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Abstract
Expression of the antiapoptotic protein survivin is associated with cancer cell viability and drug
resistance. Thus, control of its expression in cancer cells has significant consequences for cancer
therapeutics. Here we have shown that hedamycin, a GC-rich DNA binding drug, down-regulated
survivin expression. Using a series of survivin promoter-luciferase constructs, we have identified an
86-bp GC-rich DNA element (−124 to −39) that mediates the ability of hedamycin to down-regulate
survivin expression. Furthermore, both in vivo foot-printing and in vitro gel mobility shift
experiments revealed that hedamycin bound to a 21-bp GC-rich DNA element (−115 to −95) in the
survivin promoter. This drug-DNA interaction abrogated the binding of Sp-1 or Sp1-like proteins to
the 21-bp cis-acting DNA element, and mutagenesis of this region consistently diminished survivin
promoter activity. Finally, down-regulation of survivin transcription by hedamycin modulated the
viability of cancer cells. These data suggest that abrogation of Sp-1 or Sp1-like protein binding to
the 21-bp DNA element in the survivin promoter contributes at least in part to the inhibitory effect
of hedamycin on survivin gene transcription. Drug-induced modulation of survivin gene expression
may provide novel approaches for cancer therapeutics.

Survivin is a unique member of the inhibitor of apoptosis family of proteins (1–4). It is highly
expressed in various cancers but is undetectable in most normal adult tissues (5). Current
studies indicate that the expression of survivin in cancer cells is associated with cancer
progression, poor prognosis, drug resistance, and short patient survival (3). Functionally,
survivin is involved in the control of apoptosis (6) and the regulation of cell division (7).
Consistent with the dual functions of survivin, there are two pools (cytoplasmic and nuclear)
of survivin associated with distinct subcellular components (8). Moreover, the expression of
survivin is cell cycle-regulated with a robust increase in G2/M (6,9). It has been demonstrated
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that inhibition of survivin expression or interference of survivin function, including survivin
antisense oligonucleotides (7,10–15) or survivin antisense expression vectors (16–21), RNA
interference (22), ribozymes (23–26), triplex DNA formation (27), survivin dominant-negative
mutants (7,21,28), and pharmacological inhibitors of Cdc2 (29,30), induces cancer cell death.
Thus, survivin appears to be an important cancer therapeutic target, and modulation of survivin
expression and/or function may provide rational approaches for cancer therapeutics.

One of the major strategies for modulating survivin expression is control of its transcription.
We and others have previously demonstrated that doxorubicin-induced cancer cell death is at
least in part involved in the transcriptional inhibition of survivin through doxorubicin
stabilization of p53 proteins (31–33). However, it is not known whether small sequence-
selective DNA binding anticancer agents could modulate survivin expression by binding to the
survivin promoter region and regulating promoter activity. Also, it is not known whether the
modulation of survivin transcription by certain DNA binding drugs plays a role in drug action
mechanism associated with induction of tumor cell death. Answers to these questions could
lead to the development of novel approaches to control survivin transcription for new cancer
therapeutic strategies.

In this report, we investigated the molecular specificity of a GC-rich sequence-selective DNA
binding drug, hedamycin. We found that hedamycin down-regulates survivin transcription by
engaging an 86-bp GC-rich element (−124 to −39) in the survivin core promoter region and
by preventing accessibility of this sequence to Sp1 or Sp1-like proteins involved in
transcription. Functionally, hedamycin-induced down-regulation of survivin resulted in
enhanced apoptosis of tumor cells.

EXPERIMENTAL PROCEDURES
Cell Culture and Reagents

Cells from human colon cancer (HCT116) and cervical epithelial carcinoma (HeLa) were
maintained in RPMI1640 and DMEM,1 respectively, supplemented with 10% fetal bovine
serum (Mediatech Cellgro, Herndon, VA), 100 units/ml of penicillin, and 0.1 μg/ml of
streptomycin (Invitrogen) in a humid atmosphere incubator with 5% CO2 at 37 °C. Cells were
routinely subcultured twice weekly. The antisurvivin antibody (FL-142), a polyclonal rabbit
IgG antibody generated by immunizing rabbits with the full-length survivin protein, was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Hedamycin was obtained from
the NCI, National Institutes of Health. Propidium iodide, dimethyl sulfate (DMS), piperidine,
monoclonal antiactin antibody, and goat peroxidase-conjugated antirabbit IgG antibody were
purchased from Sigma. The dual-luciferase reporter assay system and T4 DNA ligase were
purchased from Promega (Madison, WI). Vent DNA polymerase and restriction enzymes were
from New England Biolab (Beverly, MA). Oligotransfectamine™ reagent and
Lipofectamine™ 2000 reagents were purchased from Invitrogen.

