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Introduction

Elevations of the c-erbB2oncogene occur in about 30%
of human breast cancers. Interestingly, patients whose tumors
show elevation of the c-erbB2 oncogene are sensitive to
chemotherapeutic protocols involving drugs targeted against

DNA topoisomerase II-alpha (topo II) (1). The gene for c-erbB2

is on chromosome 17 and is linked to the gene for topo II.
Both genes have been found to be amplified together in breast
cancer cells grown in the laboratory (2). These cancer cells
with amplification of both genes are exquisitely sensitive to
drugs which target topoIl. This leads to the intriguing
hypothesis that the reason patients with amplification of
c-erbB2 are sensitive to topo II anticancer drugs is because
of the co-amplification of c-erbB2 with topo II. The purpose
of this project was to determine how often topo II and
c-erbB2 are co-amplified in cases of human breast cancer.



Body

To determine how often the topo II gene is co-amplified
with the c-erbB2 oncogene, we developed a quantitative
polymerase chain reaction (PCR) assay to determine the gene
copy number of topo II and c-erbB2 relative to albumin in
samples of human breast cancer. Tumors with elevated c-erbB2
were identified by immunohistochemical staining. Tissue from
these tumors was micro-dissected from an unstained slide,
the DNA was isolated by standard procedures, and then the
amplification of topo II with c-erbB2 was determined by PCR
with appropriate primers. Of the 31 cases which we found
amplified for c-erbB2, only 3 cases showed amplification
of topo II. A detailed description of the methods, results,
and conclusions has been submitted for publication (3)and
a copy of the submitted manuscript is included in the Appendix.



Key Research Accomplishments

1.
2.

3.

We developed a novel method to determine gene copy
number from micro-dissected tumor tissue.

We were able to correlate topo II and c-erbB2Z gene
amplification with immunohistochemical results.

We observed that many samples interpreted as c-erbB2
amplified by immunostaining (2+ staining) do not
show c-erbB2 amplification by PCR or fluorescence

in situ hybridization (FISH).

We discovered that the co-amplification of the topo II
gene with the c-erbB2 oncogene is not a common event
in human breast cancer.



Reportable Outcomes

1.

Bernard PS, et al., Color multiplex PCR for the
quantitative analysis of predictive genes in breast
cancer: c-erbB2 and topoisomerase II-alpha. (submitted
for publication)

Bernard PS, et al., HER2/neu and topoisomerase II-alpha
Linked genes with prognostic and predictive value

in invasive ductal cell breast carcinoma. The Eleventh
Conference on DNA Topoisomerases in Therapy, NYU
Medical School, New York, October, 2001



Conclusions

The question we sought to answer with this study was
whether the topo II gene is co-amplified with c-erbB2 in
cases of human breast cancer. Such a co-amplification might
then explain the known sensitivity of c-erbB2 amplified tumors
to topo II targeted anticancer drugs. Of 31 human breast
cancers found to have elevated c-erbB2 by PCR, only 7 showed
alterations in the topo II gene. Of these 7 tumors with
topo gene alterations, only 3 showed gene amplification.

We conclude that co-amplification of topo II and c-erbB2

is a rare event in human breast cancer and can not explain
the sensitivity of such tumors to drugs targeting topo II.
However, we observed, by immunohistochemical staining, elevated
expression of topo II protein in c-erbB2 amplified tumors.
Topo II is a marker of cell proliferation (4). The abundant
topo ITI expression in c-erbB2 amplified tumors most likely
reflects that these breast cancers are composed of a large
fraction of proliferating cells. Thus our data suggest that
the reason c-erbB2 amplified breast cancers are sensitive

to topo II targeting drugs is not because of co-amplification
of the gene with c-erbB2, but rather because these tumors
have a high expression of the protein. This conclusion has
broad implications beyond breast cancer because it suggests
that human cancers responsive to drugs targeting topo II
could be identified by immunohistochemical staining for the
protein.
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ABSTRACT

The use of molecular markers in breast cancer is important for prognosis and selecting
proper treatment. The presence of amplification or overexpression of the c-erbB-2 gene is
a negative prognostic factor that is proving to be predictive for response to monoclonal
therapy with trastuzumab and first line anthracycline therapy. While response to
trastuzumab is effective by blocking c-erbB-2 signaling and immune mediated
cytotoxicity, the reason why anthracyclines are effective in these tumors is less clear. The
c-erbB-2 gene is physically and biologically associated with topoisomerase Ila, the target
of anthracyclines. In tumors with c-erbB-2 gene amplification there can be concomitant
alterations in topoisomerase Ila, which may confer resistance (deletion) or sensitivity
(amplification) to anthracyclines such as doxorubicin. We scored for the c-erbB-2 and
topoisomerase Ilo. markers in a group of 59 ductal cell breast carcinomas (53 invasive
and 6 in-situ) using immunohistochemistry (IHC), fluorescence in-situ hybridization
(FISH, c-erbB-2 only), and real-time quantitative PCR. All samples were initially
selected based on a positive IHC score for c-erbB-2. Immunohistochemistry was
performed for topoisomerase lla to assess proliferation by the topo II index. Seven out of
31 (23%) of the samples found amplified for the c-erbB-2 gene by PCR had either a
deletion (4/31) or amplification (3/31) in the topoisomerase Ilo gene. Using the CB11
clone for c-erbB-2, there was 90% agreement between PCR and FISH when IHC was
strongly positive (i.e., scored 3"). The concordance between methods was less when the
A0485 polyclonal antibody was used and for tumors that scored weakly positive. The low
frequency of concomitant DNA alterations between c-erbB-2 and topoisomerase ITo

suggest that the response of c-erbB-2 positive breast cancers to anthracyclines is not



dependent on co-amplification of the topoisomerase Ilo. gene. The color multiplex PCR
method has general diagnostic application for the rapid, simultaneous, and quantitative

analysis of many targets from microdissected tissue.

Introduction

The c-erbB-2® proto-oncogene encodes a 185-kDa transmembrane glycoprotein
that heterodimerizes with other members of the epidermal growth factor receptor family
resulting in tyrosine kinase activation, autophosphorylation and cell transformation (1). In
approximately 20% of breast cancers, the c-erbB-2 gene becomes amplified at the DNA
level leading to an increase in message and overexpression of the protein (2,3).
Amplification and overexpression of c-erbB-2 are associated with aggressive breast
tumor transformation and poor clinical outcome in women with node-positive and node-
negative breast cancer (4-7). In addition to its prognostic relevance, clinical trials are
evaluating the predictive importance of c-erbB-2 (8). Current data suggest that the
presence of this marker is a strong positive predictive indicator of response using first-
line chemotherapeutics (e.g., anthracyclines) in combination with trastuzamab (8-10).

Trastuzumab (Herceptin) is a recombinant humanized monoclonal antibody
(humAb4DS5) targeting the extracellular domain of c-e#bB-2 (11). The drug inhibits the
growth of breast cancer cells overexpressing c-erbB-2 in culture and in human xenografts
(11-14). Monoclonal antibodies against c-erbB-2 are effective inhibitors of breast cancer
progression by antagonizing mitogenic signal transduction and through antibody-

dependent cell-mediated cytotoxicity (15,16). While it is biologically rational to expect

3 also known as HER-2/neu




trastuzumab to be effective therapy against c-erbB-2 positive tumors (16), the reason why
anthracyclines also work against this class of tumors is less obvious (8).

It is suspected that anthracyclines, such as doxorubicin, are effective against c-
erbB-2 positive breast tumors because of an association with topo Ila* (17-20). The topo
Ho gene is physically located near c-erbB-2 within the chromosome band region 17q12-
q21, an area that is frequently modified in breast tumors (21-23). If c-erbB-2 is amplified
the topo Ilo gene may also be amplified or deleted resulting in corresponding changes in
protein expression (19). The topo Ila protein is a dimeric enzyme (170 kDa subunits)
necessary for DNA breakage and strand passage during cell proliferation (24). The
general class of drugs known as topo II inhibitors, which include anthracyclines and other
topo II poisons, target the topo Il protein resulting in unrepaired DNA breaks during
cell division and cell death by apoptosis (25-27). In vitro studies have shown that gene
deletion of topo o confers drug resistance to doxorubicin by downregulating protein
expression (19,28). Conversely, cell lines overexpressing topo Ia, either through
transfection (29,30) or gene amplification (19), are sensitive to topo II inhibitors.

Since topo Il is cyclically expressed primarily in the late S/G2 phases of the cell
cycle, it is a reliable marker of cell proliferation by ITHC (31,32). Immunochemistry for
topo Ila is a semi-quantitative technique, which is not optimal for assessing small
differences in expression (27). This may partly explain why topo Ila as a proliferation
marker was found in one study not to be predictive for response to anthracyclines in
patients (33). Recently, FISH and quantitative PCR have found that amplification or

deletion of topo Ila is a common event in c-erbB-2 positive breast tumors (23,34). Given

# abbreviation used: topo Ila, topoisomerase o



the strong in vitro evidence (19,28-30), Jarvinen et al contend that these alterations could
be predictive and may significantly account for variability in response to topo II
inhibitors in patients (19).

We used color multiplex real-time quantitative PCR to accurately determine
alterations in c-erbB-2 and topo Ila, relative to a control gene. Our data suggest that gene
alterations in topo Ila are infrequent in breast cancer and could account for only a small
percentage (<5%) of the variability in response to adjuvant topo II inhibitor therapy seen
in women with c-erbB-2 positive tumors. Moreover, proliferation by the topo II index
remains clinically useful by indicating the aggressiveness of a tumor and the presence of

target for topo II inhibitor drugs, regardless of c-erbB-2 status.

Materials and Methods

Sample Collection. Fifty-three invasive and 6 in-situ ductal cell breast
carcinomas, formalin-fixed and paraffin-embedded, were received in the Department of
Surgical Pathology at The University of Utah School of Medicine (SLC, UT). All
identifiers were removed from samples to protect patient confidentiality. Samples were
pre-selected based on positive c-erbB-2 status using IHC. Scoring criteria were according
to the FDA approved HercepTest™. Specifically, those samples scored 2° (weak,
continuous membrane staining in 10% of tumor cells) and 3* (strong, continuous
membrane staining in at least 10% of tumor cells) were selected for further study by

FISH and PCR.




