 10). Bcl-xL can
dimerize with the proapoptotic factors bax and bak and prevent these proapoptotic factors
from releasing mitochondrial cytochrome C. Bad, another proapoptotic factor, can
inhibit the action of bcl-xL. Down regulation of these proapoptotic factors could
contribute to cytoprotection. To test this possibility, we have determined the level of bax,
bak and bad proteinsin CT treated cells with or without Dox treatment. The results show
that CT or Dox treatment did not appear to alter the level of these proapoptotic protein
factors within the time frame tested (Fig. 10).

In order to determine the contribution of bcl-xL induction in CT induced
cytoprotection, we have used small interference RNA (siRNA) to inhibit the expression
of bcl-xL. Measurements of bcl-xL level after transfecting a combination of two SSIRNAs
showed the retardation of bcl-xL induction by CT treatment (Fig. 11A). Measurements
of caspase-3 activity at 16 hrs after Dox treatment indicated that bcl-xL siRNA abolished
CT mediated cytoprotection. Scoring the percentages of cells detached or showing

nuclear condensation or nuclear fragmentation at 24 hrs after Dox treatment revealed that
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bcl-xL siRNAs partially reversed the cytoprotective effect of CT (Fig. 11B&C). These

data suggest that induction of bcl-xL contributes to the cytoprotective effect of CT.
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Discussion:

This study revealed that CT inhibits apoptotic-like cell death induced by Dox in
primary cultured cardiomyocytes. The dose range found to inhibit cell death in this study
is0.1to 100 uM. The lowest dose tested here, i.e. 0.1 uM or 3.5 ug/dL, is related to the
basal level of cortisol in the circulating system of humans (2 — 5 ug/dL). The
concentration of CT relevant to the circulating level of cortisol in human during stress
(0.7 - 1 uM) appeared to be optimal in inducing cytoprotection. Therefore this finding
may contribute to understanding the physiological impact of stress on the heart in
humans.

Recent studies have demonstrated the presence of apoptotic cells in biopsy
samples of failing human hearts and in the myocardium of experimental animals with
failing hearts (Chen and Tu, 2002; Kang and Izumo, 2000). There is evidence that
inhibiting apoptosis may alleviate certain clinical manifestations of heart failure in
experimental animals (Feuerstein et al., 1998; Kotamraju et al., 2000; Ma et al., 1999).
Dox is known to induce dilated cardiomyopathy. The presence of a large amount of
apoptotic cels in the myocardium of Dox treated patients has been traditionally thought
to contribute to the dilated cardiomyopathy and heart failure (Keizer et al., 1990; Singal
et a., 2000). Therefore, inhibitors of apoptosis may provide hope for the prevention or
treatment of Dox-induced cardiomyopathy.

One caveat is the potential difference of corticosteroid effects in vitro versus in
vivo. Theclinical impact of corticosteroids on the heart has been an issue under intensive
debate (Ng and Celermger, 2004). In general, physicians tend not to prescribe

corticosteroids to patients with cardiovascular disease due to potential detrimental effects
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of the steroids on electrophysiology of the heart and on the vascular system. Earlier
clinical observations indicate that administration of dexamethasone causes sudden
cardiac arrhythmias (Rao et al., 1972; Schmidt et al., 1972). Additionally corticosteroids
have been found to increase the peripheral vascular resistance and cause increases in
blood pressure in a dose dependent manner (Kelly et al., 1998; Whitworth et al., 2001).
Prolonged overexposure to corticosteroids can cause Cushing's syndrome, a rare disease
manifested by depression, osteoporosis, diabetes and high blood pressure. In agreement
with these unwanted effects, our microarray analyses show that CT induces the
expression of B2 AR, which may affect the contractility and therefore arrhythmias of the
heart. We aso found that CT induces the expression of ACE1, which may result in an
increased production of angiotensin Il, a peptide known to contribute to cardiac
hypertrophy and heart failure. The enzyme 113-HSD converts 11-keto steroids into
active glucocorticoids and therefore amplifies the action of glucocorticoids. Despite
these undesirable effects in vivo and in vitro, corticosteroids have been found to protect
the heart from ischemia and reperfusion injury in animal models (Busuttil and George,
1978; Libby et al., 1973; Spath et al., 1974; Valen et a., 2000). Whether corticosteroids
can initiate an antiapoptotic response in vivo in mediating the cardiac protective effect
remainsto beinvestigated.

