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Because topoisomerase 1 (TOP1) is critical for the relaxation of DNA supercoils and because it is the target
for the anticancer activity of camptothecins, we assessed TOP1 transcript levels in the 60 cell line panel (the
NCI-60) of the National Cancer Institute's anticancer drug screen. TOP1 expression levels varied over a 5.7-fold
range across the NCI-60. HCT116 colon and MCF-7 breast cancer cells were the highest expressers; SK-MEL-28
melanoma and HS578T breast carcinoma cells were the lowest. TOP1 mRNA expression was highly correlated
with Top1 protein levels, indicating that TOP1 transcripts could be conveniently used to monitor Top1 protein
levels and activity in tissues. Assessment of the TOP1 locus by array comparative genomic hybridization across
the NCI-60 showed copy numbers ranging from 1.71 to 4.13 and a statistically significant correlation with
TOP1 transcript levels (P < 0.01). Further analyses of TOP1 expression on an exon-specific basis revealed that
exon 1 expression was generally higher and less variable than expression of the other exons, suggesting some
form of transcriptional pausing regulation between exons 1 and 2. Accordingly, we found the presence of mul-
tiple evolutionarily conserved potential G-quadruplex–forming sequences in the first TOP1 intron. Physico-
chemical tests for actual quadruplex formation by several of those sequences yielded quadruplex formation
for two of them and duplex formation for one. The observations reported here suggest the hypothesis that
there is a conserved negative transcription regulator within intron 1 of the TOP1 gene associated with a quad-
ruplex-prone region. Cancer Res; 70(6); 2191–203. ©2010 AACR.
Introduction

Topoisomerase 1 (Top1) catalyzes DNA strand breakage
through the reversible formation of covalent bonds between
an enzyme tyrosyl oxygen and a DNA phosphorus (1). The
strand breakage/religation allows relaxation of DNA super-
coiling to facilitate the diverse processes of replication, tran-
scription, repair, recombination, and chromatin remodeling
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(1–3). Top1 is therapeutically important because Top1 inhi-
bitors derived from the plant alkaloid camptothecin (topote-
can and irinotecan) are routinely used to treat colon, ovarian,
and lung cancers in adults and neuroblastoma and sarcoma
in children. Noncamptothecin Top1 inhibitors are in preclin-
ical development (1, 4).
Top1 is expressed ubiquitously in eukaryotic cells, includ-

ing nonreplicative and postmitotic cells. Expression of the
TOP1 gene is essential in animals, and its homozygous dis-
ruption is early embryonic lethal (5). Even its underexpres-
sion leads to alterations in DNA replication and genomic
organization (6). Reduced levels of Top1 may be rate-limiting
for the relaxation of positive DNA supercoiling ahead of rep-
lication and transcription complexes (1, 6, 7). Accumulation
of supercoiling may promote replication fork collapse and
transcriptional R-loops (8). TOP1 overexpression is also toxic
(9). Too much Top1 may promote the formation of Top1
cleavage complexes at endogenous DNA lesions (abasic sites,
mismatches, oxidized bases, nicks, and DNA adducts; refs. 1,
10). Top1 protein levels are also critical for responses to an-
ticancer therapy; cell killing by Top1 inhibitors, including
camptothecins and indenoisoquinolines, is positively corre-
lated with Top1 expression (6, 11–15).
The 60 cancer cell lines (the NCI-60) of the National Can-

cer Institute (NCI) Developmental Therapeutics anticancer
screen exhibit differential expression patterns, which is an
2191
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asset in identifying relationships to general processes, such
as alterations in DNA copy number and pharmacologic re-
sponse (16, 17). In a recent study, we showed that Top1 ex-
pression varies significantly across the NCI-60 and that Top1
protein expression is significantly correlated with TOP1
mRNA expression across those cells (18). The NCI-60 panel
(19, 20) constitutes a unique database for pharmacologic in-
quiry, because it has been characterized more extensively at
the DNA, RNA, protein, chromosomal, functional, and phar-
macologic levels than any other set of cells in existence8 (17,
20–24).
The aim of the present study was to take advantage of our

multifaceted molecular profiling of the NCI-60 to elucidate
genetic mechanism(s) that regulate TOP1 transcript expres-
sion. For that purpose, we integrated data on (a) TOP1 tran-
script expression, using data from three different platforms,
Human Genome U95 (HG-U95; ref. 24), Human Genome U-
133 (HG-U133; ref. 24), and Human Genome U133 Plus 2.0
(HG-U133 Plus 2.0); (b) TOP1 transcript expression at the ex-
on level for the 21 TOP1 exons using Affymetrix GH Exon 1.0
ST Arrays; (c) TOP1 protein expression (18); and (d) DNA
copy number, by array comparative genomic hybridization
(aCGH) using NimbleGen arrays from the NCI-60 screen.
Those joint profiling data generated a hypothesis about the
regulation of TOP1 expression that we then followed up with
biochemical and biophysical studies.

Materials and Methods

Quantitation of Top1 transcript expression using three
microarray platforms. As described previously (18), tran-
script expression data for the NCI-60 were obtained from
our Affymetrix Human Genome U95 Set (HG-U95; ∼60,000
features; Affymetrix, Inc.) and Human Genome U133 (HG-
U133a and b; ∼44,000 feature; ref. 24). We also analyzed data
for TOP1 from our Human Genome U133 Plus 2.0 Arrays
(HG-U133 Plus 2.0; ∼47,000 features). We used GC robust
multi-array average (RMA) normalization for the HG-U95
and HG-U133. RMA was used for the HG-U133 Plus 2.0
(25). To be included in the calculation of TOP1 expression
levels (Fig. 1A), probe sets were required to have an intensity
range of ≥1.2 log2 and be consistent to the pattern of expres-
sion of the other probe sets, using a Pearson's correlation co-
efficient cutoff of ≥0.52. Probes that passed these quality
controls (Fig. 1A) were used to calculate the z score9 average
for TOP1 by first determining the z score for each probe by
subtracting the 60-cell mean and dividing by the SD (the sec-
ond to last and last rows of numbers in Fig. 1A, respectively)
and then averaging the resulting values for each cell line.
Data from the HG-U95 and HG-U133 microarrays can be
accessed at our relational database, CellMiner.8