Immunohistochemistry. Formalin-fixed, paraffin-embedded tissue was cut onto
charged glass slides in 5-pm thick sections. For c-erbB-2 staining, sections were
deparaffinized and subjected to heat-induced epitope retrieval (HIER) by immersion in
10 mM citrate buffer (pH 6.0) in a microwave (half-power) for 15 min. Samples were
cooled to room temperature in buffer for an additional 15 min. Primary antibody dilutions
for CB11 and the Dako polyclonal (A0485) were prepared according to manufacturer’s
instructions. Samples were incubated with antibody using the Ventana 320
immunostainer (Ventana Medical Systems, Tucson, AZ) and color development was
accomplished with diaminobenzidine. Topo IIo protein was stained by IHC using a
similar method described elsewhere (32). Proliferation was determined using the topo II
index, which is defined as the number of positive-staining cells divided by the total
number of tumor cells counted times 100. At least 500 tumor cells were counted in the
area of highest staining. Immunohistochemistry was performed and interpreted on all

samples within 1 week of the tissue being paraffin-embedded.

Fluorescence in-situ Hybridization. To determine c-erbB-2 status by FISH, a
commercial kit was obtained and used following manufacturer’s instructions (Oncor®
INFORM™ HER-2/neu Gene Detection System, Ventana Medical Systems, Tucson, AZ).
Briefly, formalin-fixed, paraffin-embedded sections were dried overnight at 65 °C, then
deparaffinized in xylene and washed in ethanol. Samples were subjected to enzymatic
protein digestion for 40 min at 37 °C, denatured at 75 °C and then incubated overnight

with c-erbB-2 specific probe under a cover slip. After a post-hybridization washing,




detection was performed using indirect labeling of fluorescein tagged avidin. Specimens
were evaluated under oil immersion at X100 magnification using an epifluorescence
microscope equipped with the appropriate filters. Samples with a mean fluorescence

signal count greater than 4, after analyzing 20 cells, were considered amplified.

Microdissection and DNA Extraction. Samples were laser-capture
microdissected and DNA was extracted according to standard protocols (36). Thin-
sections of paraffin-embedded tissue were cut onto untreated slides, deparaffinized, and
lightly stained with hematoxylin (30 sec) and eosin (5 sec). Each H&E stained sample
was aligned with a consecutive section that was IHC stained for c-erbB-2. The c-erbB-2
positive area was identified on the H&E slide and circled by a pathologist with an
indelible fine felt tip marker. For laser-capture microdissection, approximately 500 cells
within the circled area were collected onto a CapSure transfer film using the PixCell®
instrument (Arcturus Engineering Inc., Mountain View, CA, USA). Alternatively, if the
circled area contained confluent tumor without lymphocyte infiltration, the area was
scalpel dissected with the aid of light microscopy. The DNA from the microdissected
tissue was extracted overnight at 37 °C in 100 pl of digestion buffer containing 1 mg/ml
Proteinase K and 1% Tween 20 in Tris-EDTA, pH 8.0. Samples were centrifuged (5 min
@ 8,000 rpm), Proteinase K heat inactivated (95 °C for 8 min) and DNA purified using
DNeasy™ Tissue Kit (Qiagen Inc., USA) with a poly[dA] carrier (Sigma®, USA). The
DNA from each sample was ethanol precipitated in the presence of sodium chloride. The
pellet was frozen at - 20 °C until PCR and then resuspended in 6 ul of 10 mM Tris, 0.1

mM EDTA, pH 8.0.



Instrumentation and Dyes for 3-Color Multiplexing. A linear optics block,
similar to that in the LightCycler™ (37), was equipped with the appropriate filters to
perform 3-color multiplexing using the dyes LCRed640, Cy5 and LCRed705. All 3
acceptor dyes used fluorescein as a common donor. Although each acceptor has a discrete
emission maximum, there is some overlap that is corrected by software. The software
algorithm used for color compensation of spectral overlap between fluorescent dyes
models that used in flow cytometry with modifications for solution chemistry and
temperature dependence of fluorescence (38). The new optics block was installed into a
R.AP.ID. (Ruggedized Advanced Pathogen Identification Device) — a durable version of
the LightCycler™ commercially marketed to the military by Idaho Technology Inc. (Salt

Lake City, UT)

Primers, Probes and PCR. Oligonucleotides were synthesized by standard
phosphoramidite chemistry. Primers were desalted and fluorescent probes were HPLC
purified by the manufacturer (IT Biochem, Idaho Technology Inc.). Primer and probe
sequences are provided in Table 1. The Tys of the primers and probes were matched
between targets. Probe Ty,s were designed to be approximately 5 °C above those of the
primers to ensure hybridization during fluorescence acquisition. All amplicons were 100-
150 bps in length. Initial selection of primers and probes was done using Primer
Designer© 4 (Scientific and Educational Software, State Line, PA) and the T,s were
recalculated for the concentration of MgCl, used in the PCR’. All targets were amplified
together and fluorescence acquired once per cycle through 45 cycles (94 °C, 0 s; 64 °C,

10 s). The probe sets for each target were present at the following concentrations: c-erbB-

* Available under TM Utility at http://www.Idahotech.com.




2 - 0.2 pM fluorescein-labeled probe, 0.2 uM LCRed640-labeled probe; albumin - 0.2
pM fluorescein-labeled probe, 0.2 pM Cy5-labeled probe labeled probe; and
topoisomerase Ila - 0.4 uM fluorescein-labeled probe, 0.4 uM LCRed705-labeled probe.
In addition, each 10 pl reaction contained 3 mM MgCl,, 50 mM Tris, pH 8.3 (25 °C), 500
pg/ml bovine serum albumin, 0.2 mM each dinucleoside triphosphate, 0.5 puM each
primer, 1 U Klentaql™, and 0.2 pg TaqStart antibody (CLONTECH Laboratories, Palo

Alto, CA).

Efficiency Adjustment. Efficiency curves were established within each run using
4 PCR reaction cuvettes containing 10-fold differences in concentration (100 ng to 0.1
ng) of serially diluted human leukocyte genomic DNA (a renewable source of wild-type
DNA). Each cuvette contained a multiplex reaction with primers and probes for
simultaneously amplifying c-erbB-2, topo Ila, and albumin. After color compensation,
amplification curves for each target were constructed by plotting cycle number versus
fluorescence signal. The second derivative maximum of the amplification curve is
denoted the crossing point (C,). A standard curve was constructed for each target by
plotting C,, versus log ng genomic DNA and finding the least squares linear regression
(trend line) through the points. Amplification efficiency was found from the slope of the

trend line:

Efficiency = 10"(-1/slope)



The slope of the trend line is a function of the average efficiency of the PCR
reaction. The y-intercept of the trend line is a function of the minimum detectable
amplicon (39). In order to directly compare a crossing point of one target with a crossing
point of another target all crossing points were normalized to match the slope and
intercept of c-erbB-2 (this was an arbitrary selection since any of the targets could have

been used). An example of normalizing the C, for albumin is provided below:

Normalized C, = observed C, + ((erbB-2 intercept — alb intercept)/log erbB-2 efficiency)

Relative amplification for the genes of interest (i.e., c-erbB-2 and topo Ila) was found

with respect to the control gene albumin after C, corrections:

Relative amplification = matched efficiency”™(C, interest gene — Cp atbumin)

Establishing Normal Cut-Off Values. Amplification and deletion cut-off values
for c-erbB-2 and topo Ila were determined from 7 different runs and 31 reactions using
normal breast tissue genomic DNA. Within run amplification efficiencies were
determined as described above. The efficiencies were matched and Cps corrected for the
targets in the test samples (i.e., normal breast). The adjusted C,, for each target in a test
sample was used to extrapolate an absolute copy number (y-intercept) from the matched
standard curves. Since using a ratio (gene of interest/control gene) results in a non-
parametric distribution, copy numbers were normalized to a binomial distribution. For

nstance, the normalized ratio for c-erbB-2 was:
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Normalized ratio = copy # c-erbB-2/(copy # c-erbB-2 + copy # albumin)

A 99% confidence interval (3 standard deviations from the mean) was then used to find
cut-off values for c-erbB-2 (>2.3, amplified; <0.4, deleted) and topo Ha (>2.3, amplified;
<0.5 deleted). These values represent fold amplification or deletion from the control.
Statistical Comparison of PCR to FISH. A contingency table of paired results
from PCR and FISH was constructed and tested using the McNemar’s test — a type of

Chi-squared test (40).

Results

Microdissection and 3-Color Multiplexing. By combining microdissection and
quantitative PCR, it was possible to avoid sampling errors and provide an objective
method of analysis. Using a prototype thermal cycler with real-time fluorescent
capability, we illustrated for the first time that fluorescent hybridization probes allow
quantitative analysis for at least 3 different targets within a single reaction. We applied
our quantitative PCR assay to simultaneously determine alterations in the DNA copy
number of c-erbB-2 and topo Ila, relative to the control gene albumin (Figure 1). A serial
dilution of wild-type leukocyte DNA was included within each run to generate a standard
curve for each target (Fig. 2A). Within run efficiency differences between targets were
corrected and matched to a single efficiency curve (Fig. 2B). By analyzing the standard
efficiency curves from 20 runs done over a S-month period, we found the run-to-run

variation in efficiency for each of our targets to be: c-erbB-2 (E=1.87+0.07), albumin
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(E=1.8940.09), and topo Iloe (E=1.87+0.08). Although a linear dynamic range for each
target could be shown down to 100 pg (~ 15 cells) of genomic DNA (Figure 2), it was
rarely necessary to use such a small sampling. Furthermore, we found the best
reproducibility when microdissecting between 500-1,000 cells.