The discovery of bcl-xL elevation provides one answer to the observed anti-
apoptotic effect of CT. Thetime course of bcl-xL elevation appears to be consistent with
thelong lag time period, i.e. 8 hrs, required for cells to gain antiapoptotic ability and with
the dependence of new protein synthesis for CT induced cytoprotection. The balance of

prosurvival factors versus proapoptotic factors in the bcl-2 family appears to be tipped
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towards the prosurvival side with the induction of bcl-xL, since no increase of
proapoptotic factors bax, bak and bad was observed with CT treatment. In certain
experimental systems of chemical induced apoptosis, increases in bax, bak or bad have
been observed. Bax, bak or bad can form channels on the mitochondrial membrane for
cytochrome ¢ release when levels of these proapoptotic proteins are elevated or when
they escape from the surveillance of their inhibitors, such as bcl-2 and bcl-xL. With Dox
treatment alone, we did not observe an increase in the levels of bax, bak or bad (Fig. 10).
However a loss of mitochondrial cytochrome ¢ was observed with Dox treatment (Fig.
3B), suggesting the possibility of mitochondrial membrane permeability transition in
mediating cytochrome c release. Dox has been shown to produce reactive oxygen species
(Doroshow and Davies, 1986; Keizer et al., 1990; Singal et al., 2000). Oxidants can
induce mitochondrial membrane permeability transition, which is typically triggered by
increases in cytosolic Ca®* (Kuwana and Newmeyer, 2003; Takeyama et a., 1993). The
endoplasmic reticulum (ER) plays a critical role in regulating the concentration of
cytosolic Ca?*. Recent evidence indicates that bcl-2 regulates the level of cytosolic Ca?*
through its ER localization (Annis et al., 2004; Kuwana and Newmeyer, 2003). Bcl-xL
has also been found to locate in the ER in addition to its mitochondrial and cytosolic
digtribution (Annis et al., 2004). This suggests the possibility that bcl-xL may prevent
apoptosis through inhibiting mitochondrial membrane permeability transition. However,
we cannot exclude the possibility that Dox, without increasing the level of bax, bak or
bad, inactivates the surveillance of bax, bak or bad, causing cytochrome c release through
formation of mitochondrial membrane channels. CT enhances the surveillance by

inducing bcl-xL, which inhibits the formation of mitochondrial cytochrome c release
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channdl by bax, bak and bad. Regardless, inhibiting the expression of bcl-xL using
siRNAs proved the role of bcl-xL in CT induced anti-apoptosis effect. The bcl-xL gene
has been shown to be induced by a number of stimuli, such as UV irradiation, cytokines
and chemical stress (Grad et al., 2000). The elevated expression of bcl-xL can be
regulated at transcriptional levels. The promoter region of the bcl-xL gene contains
consensus-binding sites for Rel/NF-kB, Ets and STAT transcription factors. There is
evidence that GR transcription factor can cross talk with STAT-3 in regulating bcl-xL
gene expression (Takedaet al., 1998).

Microarray analyses indicated that CT induces a multitude of changes at the gene
expression level. Transcriptional regulation has been a main feature studied in the
biology of corticosteroids (Adcock, 2001; Karin, 1998). Upon binding to corticosteroids,
GR transforms from a silent to an active transcription factor. GR forms a homodimer that
binds to the glucocorticoid response element (GRE) in the promoter region of target
genes, resulting in transcriptional activation of these genes. Metallothionein |, a metal
binding protein that has been shown to function as an antioxidant and protect
cardiomyocytes from Dox induced toxicity in vitro and in vivo (Kang, 1999; Sun et al.,
2001), contains GRE in its promoter (Karin, 1998). Consistent with the literature, CT
indeed induced the expression of metallothionein | in cardiomyocytes as indicated in our
microarray and RT-PCR analysis. In addition to activating the transcription of genes
containing the GRE in their promoter, corticosteroids have been shown to regulate
transcription through chromatin remodeling and to repress transcription of genes
containing a negative GRE (nGRE) cis element in their promoters (Adcock, 2001,