1The abbreviations used are:

DMEM Dulbecco’s modified Eagle’s medium

LM-PCR ligation-mediated PCR

EMSA electrophoretic gel mobility shift assay

PBS phosphate-buffered saline

EGFP enhanced green fluorescent protein

DMS dimethyl sulfate.
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Western Blot
In all experiments, cells were treated with hedamycin in the presence of complete medium
containing 10% serum. Western blot analysis of survivin and actin expression was performed
as described previously (34). Signals were detected using a horseradish peroxidase
visualization system kit (National Diagnostics/LPS, Rochester, NY) and visualized by
autoradiography after various exposure times (20–120 s).

Total RNA Isolation and Northern Blot
Cells both with and without hedamycin treatments were used to isolate total RNAs. The
mRNAs for survivin and glyceraldehydes 3-phosphate dehydrogenase were determined by
Northern blot analysis as described previously (35).

Vector Transfection and Luciferase Reporter Assay
HeLa cells were seeded in 24-well plates (5 × 104/well) and grown to ~50–60% confluence
for transfection. Each of the relevant survivin promoter-luciferase constructs (36) was
cotransfected with pRL-TK (TK promoter-Renilla luciferase construct, internal control) into
HeLa cells. Briefly, 490 ng of a pLuc-survivin construct and 10 ng of pRL-TK in 50 μl of
serum-free DMEM were mixed with 1.5 μl of Lipofectamine™ in 50 μl of serum-free DMEM
in a 1.5-ml tube for each well of 24-well plates. After incubation at room temperature for 20–
25 min, the DNA/Lipofectamine mixture was added to each well containing 200 μl of serum-
free DMEM. Following incubation for 2–3 h, the DNA-Lipofectamine complex was replaced
by complete medium containing 10% serum. Cells were treated with hedamycin 24 h after
transfection and processed for luciferase assays 8–24 h after drug treatment. For the luciferase
assay, a dual-luciferase reporter assay system (Promega) was used. The transfected cells in 24-
well plates were washed with PBS and lysed with 1× passive lysis buffer (up to 200 μl/well)
on a shaker for up to 1 h at 4°C. Cell lysate (20 μl/well) was used for measurement of luciferase
activities in a luminometer by first mixing the cell lysate (20 μl) with 20 μl of luciferase assay
reagent for measuring firefly luciferase activity and subsequently adding 20 μl of Stop-Glo
reagent for measuring Renilla luciferase activity. Data were normalized to Renilla luciferase
activity (internal control) as arbitrary units.

Contiguously Nested Deletion of the Survivin Promoter Luciferase Construct
Contiguous deletion of bases from 230 to 86 in pLuc-230c was carried out using an Erase-a-
Base system (Promega). Briefly, pLuc-230c (100–150 μg/ml) was completely digested with
SalI, filled in with 50 units of Klenow DNA polymerase/ml (Promega), and blocked with 40
μM α-phosphorothioate dNTP/1 mM dithiothreitol for 10 min at 37 °C. After heat inactivation
of the enzyme for 10 min at 70 °C, the end-blocked DNA was phenol-extracted, ethanol-
precipitated, and digested with BamHI, followed by a second phenol extraction and
quantification. Digested DNA (5 μg) was incubated at 25 °C in 60 μl of Exo III digestion buffer
containing 66 mM Tris/HCl (pH 8.0), 0.66 mM MgCl2, and 400 units of exonuclease III. Aliquots
(2.5 μl) from the above solution were mixed with the S1 digestion buffer (7.5 μl) containing
40 mM potassium acetate (pH 4.6), 340 mM NaCl, 1.35 mM ZnSO3, 7% glycerol, and S1 nuclease
(300 units/ml) every 15–30 s/time point. The aliquot mixtures from each time point were
incubated for 30 min at 22 °C, stopped with 1 μl of 0.3 M Tris base and 0.05 M EDTA, and heat-
inactivated for 10 min at 70 °C. Contiguously deleted DNA samples at each time point were
blunted with 100–150 units of Klenow/ml for 10 min at 37 °C and religated in a buffer
containing 50 mM Tris/HCl (pH 7.6), 10 mM MgCl2, 1mM ATP, 5% polyethylene glycol, 1 mM

dithiothreitol, and 5 units of T4 ligase/ml at 16 °C overnight. Competent Escherichia coli cells
were subsequently transformed with the religated contiguously deleted DNA samples by
electroporation. The clones carrying progressive deletions from the 5′-end were identified by
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PCR amplification of 10–20 colonies from each time point. The exact deletion end in each
clone containing the expected size was determined by sequencing.