Correlation Between Methods for c-erbB-2 Status. Samples initially selected
based on a positive c-erbB-2 IHC score were further analyzed by FISH and PCR. When
considering only those tumors immunostained with the Ventana CB11 monoclonal
antibody, the agreement between a strong positive IHC score (i.e., scored 37) and an
amplified PCR score was 96% (25/26). There were 4 samples stained with the Dako
polyclonal (A0485) antibody only. All these samples were scored 3* by THC but were
scored as non-amplified by PCR. In contrast to the tumors staining strongly positive for
c-erbB-2 with the CB11 clone, only 17% (5/29) of the tumors staining weakly positive
(i.e., scored 2") were found amplified by PCR. The same percentage of samples (4/23)
were found amplified for c-erbB-2 by FISH. Overall, there was 90% agreement between
PCR and FISH for samples scored 3" positive by IHC. There was 70% concordance
between PCR and FISH for samples scored 2" positive by THC. On average, samples
scored c-erbB-2 positive by PCR were amplified 3.5-fold (7 copies). By comparison,
there was an average of 13 copies per cell in the samples scored c-erbB-2 positive by
FISH. The same sample was found to have the highest c-erbB-2 copy number by both
PCR and FISH, determined to be 38 and 20 copies, respectively.

The results from PCR and FISH were compared using the McNemar’s test, which
is appropriate for determining whether or not 2 methods (in this case PCR and FISH)

agree or disagree on their classification of a sample from the same individual (38).
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Although data is limited, we could not reject the null hypothesis that PCR is equal to
FISH for calling samples positive by IHC (P = 0.74).

Proliferation and c-erbB-2 Status. After determining c-erbB-2 status by each
method, samples were further stratified by proliferation using the topo II index (Table 2).
Those tumors c-erbB-2 positive by PCR had the highest average topo II proliferation
compared to those positive by either IHC or FISH. In addition, as the PCR determined
copy number increased for c-erbB-2, so did proliferation. This same correlation was not
seen for FISH since tumors with greater than 10 copies had on average lower
proliferation than those with less than 10 copies. We found no association between the
topo II index and either topo Ilo amplification or deletion. For instance, 2 of the tumors
that were topo Ila deleted had higher a proliferation than most of the non-amplified
tumors and even some of the tumors found amplified for topo Ilct.

Concomitant Alterations Determined by PCR. Despite the close physical link
(~ 1 Mbp) between c-erbB-2 and topo Ia, we found that the 2 loci are infrequently co-
altered. Thiﬁy—one out of 59 breast carcinomas were c-erbB-2 amplified as determined
by PCR. Seven (23%) of these 31 samples had a concomitant alteration in the topo Ia
gene with approximately an equal number of samples amplified and deleted (Table 3).
The 3 samples with concomitant c-erbB-2 and topo Ila amplifications had different copy
numbers. The copy numbers in these samples were 20, 11, and 9 for c-erbB-2 compared
to 8, 5 and 11 for topo Ila, respectively. No alterations in topo Iloe were found in tumors

not amplified for c-erbB-2.
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Discussion

Advances in genomics and cancer biology are revealing genes that will provide a
molecular basis for clinical decision-making regarding appropriate therapy in breast
cancer (41,42). Currently, the most accepted tumor markers for use in breast cancer are
the estrogen and progesterone hormone receptors (8). When present, these markers give a
favorable prognosis and predict response to endocrine therapy. In contrast, the use of c-
erbB-2 as a predictive marker has been more controversial. Overexpression of c-erbB-2
in vitro promotes hormone-independent growth and tamoxifen resistance (43). Human
breast cell lines positive for c-erbB-2 can be inhibited, however, by the mouse
monoclonal antibody 4D5 (11). In addition, randomized clinical trials have shown that
trastuzumab, the humanized 4D5 monoclonal therapy, has clinical benefit in women with
c-erbB-2 positive tumors when used as a single agent or in combination with standard
chemotherapies (8,10).

The most effective chemotherapeutic regimens against c-erbB-2 positive tumors
are anthracycline-based (e.g., those containing doxorubicin). The sensitivity of c-erbB-2
positive tumors to doxorubicin is likely related to its effect on changes in regulation of
topoisomerase Il expression or activity (44). In vitro models show that activation of the
c-erbB-2 pathway leads to overexpression and increased activity of topo Ila resulting in
sensitivity to doxorubicin (19,44). Conversely, if trastuzumab is used to block the
signaling of c-erbB-2, then topo Il expression and activity are decreased conferring a
relative resistance to doxorubicin (44). We found that the c-erbB-2 and topo Ila genes,

although physically located near each other, are rarely co-altered in human breast tumors.
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We contend that topo Ila. gene amplification or deletion is not a significant mechanism
leading to sensitivity or resistance of human breast cancer to anthracycline based
chemotherapy.

Alterations in many other genes could control the transcription and catalytic
activity of topo Ila (21,22), which may explain the variability in response of c-erbB-2
positive breast tumors to chemotherapy (8,45). For example, the Grb7 gene is frequently
co-amplified and overexpressed with c-e#bB-2, and maps much closer to c-erbB-2 than
topo Ha (21,42,46). The gene products of c-erbB-2 and Grb7 are known to interact
directly, and together are likely to up-regulate a signaling pathway in human breast
cancer that involves topo Ilo.. Since many mechanisms yet to be elucidated could be
responsible for driving proliferation, methods for detecting the presence of the topo Ila
protein alone should be helpful in predicting response to topo II inhibitors. We found that
the topo II index correlates with c-erbB-2 status. The presence of both topo Ila and c-
erbB-2 may indicate an intact signaling pathway in which the combination of
trastuzumab and anthracyclines will be most effective.

Clinical decision making for the use of trastnzumab in breast cancer should be
based on c-erbB-2 status. In combination with the recommended anthracycline therapy,
this regimen carries a significant risk of cardiotoxicity (8,10). Thus, the additional health
risk involved in starting the appropriate therapy for c-erbB-2 positive tumors makes
having an accurate determination of c-erbB-2 status critically important. Unfortunately,
there are conflicting results in determining c-erbB-2 status depending on the type of

assay, reagents and scoring criteria used.
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There have been 3 FDA approved diagnostic tests (2 FISH-based and 1 THC-
based) to assess c-erbB-2 status (7). While there is excellent agreement between the
different FISH assays (98% concordance), there is generally poor agreement between
FISH and IHC (47). Particularly, this is found in weakly staining c-erbB-2 positive
tumors (3,47). Using PCR as another DNA based assay to help resolve discrepancies
between IHC and FISH, we found 90% concordance between all 3 methods for tumors
scored strongly positive for c-erbB-2. In addition, we found that PCR and FISH agree
that the majority (>80%) of tumors scored weakly positive for c-erbB-2 by IHC are
negative for DNA amplification. Although overexpression of c-erbB-2 may be due to a
mechanism other than gene amplification in these weakly staining samples, Tubbs et al
has found that weakly staining (i.e., 2*) tumors do not overexpress mRNA (3). Finally, it
appeared arbitrary to which 2" positive IHC samples were called positive by FISH and
PCR. That is, PCR and FISH did not agree on which 2* THC samples were gene
amplified suggesting that these cases may be false positives for the DNA based methods.
Further studies correlating mRNA expression to DNA amplification and IHC should help
resolve these remaining discrepancies.

The THC-based HercepTest was approved to predict response to trastuzumab.
Curiously, the CB11 and 4D5 mouse monoclonals, initially used in the preclinical
treatment studies and the Herceptin clinical trials, are not the antibodies used in the
HercepTest. Instead a goat polyclonal antibody A0485 (Dako) is used. Consistent with
other studies (2,48), we found that the A0485 antibody has a different specificity than the
CBI11 clone and may introduce false positives. The use of antibodies with different

protein domain specificities has been an additional source of variability between IHC
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methods (49). For example, varying protein expression has been found whether the
antibody 1s specific for the external domain (4D5 or TAB250), the internal domain
(CB11), or both (polyclonals).

The major advantages of using PCR over other methods in molecular diagnostics
include speed, objectivity, and decreased labor. Although the coupling of microdissection
with PCR does not yet provide single cell analysis, the technique greatly improves
sensitivity by excluding sample that is not tumor. It is possible that copy number
heterogeneity within the tumor itself could account for the lower percentage of
concomitant alterations between c-erbB-2 and topo Ila found in this study as compared
to other work with FISH (19,20). Both PCR and FISH allow DNA from archival tissue to
be retrospectively analyzed and correlated to patient outcome without the problem of
protein degradation seen with IHC (2,50). Moreover, color multiplex PCR provides
internal controls and the ability to analyze several targets of interest without additional
sample requirements. We have shown here the simultaneous quantitative analysis of 3
genes from DNA isolated from microdissected samples. As other important targets are
identified, it will be necessary to extract a higher density of information from available
sample. The need for consecutive tissue sections in FISH and THC to analyze each target
of interest becomes impractical. Color multiplex PCR has been validated in research and
will be valuable in clinical cancer medicine for analyzing multiple targets that will guide

therapy.
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Figure Legends

Fig. 1. A schematic of 3-color multiplexing. Forward (F) and reverse (R) primers
simultaneously amplify c-erbB-2, albumin and topoisomerase Ila. Once per cycle, during
a combined annealing/extension step of PCR, fluorescence is acquired as sequence
specific probes hybridize internal to their primer sets. The adjacent hybridization of the
fluorescently-labeled probes to their complementary target brings the fluorescein (FAM)
donor molecule near (within 1 base) to an acceptor chromophore resulting in fluorescence
resonance energy transfer. Each target is monitored in real-time from the distinct
emission of its acceptor-labeled probe — LCRed640 (c-erbB-2), Cy5 (albumin), and

LCRed705 (topoisomerase Ilot).