Bamberger et al., 1996; Deroo and Archer, 2001). CT can aso bind to an orphan
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receptor, the Pregnane X Receptor (PXR) (Xie and Evans, 2001). Activation of PXR
composes a novel steroid signaling and transcriptional regulation pathway that is distinct
from the classical glucocorticoid receptor mediated pathways. PXR knockout mice are
hypersensitive to the toxicity of xenobiotics (Xie and Evans, 2001), suggesting a role of
PXR in cytoprotection. These pieces of evidence in conjunction with our microarray data
suggest that CT treatment can reprogram the gene expression profile in cardiomyocytes.
Although induction of bcl-xL may contribute to cell survival, it seems unlikely that the
observed cytoprotection induced by CT in cardiomyocytes is associated with one gene
not the others. Changes in 1.7% of genes from the cardiomyocyte genome depict the

state of CT treated cells.
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Figure Legends:

Fig. 1. CT Pretreatment Inhibits Caspase Activation Induced by Dox. Cardiomyocytes
were treated with Dox at indicated doses (A). For pretreatment of CT, cardiomyocytes
were cultured in DMEM containing 1 uM (B) or various concentrations of CT for 3 days
(C). After replacing the cells with fresh medium, cells were treated with 1 uM Dox for
24 hrs (A, C) or various time points (B) before harvesting for measurement of caspase-3

activity usng DEVD-AMC as a substrate.

Fig. 2. Morphological Evidence, Annexin V Binding Assay and Staining of Nuclei
Indicate that CT Induces Cytoprotective Response. Cardiomyocytes were cultured in
DMEM containing 1 uM CT for 3 days. The cells were then placed in fresh medium and
treated with 1 uM Dox for 24 hr. The morphology was recorded under an Olympus
phase contrast microscope with 20x lens (A-D). For Annexin V staining, cardiomyocytes
were grown on cover glasses in 24-well plates. Annexin V-FITC staining positive cells
were recorded under a Nikon fluorescence microscope with 10x lens (E-H). Control (1)
or cells floated after Dox treatment (J) were collected for staining of nuclel with low
concentration of propidium iodine (1.0 ug/ml) as described (Chen et al., 2002). The
percentage of cells floated into the medium or the percentage nuclei showed nuclear
condensation or fragmentation (K) was scored under a microscope as previously
described (Chen et al., 2002). For cell viability assay (L), MTT was added to cells for 20
min incubation as described in the Method and the data of absorbance represent average

+ standard deviations from three independent experiments.
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Fig. 3. Assays of DNA Degradation, Mitochondrial Loss of Cytochrome C and Cleavage
of Caspase-3 Support that CT Induces Cytoprotection. Cardiomyocytes were cultured in
DMEM containing 1 uM CT for 3 days. The cells were placed in fresh medium and
treated 24 hrs with 1 uM Dox for measurement of DNA degradation (A) by agarose gel
electrophoresis after extracting genomic DNA as described (Chen et al., 1995) and for
measurement of mitochondrial cytochrome c¢ (B) or intact (C) versus cleaved (D)

caspase-3 by Western blot as described in the Methods.

Fig. 4. CT Inhibits Palmitate and D-Glucose from Activating Caspases and Effect of
Various Steroids. Cardiomyocytes were cultured 3 daysin DMEM containing 1 uM CT
(A, B), ddosterone (Aldo, 1 uM), cortisone (Cort, 1 uM), dexamethasone (Dex, 1 uM),
hydrocortisone (HCT, 1 uM), 4-androsterendione (And, 1 uM) or cholesterol (CH, 10
uM, B). The célls were then placed in fresh medium for 24-hr treatment with 0.5 mM
pamitate (Pal), 25 mM D-glucose (A) or 1 uM Dox (B). Cells were harvested for

measurement of caspase-3 as described in the Methods.

Fig. 5. Role of GR in CT Induced Cell Survival Response. Cardiomyocytes were treated
with 1 uM CT for 6 hr before harvesting for measurement of GR using Western blot (20
ug protein/Lane, A). Smooth muscle o actin blotting was included as a loading control
(A). For measurement of caspase-3, 1 uM MF was added to the indicated group 30 mins
prior to addition of 1 uM CT (B). Cells were cultured in the medium containing CT in
the presence or absence of MF for 3 days (B). Cellswere placed in fresh medium for 24-

hr treatment with 1 uM Dox (B).
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Fig. 6. Time Required for CT to Induce Cell Survival Response. Cardiomyocytes were
treated with 1 uM CT for indicated time before being placed in fresh medium for 24 hr
treatment with 1 uM Dox. At the end of treatment, cells were harvested for measurement

of caspase-3 activity as described in the Methods.