In Vivo Footprinting by Ligation-mediated Polymerase Chain Reaction (LM-PCR)
The LM-PCR method utilized was largely based on the Mueller and Wold protocol (48) with
modifications. Briefly, (i) HeLa cells grown in 15-cm plates with or without hedamycin
treatment were permeabilized for 2–4 min with 24 ml of PBS containing 24 μl of DMS,
followed by gentle washing of each plate three times for 20–40 s/wash with 20 ml of PBS.
Cells were then lysed with 1.5 ml of lysis solution (NaCl 300 mM, Tris 50 mM, pH 8.0, EDTA
25 mM, SDS 0.2%, and proteinase K 0.2 mg/ml). The resultant lysates were incubated at 37 °
C for 3–16 h and extracted four times with equal volumes of phenol/chloroform/isoamyl
alcohol (25:24:1). The genomic DNA in the super-natant was precipitated with an equal volume
of isopropanol, redissolved overnight in 2 ml of TE buffer (Tris 10 mM, pH 8.0, EDEA 1 mM)/
plate, and precipitated with 2 volumes of 100% ethanol in the presence of 0.3 M NaAc. The
DNA was then redissolved in 200 μl of TE and adjusted to a concentration of 0.5–2 μg. (ii)
DNA (125 μg in 175 μl of TE) isolated from cells without drug treatment was mixed with 25
μl of 1% DMS in dH2O for 2–4 min and quenched with 50 μl of cold DMS stop solution (1 M

β-mercaptoethanol and 1.5 M NaAc, pH 7.0). Next, DNA (100–200 μg in 200 μl of TE) from
cells treated with hedamycin was similarly mixed with 50 μl of cold DMS stop solution. DNA
from each reaction was then precipitated by adding 750 μl of cold 100% ethanol and washed
with cold 75% ethanol. (iii) The DNA was dissolved in 1 M piperidine for 15 min, incubated
at 90 °C for 30 min, frozen on dry ice, and evaporated for 1–2 h in a SpeedVac. DNA was
precipitated in 400 μl of TE containing NaAc (0.3 M) by adding 2 volumes of 100% ethanol
and then precipitated a second time in 650 μl of TE containing NH4Ac (2.5 M) by adding equal
volumes of isopropanol. After washing with 500 μl of 75% ethanol, DNA was resuspended in
50 μl of dH2O, dried in a SpeedVac, and redissolved in TE to a concentration of 0.4–0.6 μg/
μl for LM-PCR. (iv) LM-PCR: 20 μM each of the two linker primers, LM25 (5′-GCG GTG
ACC CGG GAG ATC TGA ATT C-3′) and LM11 (5′-GAA TTC AGA TC-3′), were annealed.
Three μg of DNA template/reaction were used for the first strand synthesis with gcFP1 or hRP1
(refer to Fig. 4 for sequence information) and Vent DNA polymerase, followed by ligation of
the annealing linker primer to the first strand DNA at 16 °C overnight using T4 DNA Ligase.
The ligated DNA in each reaction was precipitated with ethanol in the presence of 0.3 M NaAc
and 10 μg of yeast tRNA and washed with 70% ethanol. This DNA was used as templates for
PCR using LM25 and gcFP2 or hRP2 (refer to Fig. 4) with Vent DNA polymerase for 21 PCR
cycles, followed by two additional PCR cycles after adding [γ-32P]ATP-labeled gcFP3 or
hRP3. The DNA in each reaction was extracted using an equal volume of
phenol:chloroform:isoamyl alcohol, and the supernatant was evenly divided into three tubes.
The DNA in each tube was precipitated with 2–3 volumes of 100% ethanol, washed with 70%
ethanol, and air dried for 10 min. Each of the samples was then resuspended in 4–8 μl of loading
buffers and denatured at 90 °C for 3–4 min. We ran 2–3 μl of each sample on a 6% PAGE gel
along with 32P-labled ϕX174 DNA/Hinf I markers.