The sequence within TOP1 that the individual probes
(that make up the probe sets) from the HG-U95, HG-U133,
8 See http://discover.nci.nih.gov.
9 See http://en.wikipedia.org/wiki/Standard_score.
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and HG-U133 Plus 2.0 arrays hybridize to were visualized
(Fig. 1C) using SpliceCenter.10 SpliceCenter is a suite of
user-friendly tools that evaluate the effect of gene splice var-
iation on a variety of molecular biological techniques.
Exon-specific Top1 transcript expression. Transcript ex-

pression data for each of the 21 TOP1 exons were obtained
using the Affymetrix GeneChip Human Exon 1.0 ST (GH Exon
1.0 ST) Array according to manufacturer's instructions (chips
for the studies from John Ward, Thomas Gingeras, and col-
leagues at Affymetrix). Assays were run at GeneLogic (under
the aegis of E. Kaldjian) following manufacturer's recommen-
dations. Technical triplicate arrays were hybridized for each
cell line, except for renal UO-31, which was done in duplicate,
and central nervous system (CNS) SF-539, which was miss-
ing. Transcript data were normalized by RMA (25) using Par-
tek Genomics Suite version 6.3.
To calculate mean-centered intensities across cell lines for

each probe set, the technical triplicates for each cell line were
averaged for each probe set. All probe sets were then quality-
controlled for either being at background levels for all cell
lines (and thus uninformative about pattern) or being “dead”
(unresponsive, although not at background). Probes that
failed either of those criteria were dropped from further anal-
ysis. When there were multiple probe sets for a single exon,
averages were taken next to yield a single value for each
exon.
Data for each exon were next mean-centered across the 59

cell line intensities available (CNS SF-539 was unavailable).
The mean-centered intensity values (M) for each exon were
calculated as M = intensity value for the exon − (average of
intensity values for the exon across 59 cell lines).
Visual representations of the TOP1 introns, exons, and

probe locations were generated using SpliceCenter10 and
the clustered image map (Fig. 3A) generated by CIMminer.11

The statistical significance (P = 2.2 × 10−16) of differences
in intensity between TOP1 exon 1 and exons 2 to 21 was cal-
culated by Welch's t test on the basis of measurements using
182 microarrays. On each array, there were four probes spe-
cific for exon 1 (yielding 4 × 182 = 712 measurements) and 33
probes specific for exons 2 to 21 (yielding 33 × 182 = 6,006
measurements).
Exon and intron 1 nucleotide information and G-quad-

ruplex identification. Human, mouse, and rat sequence in-
formation was obtained from National Center for
Biotechnology Information.12 For Fig. 3A, the exon sizes were
derived from information obtained from locus NM_003286.
The TOP1 intron 1 sizes and sequences were obtained from
locus NC_000020, NC_000068, and NC_005102 for human,
mouse, and rat, respectively. Fly sequences were obtained
from FlyBase.13 The complementary strand sequence was
generated using the Molecular Biologist's Workbench's Data
See http://discover.nci.nih.gov/splicecenter.
See http://discover.nci.nih.gov/cimminer/.
See http://www.ncbi.nlm.nih.gov/.
See http://flybase.org/reports/FBgn0004924.html.
See http://www.bioinformatics.org/JaMBW/.
10
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TOP1 Transcription and G-Quadruplexes
Figure 1. TOP1 transcript level intensities, z score distribution in the NCI-60, and exon location of probe sets. A, table of intensity levels for six probe sets
from the HG-U95, HG-U133, and HG-U133 Plus 2.0 microarrays with their combined z score means (presented in descending order). The colon (CO),
leukemia (LE), and renal (RE) tissue-of-origin lines are represented in yellow, red, and blue, respectively. The numerical series (1–60) for the cell lines
corresponds to the 1-to-60 x axis in B. B, scatter plot depicting the distribution of TOP1 transcript levels across the NCI-60. The 60 cell lines are ordered
on the x axis by decreasing z score mean TOP1 expression (see A). C, location of the probes within each probe set used to measure TOP1 intensity
(see A). The exons of TOP1 from reference sequence NM_003286 are visualized using SpliceCenter's Array-Check program. The probe set designations
(e.g., 1030_s_at) appear on the left. The gold stripes indicate the individual probes that make up each probe set. The number of probes in each probe
set is indicated in the above brackets (16 for 1030_s_at and 1710_s_at and 11 for 208900_s_at and 208901_s_at). The gray and green boxes indicate
untranslated and translated regions of the TOP1 gene, respectively.
Cancer Res; 70(6) March 15, 2010www.aacrjournals.org 2193
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Figure 2. Estimated TOP1 DNA copy numbers and transcript (Fig. 1A) levels across the NCI-60 and correlation between the two. A, mean-centered aCGH
intensities and estimated DNA copy numbers are plotted on the left-hand panel x axis, and transcript expression z scores (see Fig. 1A) are plotted on
the right-hand panel x axis. For the aCGH, 2N, 3N, and 4N are the DNA copy numbers. For both panels, the y axis corresponds to cell lines, grouped
by tissue of origin. R is the Pearson's correlation comparison of the two. B, detailed view of TOP1 aCGH log2 intensity values from NimbleGen 385k aCGH
microarray and two megabases of flanking sequence on both sides. The x axis is the nucleotide location within chromosome 20. The y axis contains
two measurements. The log2 intensity values of the ratio of the cell line DNA compared with normal DNA is on the left side, and the DNA copy number
(1N, 2N, 3N, and 4N) is on the right side.
Cancer Res; 70(6) March 15, 2010 Cancer Research



TOP1 Transcription and G-Quadruplexes
Figure 3. Variation of mean-centered log2 TOP1 probe set intensities from Affymetrix GH Exon 1.0 ST microarrays. A, clustered image map (heat map)
for mRNA expression for each of the 21 exons of TOP1 across the NCI-60 cell lines. The cell lines are clustered on the y axis based on Euclidean distance
using average linkage. The x axis displays the 21 TOP1 exons. The colors are distributed to indicate mean-centered (across the 60 cell lines) log2
intensity values. Red indicates high, blue indicates low, and black indicates midrange intensity. B, differential TOP1 transcript levels in exon 1 versus
the other TOP1 exons across the NCI-60. Mean-centered expression intensity of TOP1 transcripts corresponding to exons 1, 2, 3, and 21. In all panels,
the x axis is mean-centered log2 intensity level. The cell lines on the y axis are grouped by tissue of origin. Error bars indicate 95% confidence intervals
derived for technical cell line replicates and, in some instances, multiple probe sets for individual exons.
Cancer Res; 70(6) March 15, 2010www.aacrjournals.org 2195



Reinhold et al.