Fig.7. RT-PCR Verification of Increased Expression of Antiapoptoss, Antioxidant,
Detoxification and Other Genes Identified by Microarray Analyses. Cardiomyocytes
were treated with 1 uM CT for 24-hrs and total RNA (2 ug) was used for reverse
transcription and PCR reaction with primer pairs designed specifically for the
metallothionein-1 (MT 1), glutahione peroxidase-3 (GPx-3), glutathione S-transferase
(GST) a1, GSTmu2, serum/glucocorticoid regulated kinase (SGK), hydroxysteroid 1183
dehydrogenase 1 (118-HSD1), adrenergic receptor B2 (B2 AR), cyclooxygenase-2 (Cox-
2), Cox-1, angiotensin converting enzyme 1 (ACE1), heat shock protein 27 (Hsp27) or
glyceraldehyde-3-phosphate dehydrogenase (GADPH). The PCR products were detected
by eithidium bromide staining after agarose gel electrophoresis. Alpha-Innotech Image

System was used to acquire the images using Adobe Photoshop software.

Fig. 8. Protein Level Verification of A Fraction of Genes Identified by Microarray.
Cardiomyocytes were treated with 1 uM CT for 24-hrs and cell lysates were used for
Western blot analyses (20 ug protein/lane) as described in the Method. Vinculin was

used as aloading control.
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Fig. 9. CT Dose and Time Dependent Induction of Bcl-xL Protein. Cardiomyocytes
were treated with various doses for 24 hrs (A) or were treated with 1 uM CT for indicated
time (B) or 24 hrs (C). MF at 1 uM dose was added to cells 30 mins prior to addition of
1 uM CT (C). Cels were harvested for Western blot (20 ug protein/lane) to measure for

levels of bcl-xL as described in the M ethods.

Fig. 10. Levels of Bcl-2, Bax, Bak, and Bad in CT Treated Cells with or without Dox
Treatment. Cardiomyocytes were cultured in DMEM containing 1 uM CT for 3 days.
Cells were treated with Dox for 16 hours and were harvested for measurement of levels
of bcl-xL, bcl-2, bax, bak and bad by Western blot as described in the Method. Blotting

of vinclulin shows equal loading of proteins between each lane (20 ug protein/lane).

Fig. 11. Effect of bcl-xL ssRNAs on CT Induced Cytoprotection. Cardiomyocytes were
transfected with two species of bcl-xL SSRNA or a negative control. At 48 hrs after
transfection, the cells were treated 8 hrs with 1 uM CT for measuring the level of bcl-xL
protein by Western blot (A). After 24 hr pretreatment of CT, cells were treated with 1
uM Dox for additional 16 hours for measurement of caspase-3 activity (B). The célls
were treated 24 hrs with 1 uM Dox for scoring the percentage of detached cells under a
phase contrast microscope (C) or for scoring the percentage of nuclel showing
condensation or fragmentation after propidium iodine staining under a fluorescent

microscope (C) as previously described (Chen et al., 2002).
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Table 1 Gene Expression Profile of Cardiomyocytes Treated with Corticoster one

Cardiomyocytes were treated with 1 uM CT for 24 hrs and were harvested for microarray
analyses as described in the Methods. The Wilcoxon's Signed Rank test in the
Microarray Suite 5.0 selected the genes that show increases or decreases by CT treatment
with p value < 0.005 during intrapair comparisons. The data represent average +
standard deviation of fold changes from intra and interpair comparisons. Additional
statistical analysis using Stata 8.2 Student t-test confirmed the significant differences with
p<0.05 (as indicated by *) or p<0.01 (without indication) when CT treated samples were
compared to control untreated samples. Downregulated genes are indicated in italic,
within the same category of upregulated genes.