Fig. 2. Raw and corrected standard efficiency curves. Efficiency curves were
established within each run using 4 cuvettes with different concentrations of 10-fold
serially diluted human leukocyte genomic DNA (100 ng to 0.1 ng). After color
compensation of the multiplexed reactions, the amplification curve crossing points (C,s)
for c-erbB-2 (@), albumin (M), and topo Ila (A ) were determined. A linear regression
line (trend line) through a plot of C, versus log ng genomic DNA provided an average
efficiency for each target in that run (A): c-erbB-2 (1.83, -———), albumin (1.93,—--—),
and topo Ila (1.90, ——). In order to directly compare crossing points between targets,

the different efficiencies were then matched for slope and y-intercept (B).
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DNA Topoisomerases as Anticancer Drug Targets: From the Laboratory

to the Clinic

Joseph A. Holden*

Department of Pathology, University of Utah, Salt Lake City, Utah, 84132, USA

Abstract: DNA topoisomerases play important roles in basic cellular biology. Recently
they have been identified as the molecular targets of a variety of pharmaceutical agents.
Some of the drugs that target the topoisomerases are anticancer drugs. These anticancer
drugs work by a novel mechanism of action. They inhibit the topoisomerase molecule
from religating DNA strands after cleavage. This leaves a cell with DNA breaks, which if
not repaired, become lethal. In other words, these drugs convert the topoisomerase
molecule into a DNA damaging agent. This is a stoichiometric relationship. Each E&d

anticancer drug molecule has the potential of interacting with one topoisomerase molecule to cause one DNA

lesion. The clinical implication of this mechanism of drug action is that sensitivity to topoisomerase targeting

drugs should be dependent on high topoisomerase levels. This is clearly true in laboratory systems. With new

developments in in situ immunohistochemistry, topoisomerase expression can now be easily estimated in

human cancers. From this information, it may be possible to predict the sensitivity or resistance of human

cancers to topoisomerase targeting anticancer drugs.

A. INTRODUCTION

DNA topoisomerases have fascinated and
interested both basic and clinical scientists for
several decades. First discovered in 1971, as an
enzymatic activity in E. coli, which could convert
highly negatively supercoiled DNA to its relaxed
form [1], enzymes of this sort have been described
from organisms on the evolutionary scale ranging
from bacteria to humans. These enzymatic acti-
vities are essential to resolve topological problems
that are inherent in processes involving nucleic
acids. Aside from their role in basic cellular reac-
tions, this group of enzymes has now been estab-
lished as the molecular targets for a variety of
antibiotics and anticancer drugs. Over the last few
years, there have been many outstanding reviews
published on the topoisomerases and the drugs,
which target them [2-6]. This review will discuss
some newer developments in the field as well as
examine the expression of these enzymes in human

*Address correspondence to this author at the Department of Pathology,
University of Utah, Salt Lake City, Utah, 84132, USA; Tel: 801-581-2507;
Fax: 801-585-3831; E-mail: joe.holden@path.med.utah.edu
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malignancies and the role that these enzymes may
play anticancer drug therapy.

The enzymes are referred to as topoisomerases
because they are able to change the topology, or
three-dimensional geometry, of DNA molecules
without changing the underlying chemical struc-
ture of the DNA. They catalyze isomerization re-
actions between different topological DNA forms.
As indicated in (Fig. 1), these topoisomerization
reactions can be studied in the laboratory with the
use of circular plasmid DNA. Topoisomerization
activities can be observed in extracts of many cell
types. Enzymatic activities have been observed
which are able to relax supercoiled DNA, catenate
and decatenate circular DNA molecules, tie DNA
in knots or deknot DNA, and at least in bacteria,
activities are present which are able to supercoil
relaxed plasmid molecules. It becomes obvious
when looking at these reactions, that to carry them
out requires cutting and then rejoining DNA
strands. This is the basic reaction catalyzed by the
topoisomerases. They make a transient DNA break
during which the topoisomerase enzyme is
covalently attached to the DNA via an active site

© 2001 Bentham Science Publishers Lid.
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Fig. (1). Topoisomerase Catalyzed Reactions. Circular plasmid DNA molecules, that differ only in their topology, or three-

dimensional structure in space, can be interconverted by the topoisomerases. To catalyze these interconversions, the

topoisomerases must cut and then rejoin DNA strands.

tyrosine residue, they pass another DNA strand
through the transient break in the DNA, and then
they reseal (religate) the DNA break. This enzy-
matic reaction is a concerted cleaving and religa-
ting reaction. The transient DNA break formed
during the topoisomerization reaction is short lived
under normal circumstances. The end result of the
reaction is a DNA molecule which is chemically
unchanged and covalently closed, but in a different

topology.

Some anti-topoisomerase drugs have as their
primary mode of action, inhibition of enzymatic
activity. Other drugs targeting the topoisomerases
interfere with the enzyme’s cleavage and rejoining
activities and by doing so increase the half-life of
the transient topoisomerase catalyzed DNA break.
Some of the most clinically useful anticancer drugs
are of the latter type and have been referred to as
topoisomerase poisons.

B. TYPES OF TOPOISOMERASES

Initially, topoisomerases were simply classified
as either a type I or type Il enzyme depending on
whether they catalyzed their reactions by making
transient single strand DNA breaks (the type I

enzyme) or transient double strand DNA breaks
(the type II enzyme) as shown in (Fig. 2). This
mechanistic description is still correct but has
become slightly more complicated with the recent
discovery of new members of the topoisomerase
family. A topoisomerase III has been described
which makes transient single strand DNA breaks
and is therefore a type I enzyme, and a topoiso-
merase IV has been described which makes tran-
sient double strand DNA breaks and is therefore a
member of the type Il enzyme family. The type 1
enzymes have been further subdivided into type IA
and type IB subfamilies based on their reaction
mechanism. Type I topoisomerases which form
covalent linkages to the 5° end of the DNA break
are members of the type IA subfamily and type I
enzymes which form covalent linkages to the 3’
end of DNA break are members of the type IB
subfamily (Fig. 2). All type Il topoisomerases re-
quire ATP. Type I topoisomerases do not.

The DNA is covalently linked to the enzyme
only during a short period of time during the cata-
lytic cycle. In the cell, this is a transient linkage
and readily reversible. The complex of DNA and a
covalently bound topoisomerase molecule has
been referred to as a “cleavable complex” because
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Fig. (2). Type I topoisomerases make single strand DNA cuts and type II topoisomerases make double strand DNA cuts. The
topoisomerization reactions carried out by either the type I or type Il enzyme involve a transient DNA break. During this
reaction, the enzyme becomes covalently linked to the break site via a phosphotyrosine bond. The type 1 topoisomerases are
monomers and are cla551ﬁed as members of the type 1A subfamily if the enzyme becomes covalently linked to the 5> end of the
DNA break. Type I enzymes that become covalently linked to the 3’ end of the break site are classified as members of the type
IB subfamily. Type II topoisomerases make double strand DNA breaks with a four base pair overhang. The enzyme becomes
covalently linked to the 5° ends of the break site. The diagram is depicting eukaryotic topo 11 which is a homodimer. The
bacterial type II enzymes function in a similar fashion but the enzymes are tetramers.

in the laboratory, if it is treated with denaturants
and proteinase digestion, the topoisomerase
molecule becomes permanently linked to the DNA
molecule. The added proteinase then digests the
topoisomerase molecule away from the DNA. The
topoisomerase induced DNA break is never
religated under these laboratory conditions and
therefore the DNA is left with strand breaks, which
are detected by gel electrophoresis [7].

C. PROKARYOTIC TOPOISOMERASES

1. E. coli DNA Topoisomerase I

In order to understand the relationship among
eukaryotic topoisomerases and to gain insight into
how different classes of drugs may target these
enzymes, it is useful to have an understanding of
the types of enzymes that exist in prokaryotes and
the drugs that target them. The first description of
a topoisomerase was published in 1971 [1]. The
protein discovered in E. coli, originally called the
omega protein, was able to relax negatively
supercoiled plasmid DNA. The enzyme became

known as E. coli topoisomerase I (topo I). The
enzyme is a monomer of 97 kDa (kilodaltons) [8]
and is coded for by the ropA gene [9]. It has a
preference for binding at single strand regions of
DNA [10]. This explains why the enzyme readily
relaxes negatively, but not positively supercoiled
DNA, as single stranded areas tend to be present in
negatively supercoiled (underwound) DNA but not
in positively supercoiled DNA. Interestingly, if a
single stranded region is incorporated into a
positively supercoiled circular plasmid, E. coli
topo I is now readily able to relax the DNA [11].

The crystallographic structure of a 67 kDa
fragment of E. coli topo I provides insight into the
enzyme’s mechanism of action and substrate
preference. The enzyme is composed of four mole-
cular domains and a large 27.5 A hole [12]. The
diameter of the hole and the charge distribution of
the amino acids residues composing it are appro-
priate for the accommodation of either a single or
double strand DNA molecule. The active site tyro-
sine at position 319 is located in domain III. After
binding to a single stranded DNA region, a
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nucleophilic attack by the hyroxyl group of tyro-
sine 319 on the DNA phosphodiester linkage,
covalently binds the enzyme to the 5 phosphoryl
end of the DNA break. The covalent linkage of the
enzyme to the 5’ phosphoryl end of the DNA
defines E. coli topo I as a member of the type IA
subfamily. The 3’ hydroxyl end of the broken
DNA becomes non-covalently bound to the
enzyme in domain III and/or IV. Both ends of the
broken DNA strand are associated with the
enzyme. Thus the enzyme does not act like a
“swivel” allowing for free rotation about the DNA
axis as its eukaryotic counterpart may, but rather
“bridges” the DNA break. After a conformational
change in which domain II and IIl move away
from domain I, the large 27.5 A hole is now
available to accommodate a second DNA molecule
which passes through the enzyme bridged break
and enters the large 27.5 A cavity. The reaction is
completed when the initial DNA break is resealed
and both DNA strands exit the molecule [13,14).

Previous work suggested that the major
function of E. coli topo I was to help regulate the
overall steady state of superhelical density of DNA
in the cell [15,16]. Although this may still be an
important function of this protein, in view of
recent data [17], it might also be appropriate to
view E. coli topo 1 as a transcription factor. During
transcription, positive supercoils accumulate in
front of the transcription machinery, which can be
removed by gyrase, and negative supercoils accu-
mulate behind. It may be that a maier function of
E. coli topo 1 is to relax underwound DNA which
accumulates behind an active RNA polymerase.
Interestingly, the C-terminus of E. coli topo |
contains regions that show sequence homology to
the zinc binding domains of several types of
transcription factors [18].