2196
Manipulation tool.14 Potential G-quadruplex regions were
identified using default conditions at the GRS (quadruplex-
forming G-rich sequences) Mapper.15

Absorbance and circular dichroism. Oligonucleotides
were synthesized by Eurogentec at the 200-nmol scale. Con-
centrations were estimated using extinction coefficients pro-
vided by the manufacturer and calculated using a nearest-
neighbor model (26) as described previously. Sequences
(Fig. 5A) are given in the 5′ to 3′ direction. Melting experi-
ments were conducted as previously described (27, 28) by re-
cording the absorbance at 295 nm (27, 29). Sequences were
tested at least twice at 4-μmol/L strand concentration. Ther-
mal difference spectra (TDS) were obtained from differences
between the absorbance spectra from unfolded and folded
oligonucleotides (as recorded above and below their Tms
(30). Circular dichroism spectra (CDS) were recorded on a
JASCO-810 spectropolarimeter as described previously (28).
aCGH determination of approximate mean TOP1 DNA

copy number. The NimbleGen 385,000-feature Human
16 Varma, in preparation.

15 See http://bioinformatics.ramapo.edu/QGRS/analyze.php.
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Whole-Genome array (HG17, Build 35) probe microarray16

yielded data from 15 probes specific for TOP1. They are
39095858, 39101405, 39106639, 39111664, 39117552,
39123350, 39128951, 39134754, 39146000, 39154112,
39159375, 39165420, 39170495, 39176079, and 39181834. Ap-
proximate mean DNA copy number was calculated as

P ¼ C� Lintensity

wherein C = (the correction for generating the intensities as a
ratio of the cell line intensity to a normal, 2N, DNA) = 2 and
L = log of the intensity values = 2.
HUGO naming of genes. Genes are designated here by

their HUGO (Human Genome Organization) names, as pro-
mulgated by the Gene Nomenclature Committee.17
Figure 4. Schematic representation of potential quadruplex-forming G-rich sequences within TOP1 intron 1. A, TOP1 exon and intron sizes. The exons
are numbered (first row of numbers) and drawn to scale (using SpliceCenter) as reported for NM_003286. The lighter and darker gray regions of NM_003286
indicate untranslated and translated regions, respectively. Sizes of exons and introns are indicated above and below the exon depiction, respectively.
B, relative location of the potential quadruplex-forming G-rich sequences for both DNA strands across species. Potential quadruplexes are indicated as
lighter blocks (labeled G4 in human). The locations of the three oligonucleotides tested biochemically for G-quadruplex formation (Fig. 5) are labeled
30-mer, 21-mer, and 25-mer. The vertical dotted lines are spaced at 50-nucleotide intervals to indicate scale for the four species depicted (human,
chimpanzee, rat, and mouse).
17See http://www.genenames.org.
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TOP1 Transcription and G-Quadruplexes
Results

TOP1 transcript expression across the NCI-60. To deter-
mine relative transcript levels of TOP1 in the NCI-60, we used
six probes from three different microarray platforms: HG-
U95 (24), HG-U133 (24), and HG-U133 Plus 2.0. Figure 1A
displays these relative levels both as intensity values and as
the z score average. The use of z scores allows comparison of
relative levels for data distributions with different means
and/or SDs. Values obtained for probes from the three plat-
forms were consistent with each other (mean Pearson's cor-
relation coefficient = 0.72, with a range of 0.52–0.93). The six
probes, two of which appear in both HG-U133 and HG-U133
Plus 2.0, hybridize to exons 1 to 6 and 18 to 21 (Fig. 1C), with
the majority of probes targeting the 3′ end of the gene. TOP1
expression in the NCI-60 varied over a 5.7-fold range, within 1
SD of the average transcript variation (a 9.0-fold range) for 26
housekeeping genes (as defined in ref. 31).
Colon HCT116 and breast MCF-7 cells showed the highest

TOP1 mRNA levels, and breast HS578T and melanoma SK-
MEL-28 showed the lowest (Figs. 1A and 2A). The six leuke-
mia cell lines and six of the seven colon carcinoma cell lines
www.aacrjournals.org
consistently expressed high TOP1 mRNA (Fig. 1A, B). Their
average z scores (0.86 and 0.89, respectively) were >3.7 times
that of the next highest tissue of origin type, ovarian, at 0.23.
HCC-2998 cells were the only colon carcinoma cells with low-
er than average TOP1 transcript levels. The breast and pros-
tate lines were the most variable in TOP1 expression, with
SDs of 1.25, and 0.95, respectively. The renal lines were the
lowest expressers (Fig. 1A, B), with an average z score of
−0.83. Breast, CNS, and melanoma formed a second tier of
negative expressers, with z-score averages of −0.16, −0.35,
and −0.34, respectively. TOP1 transcript and protein levels
correlated with one another at statistically significant levels
(r = 0.80, P < 0.001; ref. 18).
TOP1 DNA copy number and transcript levels correlate

with each other at statistically significant levels across the
NCI-60. To evaluate whether DNA copy number contributes
to TOP1 expression, we used aCGH to determine average
copy number levels for the TOP1 locus and two megabases
of flanking region on both sides of it. Those levels were ob-
tained from our studies using NimbleGen 385,000-feature
Human Whole-Genome CGH arrays. Based on the average
intensities of 15 tiled probes specific for the TOP1 locus,
Figure 5. Three oligonucleotides
tested for G-quadruplex formation.
A, sequences of the three human
TOP1 exon 1 oligonucleotides
tested (located in Fig. 4B). B, UV
melting profiles at 295 nm in 0.1
mol/L KCl. C, TDS in 0.1 mol/L KCl.
D, CD spectra in 0.1 mol/L KCl.
The curves are representative of
several experiments. All
measurements were performed in
a 10-mmol/L lithium cacodylate
(pH 7.2) buffer supplemented with
0.1 mol/L potassium chloride.
Oligonucleotides were added at
4-μmol/L strand concentration.
Cancer Res; 70(6) March 15, 2010 2197