Antioxidant/detoxification enzymes'metal binding proteins

Rn.1491 glutathione peroxidase 3 1.92 +0.30
Rn.10460 glutathione Stransferase, apha 1 2.07+0.37
Rn.625 glutathione-S-transferase, mu type 2 1.80 + 0.07
Rn.7854 microsomal glutathione S-transferase 2 1.92+0.36
Rn.867 flavin-containing monooxygenase 1 2.59 + 0.52
Rn.11676 flavin-containing monooxygenase 3 111.63 + 57.78*
Rn.26060 cytochrome P450 2d18 2.15+0.22
Rn.1507 Aryl sulfotransferase 6.34+1.04
Rn.19540 diacetyl/L-xylulose reductase 3.30+0.70
Rn.54397 metallothionein 5.44 + 0.99
Rn.64596 metallothionein-I1 539+ 1.28
Rn.91296 transferrin 443+ 2.17*
Rn.32777  ceruloplasmin 2.15+0.12
Rn.1451 selenoprotein P, plasma, 1 2.45 + 0.66*
Anti-apoptosis
Rn.10323  bcl-xl 1.81+0.27
Muscle or_contractile proteins
Rn.40120 fast myosin akali light chain 4.47 + 0.64
Rn.48663 myosin heavy chain 7 1.67 +0.13
Rn.94969 myosin heavy chain 11 2.30 + 0.54*
Rn.27152  apha-dystrobrevin 2.36+0.37
Rn.6303 muscle ring finger protein 1 2.84+0.23
Rn.22171 cypher (PDZ-LIM domain Z-line protein) 157+0.11
Channel protein
Rn.1618 aguaporin 1 3.15+0.28
Rn.3205 glucose transporter 1 197+0.13
Rn.1314 glucose transporter 4 202+ 0.29
Rn.67076  organic anion transporter 10 1.79+0.19
Rn.10047  potassium inwardly-rectifying channel J(5) 1.59 + 0.06
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Rn.88300
Rn.87329
Rn.839

Rn.32566

gap junction membrane channel protein alpha
Na'/K* ATPase alpha 3 subunit

FXYD domain-containing ion transport regulator 6
fatty acid binding protein 3

Prostaglandin synthesis

Rn.44404
Rn.44369
Rn.10498
Rn.11400

prostaglandin-endoperoxide synthase 1 (Cox1)
prostaglandin-endoperoxide synthase 2 (Cox2)
prostaglandin 12 synthase
Prostaglandin D synthase

Endocrinefactorsor their binding protens:

Rn.2490
Rn.4256
Rn.8037
Rn.6282
Rn.29042
Rn.8929
Rn.10232
Rn.90931
Rn.40476
Rn.22500
Rn.48835
Rn.6431
Rn.1664
Rn.9714
Rn.4772
Rn.1593

Receptors:
Rn.10206

Rn.10294
Rn.4102
Rn.11200

Rn.1820
Rn.9962

interleukin 15

vascular endothelial growth factor D
epidermal growth factor-like protein, T16
insulin-like growth factor 1
nephroblastoma overexpressed gene (NOV)
galanin

adrenomedullin

bone morphogenetic protein 2

bone morphogenetic protein 6

follistatin

follistatin-like 3

insulin-like growth factor-binding protein 6
angiopoietin-like 2

Neuropeptide Y

small inducible cytokine A2

insulin-like growth factor-binding protein 5

adrenergic receptor beta 2

Serotonin receptor 2A

Endothelial differentiation sphingolipid G protein
coupled receptor 1

endothelial differentiation lysophosphatidic acid G-
protein-coupled receptor 2

peripheral benzodiazepin receptor

thyrotropin releasing hormone receptor

Signaling molecules

Rn.4636
Rn.6343
Rn.6890
Rn.6500
Rn.42890
Rn.9983
Rn.9791

serum/glucocorticoid regulated kinase
serine threonine kinase pim3

Ras like protein

G protein-coupled receptor kinase 5

CAMP-regulated guanine nucleotide exchange factor Il

Protein kinas A anchor protein 5
insulin receptor substrate 3

38

MOL Manuscript # 3814

2.61+0.37

052+ 0.10
0.65+ 0.03
050+ 0.07

3.92+0.78
3.62+0.32
2.08 +0.28
2.02 + 0.39*

1.87+0.19
202+0.34
3.10+0.78*
2.20 + 0.60*
1.71+0.12
4.40 + 1.40*
2.29+041
2.30+0.13
1.63 + 0.09
1.63 + 0.09
2.3 +0.00
2.13 + 0.46*
037+ 0.15
052+ 0.13
051+ 0.18
0.36 + 0.05

2.85+ 0.95*
2.21 +0.62*

2.29 + 0.85*

265+0.34
1.80 + 0.32*
1.76 + 0.34*

2.88+0.19
214+ 041
3.38+0.40
1.75+0.14
240 + 0.62*
2.01+0.28
1.71+0.12
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Rn.10696
Rn.37601
Rn.10239
Rn.7492
Rn.31120
Rn.7274
Rn.17933
Rn.24612
Rn.19950
Rn.12100
Rn.10865
Rn.14848
Rn.28232
Rn.11034
Rn.91
Rn.22271
Rn.44437
Rn.12679

phosphatidyl serine-specific phospholipase A1
myo-inositol 1-phosphate synthase A1