2. E. coli DNA Topoisomerase III

The identification of a second type I enzyme in
E. coli was made in topA4 deletion strains. It was
observed that such deletion strains still contained
an activity capable of relaxing negatively super-
coiled DNA. The activity was purified and referred
to as E. coli topoisomerase I (topo III) [19].
Subsequent studies indentified this protein as a
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factor necessary for the separation of replicating
plasmids [20]. The gene coding for topo III is
referred to as topB. It is capable of coding for a 74
kDa protein [21]. Topo III is a member of the type
IA subfamily and as expected, both topo I and topo
I11 share extensive sequence homology. The homo-
logy is most noted in the center of the molecule
but becomes divergent in the amino and carboxyl
terminal ends [19]. However, in spite of their
homology, their in vivo functions may be quite
different. Topo III is more efficient at decatenating
DNA molecules than relaxing them while the
efficiency of topo I in these reactions is the re-
verse. These properties suggest that the major role
of topo I1I may be to decatenate daughter chromo-
somes at the end of a round of DNA replication.
Consistent with this interpretation are data which
show that topo III is able to support DNA chain
elongation but topo I is not [22]. It is important to
note that because topo II1 is a type I enzyme and is
therefore only capable of making transient DNA
single strand breaks during catalysis, decatenation
of double strand DNA molecules by topo III requi-
res a small nick or gap in one of the DNA strands.

Another interesting difference between topo [
and topo III is that topo III has been shown to
catalyze RNA strand passage, unlike topo I [23].
Whether this property of topo III is physiologically
significant is not yet clear but suggests that per-
haps topo III is involved in topological intercon-
versions of RNA as well as DNA.

The crystallographic structure of topo III indi-
cates that the sequence homology with topo I is
reflected with significant structural homology as
evident from the three dimensional structure of the
protein. Like topo I, topo III is found to have 4
domains and a large, approximately 25 A hole
which can accommodate a DNA molecule. Similar
to topo I, the active site tyrosine at residue 328 is
located in domain III. The structure suggests that
topo 1II is mechanistically quite similar to topo I
[24]. Interestingly, topo III has a large insertion
loop in domain IV that is not present in topo I. The
insertion loop has been referred to as the decaten-
ation loop because if it is absent, the enzyme will
no longer carry out catenation or decatenation
reactions. The exact mechanism in which the
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decatenation loop facilitates such a reaction is not
vet clear.

As will become apparent during this review, the
topoisomerases are targets of a wide number of
antibiotics and anticancer drugs. However, no drug
has yet been described which targets the topoiso-
merases of the Type IA subfamily. '

3. E. coli DNA Gyrase and DNA Topoiso-
merase IV

The type II topoisomerases are represented in E.
coli by DNA gyrase and topoisomerase IV (topo
IV). Unlike the type I topoisomerases, the type II
enzymes all require ATP for catalysis. As type II
enzymes, these molecules carry out their topoiso-
merization reactions by making transient double
strand DNA breaks to allow for DNA strand
passage (Fig. 2). The transient double strand break
occurring during the reaction is a staggered break
with a 4 base pair overhang. The enzyme becomes
covalently linked to the DNA backbone by a phos-
photyrosine bond. Since each strand of the cleaved
DNA is covalently bound to the enzyme, free rota-
tion about the helical axis does not occur, and like
topo I, the enzyme “bridges” the transient break.
Interestingly, some structural similarities between
these otherwise unrelated type IA and type II
topoisomerases have recently been identified [25].

DNA gyrase was discovered prior to topo IV
[26]. As a type II enzyme, it requires ATP. DNA
gyrase is a heterotetramer composed of two A and
two B subunits to yield an A,B; holoenzyme. The
A subunit is the product of the gyr4 gene and has a
molecular weight of 97 kDa. The B subunit is the
product of the gyrB gene and has a molecular
weight of 90 kDa [27].

Gyrase is unique among topoisomerases
because it is able to supercoil DNA. Incubation of
relaxed circular DNA with gyrase and ATP leads
to the production of negatively supercoiled DNA.
The formation of supercoiled DNA from relaxed
DNA suggests that strand passage by gyrase must
have direction, otherwise strand passages yielding
slightly supercoiled substrates would eventually be
cancelled out by strand passages in the opposite

Curr. Med. Chem. — Anti-Cancer Agents, 2001, Vol. 1, No. | 5 )

direction leading to relaxation. The enzyme is able
to accomplish a direction to strand passage by
wrapping the DNA around the enzyme in a right-
handed supercoil of 135 base pairs, something that
the eukaryotic enzyme can not do [28,29]. When
catalyzing strand passage in this matter, direction
is accomplished and supercoiling proceeds. This
supercoiling reaction is unique to prokaryotes. No
active supercoiling activity has yet been described
in higher organisms.

Topoisomerase IV was discovered in partition
mutants of E. coli. These are mutants that are
unable to segregate daughter chromosomes into
daughter cells [30]. This results from a failure to
decatenate DNA after replication. Two genes are
responsible for the phenotype and are referred to
as par E and par C. The protein coded for by the
par C-gene is homologous to the gyr A subunit and
the protein coded for by the par E gene is homo-
logous to the gyr B subunit. Like gyrase, topoiso-
merase 1V is a heterodimer and consists of two par
C encoded subunits and two par E encoded sub-
units giving a molecular structure for the enzyme
of C,E,. Unlike gyrase, the enzyme does not wrap
DNA around the enzyme molecule in a right han-
ded coil and therefore is unable to supercoil DNA
[31]. The enzyme is a potent decatenase and plays
a critical role in decatenating DNA after replica-
tion to allow proper partitioning of daughter
chromosomes.

The division of labor between gyrase and topo
IV has been subject to debate. Early studies sugg-
ested that the partitioning of DNA between daugh-
ter cells was taken care of by gyrase [32], but this
was before topo IV was known to exist. With the
discovery of topo IV, and that it was an active
decatenase and was unable to supercoil DNA, it
was believed that topo IV was the primary
decatenase while gyrase functioned to remove
supercoils which accumulate during the elongation
phase of DNA replication [27]. It now appears that
topo IV can also function to remove supercoils that
occur in front of the replication fork [33] so these
two type II topoisomerases may share in the work
of DNA chain elongation. In addition, the
combina-tions of the supercoiling activity of
gyrase and the relaxing activities of topo I and
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topo IV probably act in concert to maintain an
overall negative superhelical density in the
bacterial cell [34].

Recent crystallographic structures of gyrase
fragments have provided an insight into the
enzyme’s mechanism of action [35]. The ATPase
activity is located in the gyrB subunit. Each gyrB
subunit is a crescent shaped protomer and the
subunits dimerize upon ATP binding. The gyrB
protomers outline a central hole of about 20 A.
The hole is able to accommodate a DNA double
helix due to its positive charge and size. Likewise,
a crystallographic structure of the N-terminal
fragments of the gyrA dimer shows that both gyrA
protomers also outline a central hole. The active
site tyrosines are located in the gyrA dimer.
Putting these structures together suggests that the
enzyme works like a molecular clamp as shown in
(Fig. 3). The DNA segment to be cleaved (the G or
gate segment) is bound by the gyrA dimer. The
arms of the clamp are exemplified by the gyrB
protomers. They are open and ready to capture the
DNA segment (the T segment) that will be
transported thought the gate. Once the T segment
is captured, the clamp closes around the T segment
after ATP hydrolysis, the G segment is cleaved,
and the T segment is transported through the
break. The G segment is then religated and both
DNA segments exit the topoisomerase.

It might be anticipated that topo IV would have
a similar mechanism of action and molecular struc-
ture however crystallographic data for topoiso-
merase IV have not yet been published.

D. DRUGS TARGETING THE PROK-
ARYOTIC TYPE II TOPOISOMERASES

DNA gyrase and topoisomerase IV are the
molecular targets of two distinct groups of
antibiotics; the coumarins (novobiocin) and the
quinolones (ciprofloxacin). These two classes of
drugs work by different mechanisms and are
analogous to the mechanism of action of the two
broad classes of anticancer drugs that target the
eukaryotic enzymes. In general, topoisomerase
targeting drugs as antibiotics or anticancer drugs
either, inhibit the catalytic activity of the enzyme,
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or impair the ability of the enzyme to religate
DNA after cleavage. Although drugs of the latter
type necessarily inhibit catalysis as well, it is
thought that the inhibition of DNA religation after
cleavage leaves a cell with drug stabilized DNA
breaks which are eventually converted into chro-
mosomal breaks which result in cell death.

An example of the first type of antibiotic is
represented by the coumarins. These drugs inhibit
the ATPase activity of gyrase. Because the
coumarin antibiotics bind to a site that overlaps
that of ATP on the B subunit, they are competitive
inhibitors [36].

Representative of the second class of topoiso-
merase targeting drugs are the quinolones. Theses
drugs interact with gyrase or topoisomerase IV and
their DNA substrates and prevent the topoiso-
merase from religating DNA after cleavage [37,
38]. This leaves the cell with double strand DNA
breaks. If these breaks are not repaired, they
interact with other intracellular proteins and
become converted into irreversible double strand
breaks that lead to cell death.

Double strand DNA breaks are a normal
intermediate in the topo II reaction mechanism.
However, they are short-lived. The overall effect
of the quinolones, by inhibiting DNA religation
after topoisomerase cleavage, is to increase the
half life of this normal reaction intermediate. This
increases the likelihood of encounters with other
cellular proteins that may result in irreversible
DNA strand breakage. This mechanism of
antibacterial drug action against prokaryotic type
II topoisomerases is reminiscent of the mechanism
of action of several anticancer drugs that are
targeted against human topoisomerase I1. In both
instances, the drug’s primary mechanism of action
is not simply to inhibit topoisomerase enzymatic
activity, but rather to convert the enzyme to a
DNA damaging agent.