Table 1. mRNA expression across the TOP1 gene 21 exons in the NCI-60

Mean centered exon intensity

Exon

1 2 3 4 5 6 7 8 9 10

CO:HCT-116 0.44 0.84 0.97 1.02 0.87 1.14 1.18 1.07 0.84 1.16
BR:MCF7 0.39 0.76 0.96 0.90 0.88 0.96 1.00 0.86 0.68 0.84
LE:CCRF-CEM 0.36 0.63 0.20 0.20 0.50 0.68 0.38 0.24 0.60 0.49
LE:MOLT-4 0.31 0.81 0.58 0.43 0.61 0.63 0.19 0.52 0.46 0.54
LC:NCI-H322M 0.60 1.39 1.13 1.17 1.02 1.12 1.18 1.06 0.96 1.06
CO:HT29 0.17 0.24 0.55 1.04 0.50 0.62 0.98 0.52 0.33 0.61
OV:OVCAR-5 0.25 0.43 0.46 0.46 0.67 0.40 0.46 0.37 0.33 0.48
CO:COLO205 −0.05 0.47 0.34 0.47 0.16 0.37 0.24 0.39 0.26 0.43
LE:K-562 0.21 0.77 0.13 −0.09 0.05 0.00 −0.24 0.11 0.18 0.10
CO:KM12 0.21 0.60 0.25 0.70 0.47 0.63 0.26 0.45 0.42 0.61
PR:PC-3 −0.04 0.63 0.50 0.54 0.04 0.03 0.26 0.16 −0.12 0.18
LC:NCI-H23 0.08 0.41 0.68 0.71 0.43 0.57 0.75 0.57 0.38 0.65
LE:SR 0.22 1.06 1.23 1.49 0.73 0.93 1.27 1.09 0.69 0.99
ME:UACC-62 0.19 0.48 0.49 0.63 0.27 0.57 0.66 0.22 0.37 0.58
CNS:SF-268 −0.15 0.31 0.53 0.49 0.26 0.55 0.79 0.29 0.21 0.54
CO:SW-620 0.00 −0.36 −0.20 0.10 0.02 0.04 −0.03 0.00 0.24 0.19
LC:NCI-H460 0.14 −0.26 −0.06 −0.26 −0.17 0.05 0.18 −0.11 0.05 −0.02
CO:HCT-15 −0.02 0.42 0.49 0.36 0.33 0.55 0.91 0.55 0.30 0.66
ME:LOXIMVI −0.01 0.08 0.70 1.07 0.29 0.58 1.08 0.70 0.27 0.52
ME:MDA-MB-435 0.12 0.17 0.62 1.07 0.26 0.53 0.43 0.08 0.20 0.23
OV:IGROV1 0.18 −0.44 −0.81 −0.26 −0.21 −0.10 −0.71 −0.58 0.22 −0.35
OV:OVCAR-4 0.09 0.05 −0.40 −0.23 0.19 −0.02 −0.34 −0.14 −0.05 −0.33
BR:MDA-MB-231 −0.05 0.31 0.01 0.19 −0.01 −0.09 0.08 0.09 0.20 0.14
LE:RPMI-8226 0.30 −0.28 0.07 0.02 0.23 −0.32 −0.94 0.19 0.15 0.10
LE:HL-60 −0.03 −0.65 −0.16 −0.05 −0.31 −0.19 −0.30 −0.36 −0.06 −0.27
RE:UO-31 0.02 0.42 0.12 0.40 −0.06 −0.32 −0.01 0.27 −0.09 −0.05
ME:UACC-257 0.00 0.34 0.28 0.38 0.33 0.44 −0.12 0.19 0.13 0.16
OV:OVCAR-3 0.01 0.14 0.11 −0.02 0.18 0.17 0.05 0.08 0.17 0.10
LC:HOP-92 −0.11 −0.63 −0.36 −1.03 −0.29 −0.59 −0.58 −0.25 −0.29 −0.40
CNS:SF-295 −0.02 −0.01 0.12 −0.26 0.01 0.53 0.31 0.13 0.16 0.16
OV:SK-OV-3 0.01 −0.20 −0.49 −0.42 −0.20 −0.12 −0.77 −0.43 −0.31 −0.63
OV:OVCAR-8 −0.04 −0.32 −0.08 −0.44 0.01 0.14 0.10 −0.12 −0.03 −0.24
OV:NCI-ADR-RES 0.06 −0.97 −0.99 −1.55 −0.28 −0.71 −0.99 −0.93 −0.01 −0.59
CO:HCC-2998 −0.10 −0.45 0.08 0.16 0.06 0.34 0.04 0.11 0.12 0.45
ME:MDA-N −0.04 0.60 0.45 0.44 0.23 0.08 0.61 0.33 0.12 0.36
LC:NCI-H226 −0.18 0.48 0.19 −0.43 −0.11 0.05 0.70 0.38 −0.26 0.01
PR:DU-145 0.07 −0.60 −0.46 −0.56 0.01 −0.28 −0.26 −0.77 −0.49 −0.38
LC:NCI-H522 −0.13 −0.11 −0.65 −0.49 −0.45 −0.72 −0.39 −0.75 −0.22 −0.51
CNS:SNB-19 −0.19 0.16 −0.49 0.14 −0.20 0.11 0.26 0.04 0.12 0.17
BR:T47D −0.15 −0.80 −0.37 −0.47 −0.17 −0.18 −0.04 −0.55 −0.30 −0.14
LC:HOP-62 −0.12 −0.32 −0.10 −0.42 −0.41 −0.08 0.03 −0.25 0.01 −0.34
BR:BT-549 −0.28 −0.52 −0.37 −0.10 −0.55 −0.69 −0.26 0.21 −0.57 −0.53
ME:SK-MEL-5 −0.10 −0.35 0.02 −0.44 −0.26 −0.31 −0.45 −0.24 −0.18 −0.35
CNS:SF-539 na na na na na na na na na na
RE:TK-10 −0.03 −0.06 −0.14 −0.35 −0.11 −0.18 −0.54 −0.35 −0.30 −0.46
LC:EKVX −0.09 −0.21 −0.47 −0.48 −0.39 −0.34 −0.61 −0.15 −0.30 −0.19
CNS:U251 −0.12 −1.09 −0.98 −0.29 −0.32 −0.52 −0.91 −0.32 −0.31 −0.44
RE:SN12C −0.11 0.26 −0.14 −0.20 −0.23 −0.26 −0.03 0.06 −0.39 −0.26
CNS:SNB-75 −0.33 −0.04 −0.32 −0.04 −0.42 −0.20 0.16 −0.21 −0.29 −0.27