FMS-like tyrosine kinase 1

protein tyrosine phosphatase-like protein PTPLB
non-receptor protein tyrosine phosphatase 16
enigma (PDZ-LIM domain protein)

enigma homolog

Arg/Abl-interacting protein ArgBP2

Rac GTPase-activating protein 1
seruminducible kinase

serine/threonine kinase 12

protein kinase Sak-a

maternal embryonic leucine zipper kinase
polo-like serine/threnine protein kinase

CDC28 protein kinase 1

Nonreceptor protein-tyrosine-phosphatase 3
protein phosphatase 2A regulatory subunit B
Acid sphingomyelinase-like phosphodiesterase 3b

Transcription factors

Rn.6211
Rn.12550
Rn.6479
Rn.6975
Rn.19481
Rn.95264
Rn.24978
Rn.1671
Rn.15099
Rn.3227
Rn.15992
Rn.9027
Rn.93372

glucocorticoid-induced leucine zipper
NF-kappaB inhibitor alpha (I-kappa-B-al pha)
CCAAT/enhancer binding protein beta
CCAAT/enhancer binding protein delta
Kruppel-like factor 9

Kruppel-like factor 13

Kruppel-like factor 15

Epicardin (Podl)

transcription factor SOX4

Forkhead related transcription factor 10
Lactose Operon Repressor

Enhancer of zeste homolog 2 (ENX-1)
Sy-related HMG-box protein Sox11

Chromatin or DNA binding proteins

Rn.8353
Rn.82737

Rn.3053
Rn.3636
Rn.27469
Rn.2874
Rn.3517
Rn.33226
Rn.113
Rn.37193
Rn.25771

histone H2A.1
zinc finger protein 36 (TIS11)

SWI/SNF related actin dependent chromatin regulator

d(2)

H2A histone family member Z

histone H1-binding protein

high mobility group box 2

high mobility group protein 17

mini chromosome mai ntenance deficient 6
mini chromosome maintenance deficient 7
small nuclear ribonucleoprotein D
heterogeneous nuclear ribonucleoprotein A1
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2.14+0.00
11.64 + 8.30*
1.93+0.32
1.98 + 0.30
1.75+0.22
179+ 0.26
1.63+ 0.20
1.67+0.18
0.29 + 0.09
052+ 0.07
053+ 0.04

045+ 0.04
0.55+ 0.09
0.65+ 0.03
0.56 + 0.06
043+ 0.04
0.60+ 0.07

257 +0.37
231+0.23
1.81+0.16
1.60+0.18
2.82+054
1.79+0.19
3.52 + 0.56
1.55 + 0.06
039+ 0.04
0.52 + 0.07
046+ 0.13
056+ 0.10
0.46 + 0.02

1.85+ 0.40*

187+ 0.19

1.89+0.34
0.58 + 0.02
0.66 + 0.00
0.53+ 0.05
059+ 0.05
0.47+ 0.10
0.63+ 0.04
0.56 + 0.06
0.63+ 0.05
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Rn.7870

chromosome condensation-related SVIC-associated
protein 1

Cytosketetal proteins

Rn.69726
Rn.82732
Rn.958
Rn.52763
Rn.1657
Rn.46362
Rn.22906
Rn.19032
Rn.39792
Rn.91044
Rn.40800
Rn.8216
Rn.2458
Rn.45205
Rn.38181
Rn.11104
Rn.3515
Rn.555

integrin alpha 8

actinaphal

actin gamma 2

ankyrin 3

desmin

desmuslin

fibrillin-2

microtubule-associated protein 1b
Melusin 2 (Integrin betal binding protein)
integrin alpha 1

tubulin betal5

tubulin, beta 3

tubulin, beta 5

kinesin-like 7

kinesin-related protein

Acidic keratin complex 1 gene 18
profilin [l

stathmin 1

Cell surface and extracelular matrix proten:

Rn.13593
Rn.2029

Rn.30124
Rn.92160
Rn.13805
Rn.65510
Rn.17364
Rn.11362
Rn.11176
Rn.11127
Rn.13741
Rn.35666
Rn.82724
Rn.8396