Isolation of HeLa Cell Nuclear Extracts
HeLa cells at ~90% confluence were scraped into ice-cold PBS and collected into conical tubes.
After centrifuging the tube at 1,800–2000 × g at 2 °C for 15 min, the cell pellets were gently
resuspended with 3× pellet cell volume of ice-cold buffer A without Triton X-100 (10 mM

HEPES, PH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM phenylmethylsulfonyl fluoride, 100
kallikrein-inactivating units/ml aprotinin, and 1 mM dithiothreitol). Cells were then pelleted as
above and resuspended in 3× pellet cell volume of ice-cold buffer A with 0.1% Triton X-100
(w/v). The resuspended cells were allowed to swell for 12–15 min on ice. Cell nuclei were then
collected by centrifugation (3440 × g) for 15 min at 2 °C and resuspended with 1× packed
nuclei volume in ice-cold buffer C (20 mM HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5
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mM MgCl2, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 100 kallikrein-inactivating
units/ml aprotinin, and 1 mM dithiothreitol). The cell nuclei suspension was incubated on ice
(~2 °C) for 30 min with continuous mixing. The nuclear extracts (supernatant) were collected
by centrifugation at 25,000 × g for 30 min at 2 °C. The nuclear extracts were aliquoted (50–
100 μl/each 1.5-ml tube), frozen in liquid nitrogen, and then stored at −80 °C for EMSA
experiments.

Electrophoretic Gel Mobility Shift Assay (EMSA)
Oligonucleotides (probes) were labeled at the 5′-end with [γ-32P]ATP using T4 polynucleotide
kinase. Nuclear extracts (8–15 μg) were preincubated in the binding buffer (20 mM HEPES,
PH 7.9, 25 mM NaCI, 5 mM MgCI2, 0.1 mg/ml bovine serum albumin, 10% glycerol, 0.1 mM

EDTA, 2 mM spermidine, 2 mM dithiothreitol, 12.5 μg/ml poly(dI-dC), 12.5 μg/ml thymus DNA)
for 20 min at 25 °C in a volume of 19 μl with and without an excess of unlabeled oligonucleotide
competitors in the presence or absence of hedamycin. After addition of 1 μl of labeled DNA
(1–2 × 105 cpm), the mixture was incubated for an additional 20 min at 25 °C. Each reaction
mixture was then loaded into the well of a 4% nondenaturing polyacrylamide gel and
electrophoresed at 200 V in 1× TBE buffer (Tris-borate, 90 mM, EDTA 1 mM) at 25 °C for 1–
2 h. To determine the direct interaction of the 21-bp DNA element (refer to Fig. 4 for sequence
information) with hedamycin, the reaction was run on a 12 instead of a 4% non-denaturing
polyacrylamide gel. Gels were dried and visualized by autoradiography. The typical sequence
for Sp-1 binding used in this study is 5′-ATT CGA TCG GGG CGG GGC GAG C-3′.

Generation of pLuc-230CDE3m
PLuc-230CDE3m, in which the 21-bp element (CDE3W) contains point mutations (lower case
letters in the CDE3m primer), was generated as follows. Using pLuc-230 as templates, the
230CDE3M PCR fragment was amplified using a pair of primers, hscyc-1 (5′-CGC
GGATCC GCG TTC TTT GAA AGC AGT C-3′ (BamHI underlined) and CDE3m (5′-CCC
AAGCTT AAA TCT GGC GGT TAA TGG CGC GCC GCG GGG CAT GTC GGG AGC
GCA CGC CCT CTT AGG CGG TCa cCC CCC ata GGC CTT CTG-3′ (HindIII underlined
and the 21-bp element in bold). After being digested with BamHI and HindIII, the PCR
fragment was cloned into the pLuc luciferase reporter vector at the BamHI and HindIII sites
in the correct orientation upstream of the luciferase reporter gene. The obtained clones were
characterized by BamHI and HindIII digestion and then confirmed by sequencing.