(Continued on the following page)
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Table 1. mRNA expression across the TOP1 gene 21 exons in the NCI-60 (Cont'd)

Mean centered exon intensity

Exon

11 12 13 14 15 16 17 18 19 20 21

0.79 0.93 0.98 0.82 0.93 1.19 0.80 1.07 1.35 0.87 0.84
0.50 0.62 0.83 0.62 0.54 0.81 0.68 0.79 0.91 0.64 0.73
0.43 0.65 0.55 0.67 0.58 0.36 0.72 0.52 0.47 0.50 0.54
0.71 0.46 0.59 0.60 0.48 0.31 0.53 0.48 0.64 0.41 0.46
0.96 1.06 0.69 0.91 1.09 0.53 0.54 0.60 0.46 0.50 0.36
0.19 0.50 0.41 0.35 0.36 0.37 0.44 0.52 0.54 0.39 0.32
0.31 0.65 0.61 0.64 0.62 0.55 0.63 0.67 0.45 0.78 0.75
0.37 0.25 0.12 0.12 0.14 0.42 0.06 0.18 0.39 0.13 0.21
0.04 0.11 −0.04 0.14 0.10 0.12 0.16 −0.01 0.10 0.18 −0.03
0.36 0.50 0.36 0.31 0.36 0.19 0.40 0.43 0.55 0.43 0.19
0.13 −0.06 0.20 −0.01 0.08 0.29 −0.26 0.32 −0.22 −0.13 0.05

−0.31 0.44 0.56 0.43 0.47 0.94 0.30 0.55 0.45 0.44 0.41
0.78 0.67 0.87 0.50 0.63 1.03 0.51 0.81 0.90 0.69 0.67
0.34 0.62 0.59 0.41 0.51 0.63 0.35 0.54 0.29 0.39 0.37
0.14 0.20 0.31 0.04 0.10 0.41 0.00 0.33 0.32 0.23 0.19

−0.16 0.22 0.04 0.14 0.15 −0.02 0.25 0.00 0.38 0.18 −0.03
−0.25 0.03 −0.02 0.02 −0.09 0.11 0.04 0.04 0.10 −0.18 −0.22
−0.13 0.29 0.45 0.30 0.44 0.50 0.38 0.43 0.74 0.44 0.28
0.61 0.27 0.41 0.06 0.22 0.59 0.10 0.40 0.32 0.35 0.24
0.43 0.32 0.30 0.12 0.18 0.16 0.18 0.34 0.20 0.32 0.29

−0.22 0.26 −0.29 0.04 0.04 −0.52 0.33 −0.28 0.03 0.30 −0.10
−0.15 0.05 −0.22 0.20 0.07 −0.18 0.23 −0.06 0.08 0.16 0.02
0.07 −0.09 0.18 0.00 0.07 0.06 −0.08 0.15 0.32 −0.02 0.11
0.58 0.11 0.04 0.26 0.20 −0.06 0.17 0.18 0.12 0.26 0.20

−0.16 −0.10 −0.33 −0.34 −0.27 −0.40 −0.11 −0.25 −0.11 −0.26 −0.19
−0.20 −0.19 0.04 0.06 0.15 0.31 −0.12 0.00 −0.18 −0.02 0.32
0.17 0.41 0.31 0.12 0.35 −0.04 0.25 0.20 0.41 0.34 0.28
0.29 0.25 0.24 0.13 0.16 0.19 0.17 0.15 0.10 0.25 0.15

−0.09 −0.29 −0.06 0.06 −0.08 −0.37 −0.08 −0.24 −0.38 −0.05 −0.26
−0.04 0.07 0.14 −0.03 0.06 0.06 0.08 0.11 −0.21 0.18 −0.07
−0.29 −0.16 −0.20 −0.19 −0.14 −0.36 −0.03 −0.37 −0.23 −0.22 −0.12
0.00 0.00 0.12 0.12 0.16 −0.20 0.06 −0.05 −0.22 0.06 0.11
0.02 0.06 −0.45 −0.09 −0.15 −0.77 0.31 −0.52 −0.19 0.15 −0.16

−0.42 0.11 0.13 −0.01 0.00 −0.17 0.01 0.20 0.32 −0.05 −0.05
0.11 0.02 −0.01 0.25 0.19 0.38 0.03 0.13 0.13 0.26 0.21

−0.37 −0.18 0.07 −0.06 0.03 −0.03 −0.25 −0.27 −0.22 −0.13 −0.17
0.04 −0.13 −0.32 −0.22 −0.14 −0.25 −0.15 −0.46 −0.73 −0.10 −0.29

−0.80 −0.45 −0.50 −0.29 −0.21 −0.48 −0.28 −0.18 0.10 −0.45 −0.34
0.37 −0.07 0.11 0.02 −0.15 0.13 0.07 0.02 −0.05 −0.20 0.00

−0.33 −0.39 −0.42 −0.29 −0.26 −0.57 −0.22 −0.36 −0.29 −0.18 −0.31
−0.36 −0.16 −0.20 −0.24 −0.22 −0.29 −0.06 −0.17 −0.18 −0.12 −0.20
−0.15 −0.46 −0.17 −0.27 −0.35 −0.37 −0.51 −0.29 −0.61 −0.48 −0.41
−0.08 −0.27 −0.34 −0.23 −0.22 −0.27 −0.07 −0.33 −0.26 −0.27 −0.26
na na na na na na na na na na na