Rn.7350

Rn.12723

laminin alpha-5 chain

syndecan 4

osteomodulin

C-CAM4 protein

podocalyxin-like

proline arginine-rich end leucine-rich repeat protein
heparan sulfate 3-O-sulfotransferase 1
lamin B1

syndecan 1

syndecan 2

leprecan

versican

Thymus cell surface antigen
dermatopontin

fibrulin-2 precursor

tenascin

Enerqy metabolism enzymes

Rn.4212
Rn.7686
Rn.17661
Rn.35508

6-phosphofructokinase
-galactosidase, o peptide
L-arginine:glycine amidinotransferase
phosphoenol pyruvate carboxylase
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0.56 + 0.05

1.81+0.16
2.38+042
1.63+0.11
1.59 + 0.06
2.80+0.42
2.31 + 0.66*
235+ 0.25
1.63 + 0.09
2.23+0.20
055+ 0.15
0.60 + 0.05
048+ 0.17
059+ 0.02
039+ 0.04
0.47 + 0.00
044+ 0.20
0.55+ 0.08
0.40 + 0.05

1.80 + 0.32
1.88 + 0.26
2.06 + 0.35
1.59 + 0.06
3.78 + 1.03
1.66 + 0.15
3.96 + 1.03
0.48 + 0.03
0.62 + 0.00
0.56 + 0.06
0.65 + 0.03
058+ 0.10
0.65+ 0.03
041+ 0.24*
0.54 + 0.09
0.38 + 0.09

241+ 1.15*
196+ 0.16
048 + 0.07
059+ 0.07
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Rn.3519
Rn.4227
Rn.40511

Lipid/steroid

malic enzyme 1
mitochondrial SCO2 protein homolog
myoglobin

metabolism

Rn.29594
Rn.888
Rn.24825
Rn.80832
Rn.2856
Rn.1023

HMG-CoA synthase 2

hydroxysteroid 11-beta dehydrogenase 1
farnesyl-pyrophosphate synthetase
phytanoyl-CoA hydroxylase

carnitine palmitoyltransferase 1
stearoyl-Coenzyme A desaturase 1

Amino acid and protein synthesisor modification

Rn.2204
Rn.3066
Rn.2589
Rn.95333
Rn.10958
Rn.6299
Rn.10
Rn.14865
Rn.14939
Rn.30218
Rn.3148
Rn.11172

glutamine synthetase 1
5-oxoprolinase

cytosolic cysteine dioxygenase 1
ribosomal protein L22

eukaryotic elongation factor 2 kinase
pyridoxine 5-phosphate oxidase
tissue-type transglutaminase
cysteine-tRNA ligase
tryptophan-tRNA ligase alpha-2 chain
phosphoserine aminotransferase
delta 1-pyrroline-5-carboxylate synthetase
asparagine synthetase

Protease or proteaseinhibitor

Rn.10149
Rn.11347
Rn.956
Rn.6051

Rn.7897
Rn.7866
Rn.3467
Rn.128
Rn.780
Rn.2862
Rn.16195
Rn.81078
Rn.33193
Rn.3102
Rn.12053

Stress Genes
Rn.3841

angiotensin 1 converting enzyme 1
cathepsn S

cystatin C

dipeptidase 1

adisintegrin and metalloproteinase with
thrombospondin motifs 1
autophagy-related cysteine endopeptidase 2
Tissue inhibitor of metalloproteinase 3
Serine protease inhibitor 3

alpha-2-macroglobulin (proteinase inhibitor)

calpain 6

caspase 11

caspase 12

matrix metalloproteinase 12
ubiquitin conjugating enzyme E2C
ubiquitin thiolesterase 1

heat shock 27kDa protein 1
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059+ 0.05
057+ 0.04
041+ 0.16

7.59 + 5.04*
3.51+0.50
2.48 +0.35
1.60 + 0.05
1.81+0.42*
042+ 0.21

2.93 + 0.65
1.59 +0.13
2.04 + 0.48*
1.81+0.25
2.73 + 0.99*
2.02+0.35
2.29+0.46
0.53+ 0.09
0.63+ 0.05
0.60+ 0.05
059+ 0.02
054+ 0.04

5.21+267*
191 +0.22
1.94+0.17
4.01+0.32

1.79+0.19
1.82 + 0.30
3.64 + 0.60
4.28 + 1.91*
2.02+0.32
040+ 0.05
0.58 + 0.03
0.63+ 0.05
0.38+ 0.05
035+ 0.07
061+ 0.05

1.79+0.19
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Rn.3201
Rn.11183
Rn.7102
Rn.23638

heat shock 20-kDa protein
DNA-damage inducible transcript 3
T-complex-type molecular chaperone (TCP-1)