Transfection of the Survivin Expression Vector and Cell Death Assay
The expression vector for survivin has been characterized previously (6,17). HeLa cells were
seeded in 12-well plates (1 × 105/well) for fluorescence microscopy studies or in 6-well plates
(3 × 105/well) for flow cytometry analysis. Cells at ~40–50% confluence were transfected with
pEGFPc1 (control vector, Clontech) or survivin expression vector pEGFPc1-survivin (pG-
survivin). Briefly, 1 μg(3 μg for 6-well plates) of vector DNA in 100 μl (300 μl for 6-well
plates) of serum-free DMEM was mixed with 3 μl (9 μl for 6-well plates) of Lipofectamine™
2000 in 100 μl (300 μl for 6-well plates) of serum-free DMEM in a 1.5-ml tube for each well
of a 12-well plate. After the mixture was incubated at room temperature for 20–40 min, the
DNA-Lipofectamine™ 2000 mixture was added to each well containing 300 μl of the cell
culture medium. The DNA-Lipofectamine™ 2000 complex was replaced by complete medium
containing 10% serum after incubation for 6 h. Cells were treated with hedamycin overnight
24 h after transfection. Cells were then fixed with 4% paraformaldehyde containing 0.25%
Triton X-100 for 10 min, mounted using mounting solution containing 0.05% 4′,6-
diamidino-2-phenylindole, and sealed with round cover glasses. For flow cytometry, cells from
the 6-well plates were harvested by trypsinization and washed with PBS. Cells were fixed in
5 ml of 70% ethanol for 30 min and resuspended in 0.5 ml of PBS containing 25 μg/ml
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propidium iodide and 40 μg/ml RNase A for 30–45 min on ice. Cells were then analyzed by
flow cytometry (FACScan; BD Biosciences) by counting 10,000 cells/sample with and without
gating EGFP fluorescence. Data from flow cytometry were analyzed using WinList software
(Verity Software House Inc., Topsham, ME). Parallel triplicate assays were performed.

Statistical Analysis
We performed a pair-wise comparison of each experimental group with a control group after
checking to make sure the data were approximately normal. When necessary we applied a
square-root transformation to conform the residuals to approximately normal. We employed a
two-group t test assuming equal variance. The significance levels quoted are two-tailed, and
significance (p value) was set at the nominal level of 0.05.

RESULTS
Hedamycin Down-regulates Survivin Expression and Promoter Activity

We investigated the ability of hedamycin, a GC-rich DNA-selective binding drug to affect
expression levels of the mitotic regulator and apoptosis inhibitor, survivin. Treatment of cancer
cell lines including HeLa (Fig. 1A) and HCT116 (Fig. 1B) with hedamycin resulted in
significant inhibition of survivin expression. Comparable concentrations of hedamycin were
associated with dose-dependent loss of cancer cell viability, imaged under a phase-contrast
microscope (Fig. 1C). Hedamycin treatment was also associated with down-regulation of
survivin mRNA expression (Fig. 2A), suggesting a transcriptional mechanism for the
modulation of survivin expression. Accordingly, luciferase reporter assay experiments
revealed that hedamycin also decreased survivin promoter activity (Fig. 2B).

An 86-bp Cis-acting DNA Element within the 230-bp Survivin Core Promoter Mediates the
Inhibitory Effect of Hedamycin on Survivin Transcription

To characterize the mechanism by which hedamycin down-regulates survivin promoter
activity, a series of truncated survivin promoter-luciferase constructs characterized previously
(36) were transfected into HeLa cells and analyzed for transcriptional activity after treatment
with hedamycin for up to 24 h. As shown in Fig. 3A, a 230-bp survivin core promoter region
was sufficient to recapitulate the inhibitory effect of hedamycin on survivin gene expression.
Next, we narrowed the minimal responsive region in the survivin promoter using a set of
contiguous deletion constructs derived from the 230-bp core promoter region. In these
experiments, a cis-acting DNA element involved in hedamycin-mediated transcriptional
repression was functionally mapped to an 86-bp GC-rich DNA fragment (from −124 to −39)
(Fig. 3B). Further deletion of the 86-bp promoter region revealed a significant loss of promoter
activity (not shown), which was not further investigated for hedamycin-dependent modulation.

A 21-bp DNA Motif within the Functionally Identified 86-bp DNA Fragment Is at Least in Part
Involved in the Inhibitory Effect of Hedamycin on Survivin Expression