−0.33 −0.38 −0.26 −0.15 −0.29 −0.32 −0.35 −0.32 −0.28 −0.31 −0.18
−0.29 −0.23 −0.27 −0.17 −0.21 0.02 −0.32 −0.29 −0.29 −0.40 −0.45
−0.04 −0.27 −0.51 −0.23 −0.36 −0.61 −0.25 −0.40 −0.21 −0.44 −0.53
−0.24 −0.43 −0.07 −0.28 −0.26 0.07 −0.42 −0.14 −0.30 −0.42 −0.26
−0.57 −0.26 −0.22 −0.34 −0.38 −0.11 −0.35 −0.34 −0.39 −0.39 −0.42

(Continued on the following page)
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Table 1. mRNA expression across the TOP1 gene 21 exons in the NCI-60 (Cont'd)

Mean centered exon intensity

Exon

1 2 3 4 5 6 7 8 9 10

ME:SK-MEL-2 −0.06 0.34 0.59 0.72 0.20 0.37 1.08 0.27 0.07 0.13
LC:A549 −0.04 −1.32 −0.91 −0.74 −0.71 −1.06 −0.98 −0.80 −0.49 −0.74
ME:M14 −0.18 −0.39 0.10 −0.44 −0.12 −0.18 0.22 −0.09 −0.26 −0.14
ME:MALME-3M −0.26 −0.19 0.09 −0.02 −0.32 0.01 −0.47 −0.38 −0.24 −0.24
RE:ACHN −0.06 0.13 −0.66 −1.02 −0.34 −0.91 −1.68 −0.83 −0.57 −0.74
RE:CAKI-1 −0.14 0.30 −0.10 −0.10 −0.17 −0.44 −0.79 −0.06 −0.32 −0.14
RE:A498 −0.10 −0.38 −0.46 −0.54 −0.41 −0.42 −0.23 −0.50 −0.40 −0.41
RE:786-0 −0.20 −0.05 −0.18 −0.20 −0.26 −0.30 −0.25 −0.03 −0.24 −0.04
RE:RXF-393 −0.18 −0.73 −0.44 −0.71 −0.26 −0.48 −0.83 −0.38 −0.36 −0.49
ME:SK-MEL-28 −0.28 −0.04 −0.43 −0.95 −0.52 −0.66 −0.22 −0.45 −0.56 −0.88
BR:HS578T −0.58 −1.16 −0.99 −1.11 −1.14 −1.04 −0.82 −0.77 −0.90 −0.99
SD 0.20 0.56 0.53 0.63 0.41 0.53 0.65 0.48 0.38 0.50
Mean of intensity 9.21 7.65 7.26 5.98 9.12 8.16 6.55 8.06 9.05 8.15

NOTE: Cell lines ordered as in Fig. 1A.
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DNA copy numbers ranged from 4.13 for the breast cancer
line MCF-7 to 1.71 for the melanoma SK-MEL-28 (Fig. 2A,
left). Comparison of the average transcript z scores
(Fig. 1A, last column of the tabular data and Fig. 2A, right)
with the average estimated DNA copy number indicates a
statistically significant correlation (r = 0.33, P < 0.02, without
multiple comparisons correction). Those results suggest that
TOP1 amplification can contribute to increased expression
levels in cancer cells.
Within the portion of chromosome 20 for which copy

number was estimated (i.e., from nucleotides 37,103,339 to
41,095,315), 57 of the cell lines showed relative invariance
in their average copy number (within the limits of reliability
and variability of the individual probes). HS578T exemplifies
that type of profile (Fig. 2B, middle). Only two cell lines,
breast cancer MCF7 and lung cancer NCI-H322M, showed
variation around the TOP1 locus (Fig. 2B, top and bottom,
respectively). In MCF7, there is amplification of an ∼1.7 ×
106 nucleotide region that contains TOP1 (Fig. 2B, red
squares). In the NCI-H322M cells, there is an ∼2-fold in-
creased copy number toward the p-end of chromosome 20
and a reduction in average copy number at the TOP1 locus.
Exon analysis of TOP1 reveals differential expression

between the first and the other exons. To expand our tran-
script assessment and consider potential exon-specific var-
iation, we next examined the intensity levels for each of the
21 TOP1 exons using the GH Exon 1.0 ST Array (see Supple-
mentary Table S1). This platform was in agreement with the
other three transcript platforms for TOP1 expression, with
average correlations of 0.86, 0.82, and 0.73 (all significant
with P < 0.0001) for HG-U95, HG-U133, and HG-U133 Plus
2.0, respectively. Analysis of the GH Exon 1.0 ST Array indi-
cated that the probe intensities for exon 1 were higher on
average (by ≥1.87-fold, linear) than those for exons 2 to 21, with
the higher expresser cell lines, such as HCT-116 and MCF7
Cancer Res; 70(6) March 15, 2010
(ranked in Fig. 1A) having less of a drop off (1.37-fold and
1.50-fold linear change, respectively) than the lower expresser
cell lines, such as HS578T and SK-MEL-28 (2.23-fold and 2.19-
fold linear change, respectively). For all cell lines, the average of
the exon 1 minus the average of the exon 2 through 21 probe
sets is positive (Supplementary Table S1, last column), indicat-
ing the intensity reduction following intron 1.
Next, to partially compensate for variations in probe set

hybridization efficiency, we mean-centered the probe set av-
erage log2 intensity values for each exon across the NCI-60
(results in Table 1). Using the data in this form allows one
to more clearly identify potential specific exon level fluctua-
tions. Figure 3A shows a clustered image map visualization of
these mean-centered intensity values. The vertical strip re-
presenting exon 1 stands out as having less color variation
and thus less mean-centered intensity variation than do
the other exons. The horizontal blocks of color indicate that
most cell lines are otherwise consistent in their mean inten-
sity levels across exons 2 to 21. Assessment of the mean-cen-
tered log2 intensities by cell line, including their 95%
confidence intervals (Supplementary Fig. S1A, B, and C), in-
dicates that few examples of exon-specific transcript varia-
tion occur within exons 2 to 21 for TOP1.
The deviations from the (60-cell) mean for the Table 1 data

for four individual exons are depicted quantitatively in Fig. 3B,
reflecting what was seen in Fig. 3A. That is, from the lengths of
the red bars, it is apparent that exon 1 has less deviation from
the mean than the other three exons shown. The same is true
also for the other 17 exons (for all exons, see Supplementary
Fig. S1), substantiating the observation of reduced exon 1 var-
iation from Fig. 3A. That point is reinforced in tabular form as
well by the SDs of the mean-centered log2 intensities for each
exon across the NCI-60 (Table 1, second row from bottom). The
SD is the least for exon 1, at 0.20, with an average of 0.47 (with a
range of 0.35–0.67) for exons 2 to 21.
Cancer Research