E. EUKARYOTIC TOPOISOMERASES
1. Eukaryotic DNA Topoisomerase I

The topoisomerase group of enzymes is also
well represented in eukaryotes and these proteins
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Fig. (3). Topoisomerase I functions as a molecular clamp. The model indicated is based on the crystallographic structures of
bacterial gyrase and yeast topo II as well as on the kinetic analysis of yeast topo II. Both the prokaryotic and eukaryotic type II
topoisomerases show sequence homology. The bacterial topo II is a heterotetramer. For bacterial gyrase, the arms of the clamp
represent the gyr B subunits and they are open and ready to capture the DNA segment (T segment) that will be transported
through the enzyme catalyzed DNA break. The DNA segment which will be cleaved by the enzyme is referred to as the gate
segment (G segment) and it is bound by the gyr A subunits which contain the active site tyrosine. After binding ATP, the gyr B
arms clamp around the T segment. The gyr B subunit contains the ATPase activity. The first ATP is hydrolyzed as the G
segment is broken and the T segment is passed through the break. The first ADP and Pi are then released. At some later point
in the reaction, the DNA strands are released from the enzyme and the second ATP is hydrolyzed. The precise point in the
reaction where the second ADP is released is not entirely clear and this fact is indicated by the question mark. The enzyme is
then ready to begin another round of catalysis. The eukaryotic enzyme apparently arose from gene fusion of an earlier ancestor
so that the ATPase activity and the active site tyrosines are not on separate polypeptides as in the bacterial enzyme, but reside
on the same subunit. The mechanism of catalysis is probably quite similar.

have been extensively studied from yeast, droso-  merization reactions in a different manner. Unlike
phila, and mammalian cells. the bacterial enzyme, eukaryotic topo I probably
does not “bridge” the enzyme induced single
Eukaryotic DNA topoisomerase I is a member  strand DNA break but may allow free, or partially
of the type 1B family because when it cleaves free, rotation about the DNA axis. It acts more like
DNA it becomes covalently attached to the 3° g swivel. It prefers to bind double stranded DNA
DNA end of the break site, unlike bacterial topo I,  rather than single stranded DNA [10,42]. These
which becomes attached to the 5° DNA terminus.  biochemical properties help explain why
The gene for the human enzyme is located on eukaryotic topo I readily relaxes both positive and
chromosome 20 [39]. It is a large gene of about 85 negative supercoiled plasmids.
Kb (kilobases) and contains 21 exons [40]. The ' .
gene codes for a protein of about 100 kDa. The Eukaryotic topo I is located in areas of active
enzyme exists as a monomer. Two topo I ~ RNA transcription and may function ahead of the
pseudogenes have also been described, one on  transcription apparatus to relieve superhelical
chromosome 1 and the other on chromosome 22 stress generated during mRNA synthesis [43-45].
[41]. Eukaryotic topo I does not share homology A role for the enzyme in the synthesis of rRNA
with E. coli topo I and carries out its topoiso-  has also been suggested as topo I has been shown
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to interact with RNA polymerase 1 [46] and has
sccently been shown to be present during riboso-
mal gene activation occurring during embryogen-
esis [47]. In addition, the enzyme has been obser-
ved to associate with mitotic chromosomes [48]
and may play a structural role in chromosome
organi-zation [49]. The enzyme is essential for
proper embryonic development in drosophila [50]
and in mice [51]. Surprisingly, in spite of these
many important functions, in yeast, topo I is not
necessary for survival which suggests that other
cellular proteins may have overlapping roles and
probably are able to substitute in topo I’s absence
[52].

2. Eukaryotic DNA Topoisomerase 111

For many years it was thought that eukaryotic
topo 1 was the only type I topoisomerase in higher
organisms. This is incorrect as a new type |
enzyme, more similar to the E. coli type 1 topoiso-
merases than to eukaryotic topo 1, has been readily
documented to exist in a number of higher
organisms. This topoisomerase was first described
in yeast and identified as the product of a gene
whose function was necessary for proper
recombination frequency [53]. Mutations in this
gene result in hyper-recombination events. Be-
cause of this, the gene was first referred to as edrl-
] for enhanced delta recombination. However,
sequencing of the gene revealed that it coded for a
74 kDa protein which had 21.5% amino acid
homology with E. coli topo I and 44% amino acid
homology with E. coli topo 1l1. It was therefore
referred to as the TOP3 gene in Saccharomyces
cerevisiae. Clearly, a type 1A enzyme was now
documented to exist organisms other than bacteria.

As predicted, biochemical studies of yeast topo
III revealed that the enzyme has more in common
with the bacterial type I topoisomerases than with
eukaryotic ones. Although the enzyme has only a
weak relaxing activity, it prefers single strand
regions. Like its E. coli counterparts, yeast topo 11
will not effectively relax positively supercoiled
substrates. The relative weak relaxation activity of
topo 111 suggests that its primary function may not
be in regulating the superhelical density in the cell
[54].
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It is now clear that type IA topoisomerases do
not exist solely in bacteria and yeast but are more
universal than initially thought. Although it took
seven years after the description of yeast topo 111, a
similar enzyme was eventually found to exist in
drosophila [55], mice [56,57], and human cells
[58,59]. In higher organisms topo Il exists as
alpha and beta isoforms. The human topo HI-alpha
isoform maps on chromosome 17p11.2-12 and the
human topo 1lI-beta isoform is located within the
immunoglobulin lambda gene [60]. The function
of topo III in higher organisms may be important
for normal embryological development [61] and
during meiosis [56,62].

The alpha and beta isoforms of topo 1lI, being
members of the type [A family, require single
stranded DNA regions for optimal activity [55, 63,
64, 65]. Such single stranded regions may form
during the interaction of helicases with DNA and
most interestingly, it appears that topo Il interacts
specially with helicases of the RecQ family [60,
67, 68]. For example, Bloom’s syndrome is a
genetic disorder in which affected individuals
show skin rashes and an increased frequency of
leukemias. Cells from these patients show hyper-
recombination events and contain mutations in the
BLM gene. The product of the BLM gene is now
known to be a member of the RecQ family of
helicases and has recently been shown to interact
with topo Ill-alpha [69, 70]. Thesc intriguing
findings suggest that the topo I enzymes may
function in association with helicases in recom-
bination or decatenation events. As alrcady men-
tioned, the analogous enzyme in E. coli, (£ coli
topo I11), functions as a decatenase and the yeast
counterpart (yeast topo II1) was discovered be-
cause its absence led to an increase in rccom-
bination between repeated sequences. Because the
lack of topo III leads to genctic instability that
might increase the incidence of malignant
transformation, the interesting possibility that the
topo IIl gene may function as a tumor suppressor
gene has recently been suggested [69].

Drugs targeting the topoisomerases of the Type
IA family have not been described. Thercfore,
whether these new topoisomerases in human cells
may serve as drug targets for antitumor agents
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remains to be determined. Topo III has been ob-
served to be expressed in a wide range of normal
and neoplastic tissues [71] so even if drugs were
available to target the enzyme, they may not show
any therapeutic selectivity against malignant cells.

3. Eukaryotic DNA Topoisomerase II

Eukaryotic topoisomerase II (topo II) is a
homodimer of identical subunits. In yeast and
drosophila only one form of the enzyme exists
while in human cells, both an alpha and beta
isoform are present [72]. Because invertebrates
apparently have only one form of topo II, the
separate functions of human alpha and beta
isoforms are presumably carried out by a single
enzyme in lower organisms.

The human alpha isoform is homodimer with a
subunit molecular weight of 170 kDa and the
human beta isoform is a homodimer with a subunit
molecular weight of 180. The gene for human topo
II-alpha is located on chromosome 17 [73] and the
gene for human topo Il-beta is located on
chromosome 3 [74]. Both isoforms share extensive
sequence and amino acid homology, which
suggests they may have arisen from a duplication
of an ancestral gene [75].

Although eukaryotic topo II has an ATP
requirement, the enzyme has never been shown to
supercoil DNA. The activity of the alpha isoform
is necessary to untangle intertwined chromosomes
after DNA synthesis to allow for proper chromo-
somal segregation into daughter cells. The ATP
requirement probably provides the energy nece-
ssary for the enzyme to control the topology of
DNA below that which would be expected at
thermodynamic equilibrium [76]. Knotted and
catenated DNA structures, which would normally
be present at equilibrium, could provide a hind-
rance to chromosomal segregation. It appears that
topo II may use the energy of ATP to unknot and
decatenate DNA to an untangled state below that
which would expected to form at equilibrium. The
untangled DNA would then allow for efficient
separation of chromosomes [77]. The enzyme may

carry out this role as a component of the nuclear

matrix. Topo II is one of the major proteins
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isolated from the nuclear scaffold where it may
also help to anchor chromosomal loops [78]. Thus
the enzyme may play a structural as well as a
catalytic role in the cell. The precise biological
role of topo II-beta is not entirely known but recent
data suggests an important role for this enzyme in
normal neuromuscular development [79]. Inter-
estingly both human isoforms have been shown to
function with RNA containing substrates but
whether this in vitro reaction has physiological
significance remains to be determined [80].

Like the prokaryotic type II enzymes, euka-
ryotic topo II makes a transient double strand
break in order to carry out its topoisomerization
reactions. During the formation of the double
strand break, the active site tyrosine from each
subunit becomes covalently attached to the break
site through a 5’phosphotyrosine linkage. The
breaks between the strands are not directly
opposite each other but rather are separated by a
four base pair overhang. Upon hydrolysis of ATP,
strand passage occurs. After DNA strand passage,
the break is sealed by religation.

Recent kinetic data indicate that the type II
topoisomerization reaction catalyzed by the
eukaryotic enzyme is a sequential one. Each topo
II holoenzyme binds two ATP molecules. One
ATP is hydrolyzed rapidly and the DNA segment
to be transported (the T segment) is passed through
the DNA strand containing the double strand break
(the G segment). The second ATP is hydrolyzed
only after the first ADP has been released from the
enzyme [81].