Radiation-inducible immediate-early gene IEX-1

Cell cycleregulators

Rn.96088
Rn.3504
Rn.44920
Rn.52228
Rn.9232
Rn.96083
Rn.6934
Rn.25026
Rn.48717
Rn.6116
Rn.223
Rn.12774
Rn.40389
Rn.12916
Rn.8341
Rn.17046
Rn.3711
Rn.22094
Rn.90996
Rn.4191
Rn.92497
Rn.30660
Rn.3246
Rn.24582
Rn.9262

p57kip2

Rgc32 protein (activator of p34CDC-2 kinase)
guiescin Q6

growth arrest specific 6

cyclin B1

cyclin D2

Cdc2 homolog A

CDK2-associated dual specificity phosphatase
CDK inhibitor 2A

Cell division control protein CKS2
Proliferating cell nuclear antigen (PCNA)
cell proliferation antigen Ki-67

p32-subunit of replication protein A
replication licensing factor MCM3
replication licensing factor MCM4
Replication factor C 37 kDa subunit
Replication factor C 38 kDa subunit
Ribonucleos de-diphosphate reductase M1
DNA topoisomerase 2 alpha

thymidine kinase 1

DNA polymerase alpha subunit 1V (primase)
anaphase-promoting complex subunit 8
generich cluster C8 gene

extra spindle poleslike 1

cell cycle protein pS5CDC

Miscellaneous

Rn.4086
Rn.3790
Rn.1231
Rn.10994
Rn.1256
Rn.10295
Rn.94754
Rn.11345
Rn.3407
Rn.9453
Rn.9763
Rn.54473
Rn.27923

tensin

cd36 antigen (fatty acid binding/transport protein)

CD59 antigen

EGL nine homolog 3

lipocalin 7

orosomucoid 1

cysteinerich protein 2

cysteine-rich protein 3

N-myc downstream-regulated gene 2
fracture callus protein MUSTANG
Prostatic steroid-binding protein 1
enzymatic glycosylation-regulating gene
B-cell trangocation gene 2 (NGF inducible)
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1.75+ 0.22
0.62 + 0.05
047+ 0.17
059+ 0.08

7.10+ 0.46

2.84+0.29

197+0.13

2.07 + 0.68*
042+ 0.03
059+ 0.05
0.27 + 0.02
035+ 0.10
0.59 + 0.02
0.33+ 0.05
059+ 0.04
023+ 0.01
0.63+ 0.05
051+ 0.05
0.52 + 0.06
0.60 + 0.06
053+ 0.10
0.47 + 0.02
028+ 0.07
0.50 + 0.06
0.63+ 0.05
0.29 + 0.05
0.47 + 0.00
032+ 0.13*
053+ 0.04

211+ 0.45*
1.72+0.25
1.66 + 0.17
2.10 + 0.44*
1.79+0.19
11.40 + 3.69
190+0.12
1.94 + 0.45*
194 +0.22
242 +0.16
2.61 +0.78*
2.20+0.17
2.37 +0.98*
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Rn.4346
Rn.3464
Rn.11984
Rn.271
Rn.902
Rn.9727
Rn.43122
Rn.7085
Rn.37141
Rn.39396

Rn.3169

Rn.42929
Rn.16593
Rn.34087
Rn.9190

Rn.91636

Rn.8430
Rn.10072
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late gestation lung protein 1

D-dopachrome tautomerase

melanoma antigen, family D, 2

pituitary tumor-transforming 1

retinol-binding protein 1

pancreatitis-associated protein

trophoblast glycoprotein

antigen identified by monoclonal antibody MRC OX-2
neuronal olfactomedin-related ER localized protein
transforming acidic coiled-coil containing protein 3
neural precursor cell expressed, developmentally
down-regulated gene 4A

cysteine knot superfamily 1, bone morphogenic protein
antagonist 1

esophageal cancer related gene 4

exportin 1

brain expressed X-linked 2

glycosyltransferase AD-017

immunoglobulin superfamily containing leucine-rich
repeat

interleukin 1 receptor-like 1
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3.26 + 0.37

1.67+0.18

0.45+ 0.06
045+ 0.07
059+ 0.04
031+ 0.06
0.58 + 0.03
032+ 0.14
0.56 + 0.09
047+ 0.03

0.29+ 0.06

0.60 + 0.06
0.60 + 0.05
060+ 0.11
0.47 + 0.08
062+ 0.04

0.58 + 0.08
045+ 0.16
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