Table 1. mRNA expression across the TOP1 gene 21 exons in the NCI-60 (Cont'd)

Mean centered exon intensity

Exon

11 12 13 14 15 16 17 18 19 20 21

−0.11 0.09 0.19 −0.07 −0.01 0.28 −0.10 0.16 0.00 0.12 0.04
−0.54 −0.52 −0.74 −0.48 −0.40 −0.65 −0.26 −0.43 −0.21 −0.47 −0.58
0.08 −0.19 −0.19 −0.14 −0.17 −0.29 −0.21 −0.09 −0.18 −0.12 −0.02

−0.24 0.06 −0.32 −0.29 −0.47 −0.31 −0.25 −0.30 −0.11 −0.26 −0.32
−0.29 −0.41 −0.81 −0.38 −0.46 −0.16 −0.63 −0.33 −0.75 −0.29 −0.28
−0.20 −0.60 −0.62 −0.33 −0.32 −0.29 −0.47 −0.31 −0.27 −0.38 −0.16
−0.56 −0.27 −0.39 −0.36 −0.31 −0.43 −0.41 −0.49 −0.52 −0.46 −0.43
−0.36 −0.44 0.07 −0.39 −0.34 −0.21 −0.40 −0.20 −0.04 −0.30 −0.08
0.37 −0.31 −0.35 −0.32 −0.27 −0.27 −0.29 −0.39 −0.43 −0.35 −0.33

−0.33 −0.53 −0.62 −0.52 −0.60 −0.66 −0.50 −0.67 −0.45 −0.44 −0.49
−0.99 −0.48 −0.99 −0.75 −0.78 −0.94 −0.54 −1.01 −0.66 −0.98 −1.07
0.37 0.40 0.44 0.34 0.35 0.44 0.36 0.39 0.44 0.38 0.35
9.78 9.29 8.95 10.50 9.87 7.18 10.66 8.52 8.74 10.31 9.56

TOP1 Transcription and G-Quadruplexes
Those results indicate that (a) TOP1mRNAexpression is gen-
erally less variable for exon 1 than for exons 2 to 21, (b) the TOP1
transcript levels generally decrease between the exons 1 and 2
probe sets, and (c) there is a greater drop-off in the lower ex-
pressers compared with the higher expresser cell lines.
TOP1 intron 1 contains potential quadruplex-forming

G-rich sequences. Due to these transcript variations found
between TOP1 exons 1 and 2, we took a detailed look at in-
tron 1 for potential secondary structure-forming motifs
(Fig. 4A). The first intron of human TOP1 is among the smal-
lest in the TOP1 gene, consisting of 330 bp. Examination of
the sequence composition of human intron 1 using the quad-
ruplex-forming G-rich sequences (QGRS) Mapper15 algorithm
revealed six and five potential quadruplex-forming G-rich se-
quences (depicted as the lighter bars in Fig. 4B) within the
coding and transcribed strands, respectively. Chimpanzee,
mouse, and rat TOP intron 1 (see Fig. 4B) are relatively con-
served in both size and number of potential quadruplex-
forming G-rich sequences. Drosophila is more disparate, with
intron 1 containing 1,346 nucleotides and 4 potential quad-
ruplex-forming G-rich sequences in both its coding and tran-
scribed strands (data not shown).
Evidence for quadruplex formation in vitro. Of the QGRS

Mapper algorithm identified potential quadruplex sequences
on both DNA strands of Intron 1, manual inspection suggested
that the most stable (quadruplexes) were located on the tran-
scribed strand. To confirm the propensity of these motifs to
form quadruplexes, we synthesized three oligodeoxynucleo-
tides (21, 25, and 30 bases long) that mimicked parts of intron
1 (located in Fig. 4B beneath the human intron 1, with the se-
quence depicted in Fig. 5A). Standard physicochemical meth-
ods were used to reveal quadruplex formation (32). For the 21-
and 25-mers, UVmelting profiles showed a clear inverted tran-
sition at 295 nm, consistent with G4 quadruplex formation
(Fig. 5B; ref. 27). The 21-mer was highly stable (Tm of 75°C in
K+). Furthermore, this Tm depends on the nature of the cation
www.aacrjournals.org
(K+ > Na+; data not shown). The TDS (Fig. 5C) and CD spectra
(Fig. 5D) for both sequences were consistent with G4 forma-
tion. In contrast, the 30-mer, despite being very G-rich, did not
exhibit the same behavior (no transition at 295 nm and differ-
ent CDS and TDS). Altogether, those results indicate that two
of the three sequences form bona fide quadruplexes whereas
the longest one (30-mer) forms a duplex.
We then analyzed the molecularity of the 21-mer, which

shows a fully reversible melting profile. We measured the
Tm at different strand concentrations (between 2 and 30
μmol/L). The Tm was concentration independent (data not
shown), confirming that the quadruplexes are intramolecular
(33). We could not perform a similar experiment with the 25-
mer, because its melting was more complex and it showed
hysteresis, probably as a result of the formation of multiple
quadruplex species of different molecularities.
The melting experiments indicated that at least two se-

quences in the transcribed strand tend to form quadruplex
structures and that the one formed with the 21-mer is ex-
tremely thermally stable. Nevertheless, a Tm value is of limited
value for assessing the “strength” of a quadruplex under phys-
iologic conditions; a free energy of transition would be more
predictive. We therefore performed a van't Hoff analysis of the
melting profiles and found a ΔG°37°C value of −8.6 kcal/mol.
That value provides an indication of the high thermodynamic
barrier for unfolding of the G4 structure to let the transcrip-
tion machinery pass through this structure. However, the val-
ue of ΔG°37°C should be interpreted with caution because it
relies on a number of assumptions (such as two-state behavior
and temperature-independent enthalpy) and extrapolations
with respect to the nature of the cellular environment (33).