The ATPase activity and active site tyrosine,
which are on separate subunits in the bacterial type
II topoisomerase, are on the same subunit in the
eukaryotic enzyme. The N-terminal portion of
eukaryotic topo II contains the ATPase activity
and is homologous with the B subunit of gyrase.
The central portion of eukaryotic topo II contains
the active site tyrosine and is homologous with the
A subunit of gyrase [82]. This suggests that euka-
ryotic topo II may be the result of gene fusion
from an earlier ancestor. The C-terminus of euka-
ryotic topo II is not homologous with the bacterial
enzyme. It contains sequences that probably inter-
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act with DNA and localize the protein to‘ the
nucleus [83,84]. The alpha and beta human topo II
isoforms diverge the most in the C-terminus.

Structural and mechanistic studies suggests that
eukaryotic topo II functions like a molecular
clamp, similar to bacterial gyrase [35]. As shown
in (Fig. 3), prior to DNA or ATP binding, the
enzyme clamp is open. The G segment binds first
near the center of the enzyme in the area of the
active site tyrosines. The T segment is then cap-
tured by the N-terminal arms and in the presence
of ATP, the arms dimerize and clamp around the T
segment. As the first ATP is hydrolyzed, the G
segment is broken by a transesterification reaction
with the active site tyrosines, and the T segment is
transported through the break in the G segment.
The first ADP then is released from the enzyme.
At a later stage in the reaction, the G segment is
resealed, both DNA strarids are released from the
enzyme and the second ATP is hydrolyzed. The
enzyme clamp reopens to prepare for another
round of catalysis.

F. TOPOITARGETED CHEMOTHERAPY
1. Camptothecin: Mechanism of Action

One of the more exciting developments in
clinical oncology has been the identification of the
topoisomerases as the molecular targets of a
variety of anticancer drugs. This has allowed new
insights into the mechanisms of patient response to
chemotherapy as well as stimulated a rational
search for, and design of, new agents that may find
clinical use by targeting these proteins. Presently
there have been described a wide variety of drugs
which interact with eukaryotic topo I, many of
which have anticancer properties. These consist of
a variety of natural products and antibiotics. The
list of topo I interacting drugs is becoming longer
every year and have been the subject of two recent
reviews [3,5].

The drugs targeting topo I that are now
currently in clinical use are derivatives of campto-
thecin (Fig. 4). Camptothecin was isolated in 1966
from the tree Camptotheca acuminata that is
native to China [85]. Although in early studies, the
drug had anticancer properties, clinical trials
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revealed unacceptable toxicity and further deve-
lopment was stopped. In 1985 it was discovered
that topo I was the molecular target of camp-
tothecin [86]. Further studies indicated that topo I
is the sole molecular target of the camptothecins.
Much of this information has come from studying
topoisomerase model systems in yeast. Plasmids
containing the human topo I gene under control of
a galactose promoter have been developed for
laboratory study. With these plasmids, expression
of the human enzyme in yeast can be turned on or
off simply by the addition of galactose. It has been
clearly shown that turning on the expression of the
human enzyme in yeast results in sensitivity of the
cell to camptothecin and turning off the expression
of the human enzyme results in drug resistance
[87]. Mutations in topo I confer resistance to
camptothecin [88, 89]. Additional studies have
indicated that overexpression of the yeast topo I in
human cells sensitizes these cells to camptothecin
as well and confirms the viability of using yeast as
a model system to study topoisomerase anticancer
drug interactions [90,91]. Camptothecin also does
not intercalate into DNA where it might inhibit a
variety of DNA processing enzymes, and the drug
also does not interact with topo II. All of these data
support the interpretation that topo I is the sole
molecular target of the camptothecins and that
sensitivity of a cell to these drugs is dependent on
elevated levels of topo 1.

The recent crystallographic and molecular
modeling studies of human topo I provide an
insight into the mechanism of camptothecin action
and why cellular sensitivity to camptothecin
should depend on enzyme levels. Although the
sequence specificity of topo I action is fairly non-
specific, camptothecin induced topo I dependent
DNA cleavages generally show a G residue in the
+1 position of the cleaved strand. The crystal
structure of topo I in complex with DNA, shows
how the camptothecin molecule could insert itself
into the active site of the enzyme and displace the
1+ G out of the DNA duplex [92]. By displacing
the 1+ G, the ends of the cleaved DNA strand are
no longer in alignment and the enzyme is
prevented from efficiently religating the DNA
after cleavage. An equally plausible mechanism to
explain the interaction of camptothecin with DNA
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Fig. (4). Molecular structures of camptothecin and derivatives. The activity of camptothecin against topo I requires an intact
lactone ring. The carboxylate analog is inactive. Irintotecan is a pro-drug that requires hydrolysis to SN-38 for activity.
Irinotecan is active against colorectal cancer and topotecan shows activity against ovarian cancer. Nine-amino camptothecin has

not yet been shown to have significant activity against human malignancies.

and topo I has been hypothesized from molecular
modeling [93]. This mechanism is a drug
“stacking” mechanism in which the camptothecin
molecule interacts with topo I and the 1+ purine
base but does not require the displacement of the
purine or rotation of the camptothecin ethyl group.
The importance of the planar structure of the
camptothecin, the requirement of an intact lactone
E ring, and the requirement that the 20 hydroxyl
group be present in the S isomeric configuration
are all accommodated by specific interactions with
the enzyme in these models. In addition, mutations
‘of topo I, which are known to affect activity and
drug response, generally affect amino acid residues
that surround the active site. By preventing
efficient religation after cleavage, the campto-
thecin drugs prolong the half life of the normal
cleaved DNA intermediate. This act alone

probably does not result in cell death, but when the
drug stabilized single strand break encounters a
replication fork, the single DNA strand break is
converted into a double DNA strand break which
kills the cell [94]. Recent data suggest that there
may be an asymmetry to this process.

Camptothecin induced DNA breaks are probably
converted into double strand DNA breaks only
when they occur on the leading strand during DNA
replication [95]. The drugs therefore work by a
novel mechanism. They convert the topo I
molecule into a DNA damaging agent. This is a
stochiometric relationship. The combination of one
topo I molecule and one camptothecin molecule
results in one DNA strand break. Thus there is the
potential for one DNA break for every topo I
molecule in the cell. This is why the sensitivity of
cells to the camptothecins should be dependent on
high levels of topo I. The more topo I, the more
DNA damage and the more chance of cell death.
This is clearly true in experimental systems. It
leads to the interesting hypothesis that the
sensitivity of human cancers to topo I targeting
anticancer drugs may be dependent on tumor
levels of enzyme.

2. Topotecan and Irinotecan

As seen from the molecular structure of the
human enzyme, the intact lactone ring of the
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camptothecin molecule is necessary for a proper fit
into the active site of the enzyme. Unfortunately,
the lactone ring is readily hydrolyzed to the
carboxylate form at physiological pH. The carb-
oxylate form is inactive. In addition, camptothecin
is fairly insoluble. These two problems have been
addressed in both topotecan and irinotecan. Topo-
tecan is finding use against ovarian cancer [96].
For irinotecan, recent randomized clinical trials
have shown that irinotecan therapy for patients
with fluorouracil resistant metastatic colorectal
cancer provides for a better quality of life and for
prolonged survival when compared to supportive
care alone [97,98]. In another recent randomized
clinical trial, the combination of irinotecan, fluor-
ouracil and leucovorin was found to be superior to
either the combination of fluorouracil and leuco-
vorin or to irinotecan alone, in providing for an
increased response rate and increased survival time
for patients with metastatic colon cancer [99].
Irinotecan is a pro-drug that needs to be hydro-
lyzed to its active metabolite, SN-38, as the parent
compound is inactive (Fig. 4).

Topotecan and irinotecan are more water
soluble than camptothecin and their lactone forms
are more stable in serum than camptothecin. The
greater stability of topotecan and irinotecan in
serum may rely on the addition of substituents on
the 7 and 9 positions. These interfere with binding
of their carboxylate forms to human serum
albumin [100,101]. Human serum albumin has
been show to preferentially bind the carboxylate
form of camptothecin thus shifting the lactone-
carboxylate equilibrium present in serum, in favor
of the inactive carboxylate molecule. The
resistance of topotecan and irinotecan in binding to
human serum albumin results in a greater amount
of the active lactone form in serum. Interestingly,
the fact that mouse serum albumin does not bind
the carboxylate forms as well as human serum
albumin, is perhaps one reason the camptothecins
appear much more active against neoplasms in
mice [102] than in humans [103].

Additional camptothecin derivatives are
currently being synthesized and evaluated. Some
of these are able to stabilize the transient topo I
catalyzed DNA break to a greater extent then
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either topotecan or SN-38. Particularly exciting are
camptothecin related compounds which contain
substituents at the 10,11 and 7 positions such as
10,11-methylenedioxy-20(S)-camptothecin and 7 ~
chloromethyl-10, 11-methylenedioxy-20(S)-camp-
tothecin. These compounds are more potent in
producing topo I induced strand breakage than
camptothecin and this effect may be related to
their ability to prolong the half life of the topo I
mediated DNA break [104]. Glycinate esters of
some of these compounds have recently been
synthesized [105]. The glycinate esters have
increased water solubilities, are readily hydrolyzed
to active drugs at physiologic pH, and show less
inhibition of acetylcholinesterase than does
camptothecin. Treatment with these compounds
could lead more tolerable side effects and to a
persistence of the DNA break in a tumor cell
which might increase the chance of tumor cell
killing. Clinical trials with some of these newer
agents will be necessary to determine how
effective they are.

3. Tumor Expression of Topo 1

The camptothecin analogs were quickly
developed when their target was recognized as
topo I and they were shown to have remarkable
anticancer activity against human tumor xenografts
propagated in nude mice [102]. Although they are
showing activity against a wide range of human
malignancies, in general, the response rate of
patients with cancer towards these drugs is only in
the 20-40% range [103], less than what might have
predicted from pre-clinical work in mice [102].
Some human cancers show no response at all [106-
110]. There may be several reasons for this. First,
as already mentioned, in the presence of human
serum albumin, the formation of the inactive
carboxylate form of the camptothecins is favored.
This does not happen in the presence of mouse
serum albumin so that therapy with these drugs in
a mouse model system may not be indicative of
what occurs in humans.