To investigate whether a cis-acting DNA element was responsible for hedamycin-mediated
down-regulation of survivin gene expression, we employed an in vivo LM-PCR footprinting
approach (Fig. 4). In these experiments, a DNA element containing a 21-bp DNA motif (Fig.
4, A and B) exhibited sensitivity to DMS-mediated piperidine digestion, implying that the
binding of hedamycin to DNA changed the property of DNA-protein interactions with
enhanced access of naked DNA to DMS. Consistent with this hypothesis, EMSA experiments
revealed that hedamycin directly bound to the 21-bp DNA probe (Fig. 5, A and B) and that the
protein-DNA interaction in the 21-bp DNA element (CDE3W1 from −115 to −95) was
decreased in the presence of hedamycin (Fig. 6A). In parallel experiments, the CDE3W1-
protein complex was competed out by Sp-1 but not by Gfi-1 DNA oligonucleotides, an AT-
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rich DNA competitor (Fig. 6B), suggesting that Sp-1 or Sp-1-like proteins were involved in
binding to the 21-bp element.2 To further characterize the specificity of the observed DNA
binding element, targeted mutagenesis experiments were carried out. As shown in Fig. 7, point
mutations within the 21-bp DNA element in the survivin core promoter luciferase construct
(pLuc-230) resulted in reduced survivin promoter activity (Fig. 7). In addition, a bioinformatic
search of the human genome revealed that the 21-bp GC-rich motif was highly conserved (≥14
bp) in the putative promoter region of seven human genes as well as in the first intron of an
additional seven human genes (see “Discussion”), suggesting a potential role of this DNA
element in broader mechanisms of transcriptional regulations.

Forced Expression of Survivin Diminishes the Effect of Hedamycin on the Induction of Cell
Death

To determine whether hedamycin-mediated down-regulation of survivin expression played a
role in drug-induced cell death, we expressed survivin in HeLa cells and analyzed changes in
hedamycin-induced cell death. In these experiments, transfection of survivin effectively
counteracted hedamycin-induced cell death as compared with pEGFPc1 vector-transfected
cells (Fig. 8, A and B). The role of survivin in hedamycin-induced cell death was further
confirmed by propidium iodide staining and flow cytometry. Exogenous expression of survivin
decreased the fraction of HeLa cells exhibiting hypodiploid, i.e. apoptotic DNA contents in
response to hedamycin treatment as compared with pEGFPc1 vector-transfected cells (Fig. 8,
C and D).

DISCUSSION
Although many studies have recently focused on characterizing the role of various sequence-
selective DNA binding drugs for their ability to inhibit DNA replication (37–39), little is known
about how these drugs regulate gene transcription and whether gene transcription inhibition
contributes to cell growth inhibition and/or cell death. Moreover, it is not known whether
survivin plays a role in mediating induction of cell death by these types of drugs. In this study,
we characterized the effects of hedamycin on the regulation of survivin gene expression. We
found that hedamycin exhibits strong inhibitory effects on survivin protein, mRNA, and
promoter activity (Figs. 1 and 2) and that this pathway contributes, at least in part, to
hedamycin-mediated cancer cell death and antitumor activity.

We and others have previously demonstrated that the cancer therapeutic drug doxorubicin
down-regulates survivin expression by a transcriptional mechanism (31–33). However, the
transcriptional repression of survivin by doxorubicin occurs via an indirect mechanism that
involves stabilization of p53. Enhanced p53 protein, in turn, binds to the p53-binding site within
the survivin core promoter region to suppress its transcription via a trans-acting mechanism
for drug action. However, whether DNA binding agents can directly modulate survivin
transcription through a cis-acting mechanism had not been previously demonstrated. In this
study, we utilized the sequence-selective DNA binding drug hedamycin, which preferentially
interacts with GC-rich DNA sequences, to investigate its potential direct modulation of
survivin gene transcription. Consistent with the DNA binding preferences of hedamycin, we
have identified a highly GC-rich cis-acting DNA element within the GC-rich core promoter
region of survivin (230 bp) that is responsible for the inhibitory effect of hedamycin on survivin
promoter activity (Fig. 3). In vivo footprinting and in vitro EMSA experiments have further
identified a DNA element (21 bp from −115 to −95) to which hedamycin directly binds (Fig.
5). Hedamycin binding to the 21-bp DNA element abrogated the DNA-protein interaction
(Figs. 4 and 6A). Moreover, the DNA-protein complex was competed by Sp-1, but not by Gfi-1