Discussion

TOP1 is viewed as a housekeeping gene because its ho-
mozygous deletion is embryonic lethal (5) and its expression
Cancer Res; 70(6) March 15, 2010 2201
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is restricted across cell cycle stages (34). In this study we
used high throughput microarray analyses to elucidate reg-
ulatory genetic determinants of TOP1 transcript expression
across the NCI-60 and explored two potential influences on
TOP1 expression: transcriptional pausing and DNA copy
number variation. The correlation between TOP1 expression
and copy number of 0.33 was higher than prior multigene
correlation averages of 0.29 and 0.23 (16), suggesting that
TOP1 copy number alterations in cancers can influence the
transcript level.
To compare TOP1 transcript levels across the NCI-60 cell

lines and across our six Affymetrix probe sets (on HG-U95,
HG-U133, andHG-U133 Plus 2.0microarrays), we used average
z scores.9 z scores facilitate the integration of data from mul-
tiple platforms because they are mean-centered and normal-
ized with respect to SD. Average z scores for TOP1 expression
provided a single value for each of the NCI-60 lines (see
Figs. 1A, B and 2A). Those values were used to rank the cells
and for comparison with aCGH (Fig. 2A). Use of z scores, as
opposed to individual probe set data, for TOP1 transcript le-
vels yielded generally higher correlations with both TOP1 pro-
tein expression (18) and TOP1DNA copy number (Fig. 2A). The
TOP1 transcript expression at relatively low levels in the renal
and at high levels in the leukemia and in six of the seven colon
carcinoma lines (Figs. 1A, B and 2A) was consistent with our
recent results using an ELISA assay to measure TOP1 protein
levels (18).
Recent studies have shown that transcription can be reg-

ulated for many genes after establishment of the preinitia-
tion complex (35, 36). Having found that TOP1 expression
was variable from cell line to cell line across the NCI-60,
we looked for differential expression across the 21 exons of
the TOP1 gene using our data from the exon-specific Affyme-
trix GeneChip Human Exon 1.0 ST microarray. An asset in
organizing and visualizing the exon array data was our Spli-
ceCenter tool (37), which provided (a) automated visualiza-
tions of the translated and untranslated regions of the TOP1
gene; (b) the relative exon sizes and locations of introns; and
(c) the portions of the exons being assessed by the individual
probe sets (examples in Fig. 1C). Interpretation of inter–cell
line transcript level variation was made possible by the rel-
atively large number of arrays (156) used in this study. As
probe set intensities are not directly interpretable with re-
spect to differences among exons because of variability in
hybridization efficiency between individual probes, we devel-
oped a mean-centering approach and looked for variation
across cell lines for each individual exon. Mean-centered in-
tensities, as seen in Fig. 3 for exon 1, can provide indications
of exon-specific transcript variations. Analogous transforma-
tion of exon array data from genes other than TOP1 should
likewise be useful for detection of exon-specific transcript
variation.
Our analyses based on the GH Exon 1.0 ST microarray

revealed only very limited variation in exon 1–specific tran-
script intensities across the NCI-60 compared with differ-
ences across cell lines for the other 20 exons (see Fig. 3).
The cell lines with the highest TOP1 expression (such as
colon carcinoma HCT-116) seem to allow the transcription
Cancer Res; 70(6) March 15, 2010
process to pass through intron 1 more readily than do the
low-TOP1 expressers (such as breast carcinoma HS578T).
In the latter, transcription seems to be impeded within in-
tron 1. Those observations suggested the existence of a neg-
ative transcription regulator within intron 1 of the TOP1 gene
in humans. Further analysis showed that intron 1 is relatively
short and conserved among vertebrates (see Fig. 4A and B),
containing multiple potential quadruplex-forming G-rich se-
quences. This implies similar potential for the formation of
secondary structures in these vertebrates.
Sequences that form quadruplexes have been generally

found to regulate transcription within promoter regions.
For instance, quadruplexes in the promoters of the HIF1A,
KRAS, CMYB, and CMYC genes (38–42) have been found to
repress transcription initiation. Our findings for the TOP1
gene highlight the potential role of quadruplex-forming G-
rich sequences for regulating transcription in the body of
genes. They are consistent with a recent report showing
the preferential enrichment of potential quadruplex se-
quences in the first introns of a large number of human
genes (43). Potential quadruplexes were significantly overrep-
resented on the nontemplate DNA strands (43). In the case of
the TOP1 gene, potential quadruplex sequences in the first
intron were present in both the transcribed (nontemplate)
and coding strands, but the sequences with the highest po-
tential were on the transcribed strand. Biochemical and bio-
physical evidence provided here indicates that the sequences
with potential for G-quadruplex formation can actually form
such structures, at least in vitro (see Fig. 5).
To the best of our knowledge, our study is the first to use

exon-specific expression data for recognition of potential in-
tronic secondary structure leading to the restriction of tran-
script elongation. The approach, practiced across panels of
cell lines such as the NCI-60, could be useful for detection
of intronic transcription pausing in other genes.
In summary, the present study describes (a) the relative le-

vels of TOP1 within the NCI-60, (b) a significant association
between TOP1 expression and DNA copy number, (c) the ex-
istence of a reduction of TOP1 transcript level following exon
1, (d) the existence of reduced variability of exon 1 (compared
with the other 20 exons), (e) the presence of multiple potential
guanosine quadruplexes within intron 1, and (f) the verifica-
tion of the guanosine quartet formation by two of these by
physicochemical methods. This form of exon-specific tran-
script variation analysis across the NCI-60 allows the recogni-
tion of inhibitory elements within the introns of genes. Based
on this approach, we suggest, for the first time, the existence of
a transcriptional pausing event in the first intron of TOP1 and
provide a plausible mechanistic explanation based on the pres-
ence of G-quadruplex regions.
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