2Searching (transcription factor) SP-1 binding sites using the TF search program failed to identify Sp-1 sites in the 21-bp element.
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DNA oligonucleotides (an AT-rich competitor) (Fig. 6B), suggesting that the proteins in the
complex are likely Sp-1 or Sp1-like proteins. Consistently, mutations in the 21-bp DNA
element decreased survivin promoter activity in the luciferase assay experiment (Fig. 7). Taken
together, these results suggest that the 21-bp DNA motif is at least partially involved in the
effect of hedamycin on inhibition of survivin promoter activity. These results may not be
exclusively restricted to modulation of the survivin promoter and may anticipate a more global
mechanism of transcriptional control. Accordingly, sequence analyses of the human genome
indicated that the 21-bp DNA element used in the EMSA is highly conserved (≥14 bp) in the
putative promoter region of seven human genes, including the transcription enhancer factor-1
(40), sequence-specific single-stranded DNA-binding protein 4 (41), and estrogen receptor 2
(ESR2/ERβ) (42). Additionally, the 21-bp element identified here is also highly conserved
(≥14 bp) in the first intron of seven additional human genes, including the SMARC (SWI/SNF-
related, matrix-associated, actin-dependent regulator of chromatin) gene, which is involved in
transcriptional control of gene expression, and the human cyclin C gene, which was shown to
be deleted in some types of tumors (43).

To our knowledge, this is the first report to characterize at the molecular level a direct
transcriptional control of survivin expression by a sequence-selective DNA binding drug. This
may have tangible implications for novel anticancer approaches, as lowering survivin levels
by transcriptional or post-transcriptional mechanisms has been consistently associated with
suppression of cell proliferation and onset of spontaneous apoptosis in a variety of tumor cell
types.

It should be noted that previous studies of DNA binding drugs focused on well defined DNA
motifs and their functional modulation by the DNA binding drugs as assessed in cell-free (such
as EMSA) and/or cell culture (such as reporter gene assay) conditions. For example, the serum
response element motif from the c-fos gene promoter (44,45) or other DNA motifs/transcription
factors (46,47) were previously used as targets. A limitation of this approach is that the selected
DNA motif may not be the most relevant motif for a particular sequence-selective DNA binding
drug. Conversely, we have used here a largely unbiased strategy, relying on direct reporter
analysis to functionally identify relevant cis-acting DNA elements involved in drug action (Fig.
3) and validating the implicated sites and their functional modulation of drug action using both
in vivo and in vitro approaches (Figs. 4–7). The functional relevance of these observations was
further underscored by the ability of survivin to reverse hedamycin-induced cell death, thus
further implicating abrupt down-regulation of survivin levels as one of the critical mechanistic
mediators of the antitumor activity of hedamycin (Fig. 8).

In summary, we have uncovered a novel mechanistic pathway down-regulating survivin gene
expression in response to the DNA binding drug hedamycin. The findings described here may
have broader implications for general mechanisms of transcriptional control by DNA sequence-
specific binding drugs and may pave the way for transcription-based therapeutic strategies
aimed at silencing survivin gene expression in tumor cells, in vivo.
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Fig. 1. Hedamycin inhibits expression of survivin protein
A and B, HeLa and HCT116 cells were treated with hedamycin as indicated for 20 h. Survivin
expression was determined by Western blotting. β-Actin expression provided an internal
control for the total amount of protein loading. The quantitated data for survivin modulation
are shown at the bottom of each lane after normalization to the corresponding β-actin control
levels. C, effects of hedamycin on cell growth inhibition and cell death induction. Equal
numbers of HeLa cells were seeded in 6-well plates and treated with or without hedamycin for
48 h. Cell densities and morphologies were photographed under a phase-contrast microscope.
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Fig. 2. Hedamycin down-regulates survivin mRNA expression and its promoter activity
A, HeLa cells were treated as shown. Subsequently, survivin mRNA expression was
determined by Northern blotting. Glyceraldehydes 3-phosphate dehydrogenase mRNA
expression was an internal control for total RNA loading. B, HeLa cells were transfected with
a survivin promoter-luciferase construct, pLuc-6270, and the internal control vector, pRL-TK.
Cells were then treated with hedamycin for 16 h as indicated, followed by measurement of
luciferase activity using a dual luciferase reporter system as described under “Experimental
Procedures.” Data were derived from a representative experiment in triplicate after
normalization to Renilla luciferase activity (internal controls) and are shown in a histogram as
percentages. Each bar is the mean ± S.D.
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Fig. 3. A cis-acting DNA element (86 bp) between −124 and −39 plays a major role in hedamycin-
mediated inhibition of survivin promoter activities
HeLa cells were transfected with various survivin promoter-luciferase constructs as shown and
treated with or without hedamycin (20 nM) 24 h after transfection, followed by luciferase
activity assays. A, the inhibitory effect of hedamycin on survivin transcription was mapped to
the survivin core promoter region (230 bp). B, an 86-bp cis-acting DNA element from −124
to −39 was identified as playing a major role in hedamycin-mediated inhibition of survivin
promoter activity. HeLa cells were transfected with a set of newly generated survivin promoter-
luciferase constructs and treated with or without hedamycin 24 h after transfection. Cells were
lysed and luciferase activity was determined 16 h after drug treatments. Luciferase activity was
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normalized to Renilla luciferase and shown in arbitrary units in a histogram. Each bar is the
mean ± S.D. from a representative experiment in triplicate.
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Fig. 4. The in vivo LM-PCR footprinting experiment revealed that a DNA element containing a 21-
bp sequence was sensitive to in vivo DMS-mediated piperidine digestion after hedamycin treatment
A, positions of primers used in the LM-PCR experiment are shown, and the 21-bp DNA
sequence is in bold letters and underlined. B, in vivo footprinting by LM-PCR. Lane 1,
arrows denote bands sensitized by hedamycin in the range of the 21-bp DNA element in the
in vivo footprinting. HeLa cells were treated overnight with (lane 1) or without (lane 2) 0.2
μM hedamycin and processed by in vivo DMS-mediated piperidine digestion as described under
“Experimental Procedures.” Lane 3 shows in vitro controls from direct DMS-mediated
piperidine digestion of isolated untreated HeLa genomic DNA. Positions of the 21-bp sequence
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region and the sensitized bands from forward (gcFP3) and reverse (hsRP3) directions in the
LM-PCR are indicated.
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Fig. 5. Based upon EMSA, hedamycin directly binds to the 21-bp DNA probe
A, the structure of hedamycin. Note: hedamycin has 9 net negative charges, which should
enhance DNA-drug complex mobility after binding to DNA. B, lanes 1– 4, the 21-bp DNA
probes (CDE3W1) in the absence (lane 1) or presence (lanes 2– 4, 1, 10, 100×) of hedamycin
were run on a 12% non-denatured PAGE gel. The significant increases of the negative charges
in the CDE3W1-hedamycin complex (enhance mobility) neutralized the mobility retardation
resulting from the increased molecular size of the DNA-hedamycin complex (lanes 3 and 4).
This is in strikingly contrast to an AT-rich DNA probe that showed marked mobility retardation
after binding to a positive charged drug (not shown).
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Fig. 6. Characterization of DNA-protein interaction by EMSA experiments
A, the binding of hedamycin to the 21-bp DNA element (CDE3W1) decreased its interaction
with nuclear proteins. The combination of CDE3W1 probe with nuclear extracts, hedamycin,
and specific DNA competitors (cold CDE3W1) are shown. B, Sp-1 (lanes 2 and 4), but not
Gfi-1 (lane 3) DNA oligonucleotides, an AT-rich DNA competitor, competed with the
CDE3W1-protein complex.
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Fig. 7. Survivin core promoter-driven luciferase activity was decreased by point mutations in the
CDE3W1 element
PLuc-230 and pluc-230CDE3m were transfected into HeLa cells. Luciferase activity was
determined 48 h after transfection. Data were processed as described in Fig. 2. Bars are the
means ± S.D. from a representative experiment performed in triplicate.
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Fig. 8. Exogenous expression of survivin in cancer cells protects cells from apoptosis induced by
hedamycin
A, HeLa cells were transfected with pEGFPc1 control vector and survivin expression vector.
Cells were treated overnight with or without hedamycin (50 nM) 24 h after transfection. Cells
were then fixed and stained with 4′,6-diamidino-2-phenylindole. Apoptotic cells were
evaluated morphologically under a fluorescence microscope. Examples of dead (upper
panel) and live (lower panel) cells are shown with arrows. B, the histogram is the relative
percentage of cell death under each condition (the EGFP vector-transfected cells with
hedamycin treatment were set at 100) based upon the dead cells versus total green cells in four
independent microscopic fields. Each bar is the mean ± S.D. C, HeLa cells were transfected
and treated as in panel A in 6-well plates. Cells were then processed for flow cytometry. As
shown, exogenous expression of survivin decreased sub-G1 DNA contents (dead cells) and
accordingly increased S and G2/M cells. D, the histogram shows the relative cell death after
hedamycin treatment derived from two independent flow cytometry experiments in triplicate.
Each bar is the mean ± S.D. The p values are indicated (B and D).
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