Second, human cancers may differ markedly in
the expression of topo I within a single class of
neoplasm. Topotecan has shown to be an effective
chemotherapeutic drug for the treatment of
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refractory ovarian cancer. The response rate is in
the 20-40% range [96,111,112]. Why all patients
do not respond is not known. Since it has been
clearly shown in the laboratory that sensitivity to
topo I targeted drugs is dependent on elevated
levels of topo I, perhaps only a subset of ovarian
cancers have elevated topo I levels. With the

development of an in situ immunohistochemical

stain to detect topo I on slides prepared from
formalin-fixed, paraffin-embedded human tissues,
this hypothesis can now be tested. In a study of
ovarian cancer, it was recently observed that
€levated topo I protein is detected only in about
43% of the tumors [48]. Thus the lack of uniform
topo I elevation in all cases of ovarian cancer may
play an important role in the sensitivity or
resistance of the tumor to topo I specific drug
therapy.

Another example of this is in kidney cancer.
Topo I targeted drugs have been used in early
clinical trials against this malignancy but were not
found to be effective [113]. Recent immunohisto-
chemical data [114] and quantitative biochemical
measurements [115] provide a possible expla-
nation. It has been observed that levels of topo I in
most neoplasms of the kidney are not elevated.
The lack of high levels of topo I in this malignancy
may help explain the lack of response to topo I
targeted drug therapy. If there is no target, there
may be no response.

If patient response to topo I targeted chemo-
therapy depends in part on expression of topo I,
which many in vitro studies have suggested that it
should [87, 90], then it may be possible to identify
potentially drug sensitive or drug resistant tumors
in a single class of neoplasm by measuring topo I
levels.

In addition, the selectivity of the topo I targeted
drugs against cancer cells might be explained by
the elevations of topo I that have been observed in
some human cancers. Human malignancies such as
neuroblastomas [116], colorectal cancers [115,
117- 119], myeloma [120], melanoma [121],
bladder cancer [122], testicular seminomas [123],
brain gliomas [124], head and neck squamous
cancers [125], and non-small cell lung cancers

Curr. Med. Chem. — Anti-Cancer Agents, 2001, Vol. 1, No. I 13

[126], have all been shown to contain elevated
levels of topo 1.

The topo I active drugs are not innocuous
because they cause myelosuppression and diarrhea
[127], but appear to selectively target malignant
cells over normal cells. Although all cells probably
contain topo I [128], because the enzyme is not
cell cycle specific [129], enzyme levels are
probably too low in normal non-proliferating cells
to result in extensive toxicity in response to topo I -
targeted antitumor agents.

The mechanism which results in increased topo
I expression in human cancers is not entirely clear,
but provocative studies have suggested that it
could be related to increased transcription of the
gene [115,130], increased topo I gene copy
number [131], or decreased degradation of topo 1
protein [132].

4. Camptothecins are S-phase Specific Drugs

Another important characteristic of a neoplasm
that may determine tumor response to topo I
targeted drug therapy is the proliferation rate of the
neoplasm. It has been clearly documented that the
topo 1 targeted drugs are S-phase specific. The
DNA damage they incur must interact with the
replication fork in order to be channeled to cell

~death. In agreement with this, aphidocolin, a DNA

polymerase inhibitor, can prevent cell death from
camptothecin [133, 134]. Human neoplasms have
different characteristics than tumor cells
propagated in the laboratory. Although some
neoplasms such as high grade non-Hodgkin’s
lymphomas [135] and small cell lung cancers
[136] have a high proportion of proliferating cells,
others, like low grade kidney [114] and prostate

~ cancers [137] as well as chronic lymphocytic

leukemias (CLL)[138], do not. It might be
predicted that human cancers with a large
population of non-cycling tumor cells in the G1
phase of the cell cycle, would be resistant to S-
phase specific drugs like the camptothecins. This
may be true and might help explain why topo I
targeted drugs are active against small cell Jung
cancer [139] and lymphomas [140] (high numbers
of cycling tumor cells), but not against prostate
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cancer [141], kidney cancer [113], or CLL [107]
(low numbers of cycling tumor cells). In fact, this
might be another reason the drugs appeared so
active in early studies with mice. Human
xenografts, propagated in nude mice, have a high
proportion of cycling cells (J.Holden, unpublished
data). From what is known today, it would be
surprising if such tumor xenografts did not respond
well to topo I targeted drugs which are S-phase
specific.

Evidence has been recently reported to suggest
that some camptothecin cytotoxicity may be cell
cycle independent [142-144]. This is an important
observation, which might be exploited against
slow growing neoplasms that do not contain large
numbers of cycling cells and would be an impor-
tant area for future investigation.

5. Apoptosis and Repair of Topo I Targeted
Drug Damage

The pathway which leads from topo I drug
targeted DNA damage to cell death is not entirely
clear. Treatment of cells with these drugs can
result in apoptosis [145,146], which might suggest
that a functional p53 tumor suppressor gene must
be present for the drugs to work. Evidence has
been presented which suggests that the p53 protein
is necessary to channel DNA damage induced by
anticancer drug therapy to cell death via an apop-
totic pathway [147]. This might indicate that
human cancers which contain mutations in the p53
gene might be resistant to topo I targeted chemo-
therapy. Because mutations in the p53 gene are
common in human neoplasms, this could be an-
other reason why the drugs only target a subpopu-
lation of human malignancies. There may also be
p33 independent mechanisms of cell death whose
pathways must be intact for anticancer drug the-
rapy against topo I to be successful as well [148].

Several recent studies have been directed
towards understanding how damage incurred by
topo I targeted drugs might be repaired. A novel
enzymatic activity has been reported which has the
property of recognizing the covalent complex of
topo I and DNA. The enzyme is a phosphodi-
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esterase and will hydrolyze the 3’ phosphodiester-
tyrosine bond formed between the active site
tyrosine on topo I and the broken DNA strand
[149]. This topo I-DNA covalent complex is the
precise structure, which is expected to be present
in cells treated with the camptothecin analogs. The
gene for this enzyme has been isolated from yeast
[150]. Yeast which contain mutations in the gene
are hypersensitive to topo I targeted drugs because
they are unable to repair the drug induced DNA
damage. This might imply that increased activity
of this gene might represent a novel mechanism of
resistance to topo I targeted drug therapy.

The gene for this topo I-DNA hydrolase is
widely distributed in eukaryotes [150] which
suggests that it may play an important role in
repairing damage induced by topo I drug therapy
in human cells. Its distribution in human malignan-
cies is not known, but if it is present, and its
activity can be inhibited, this might make a human
tumor exquisitely sensitive to topo I targeted drugs
and suggest a novel mechanism for combination
chemotherapy.

An additional mechanism of possible resistance
to topo I targeted drug toxicity has recently been
suggested [151]. Treatment of cells with campto-
thecin activates NF-kB. The activation of NF-kB
results in the expression of genes that have an
overall anti-apoptotic effect. This may be a cell’s
natural resistance to camptothecin induced apop-
tosis and therefore by inhibiting NF-kB activation
a tumor cell might could become extremely sensi-
tive to topo I targeted chemotherapy [152].

As discussed, a variety of mechanisms may
play an important role in determining the response
of a cancer cell to topo I anticancer drug therapy.
Human cancers are more complex than mouse
xenografts and in some respects, it is remarkable
that the drugs targeting topo I are as active as they
are against human malignancies. Clearly topo I
targeted drugs have proved their worth in the
clinic. Because of their novel mechanism of action,
future studies combining them with other active
anticancer drugs and radiation [153] might prove
beneficial. |
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Fig. (5). Molecular structures of topo II targeted anticancer drugs. Some of the most widely used anticancer drugs such as

etoposide and doxorubicin have been shown to target topo II.

G. TOPO Il TARGETED CHEMOTHERAPY

Anticancer drugs targeting topo II are some of
the most widely used chemotherapeutic agents.
These drugs include doxorubicin, etoposide,
mitoxantrone, and others [6]. In a broad sense, the
drugs targeting topo II can be classified as either
topoisomerase “poisons” or topoisomerase cata-
lytic inhibitors. As previously discussed, a trans-
ient double strand DNA break is characteristic of
the topo II enzymatic reaction. The topo II poisons
increase the steady state levels of this transient
intermediate. They do this either by increasing the
rate of DNA cleavage (ellipticine, genistein) or by
inhibiting the rate of DNA religation (etoposide,
amsascrine, teniposide). In either case, these drugs
convert the enzyme into a DNA damaging agent.
This is a stochiometric relationship because there
is the potential for one DNA double strand break
for every drug stabilized topo II enzyme. Thus
sensitivity to the topo II poisons is dependent on
high levels of enzyme. The more enzyme, the
more DNA damage. On the other hand, the topo II

catalytic inhibitors act like other types of anti-
cancer drugs and inhibit the activity of the enzyme.
Drugs interfering with the catalytic activity of the
enzyme deprive the cell of the enzyme’s ability to
decatenate chromosomal DNA strands prior to
mitosis. Cell growth is therefore altered. For these
catalytic inhibitors, the reverse sensitivity pattern
holds. Cells with low levels of topo II are the most
sensitive to the topo II catalytic inhibitors and cells
with high topo II levels are most resistant. The
topo II poisons resemble the action of the
quinolones on E. coli gyrase and topo IV, and the
catalytic inhibitors resemble the action of the
coumarins. The molecular structures of some of
the drugs that target topo II are shown in (Fig. 5).

1. Topoisomerase II Poisons

Drugs such as etoposide, teniposide, doxorubi-
cin, ellipticine, genistein, mitoxantrone and amasa-
crine are referred to as topoisomerase II poisons.
Their primary mechanism of action is to increase
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the concentration of the normally short-lived clea-
ved DNA intermediate that occurs during the topo-
isomerase II reaction. Theoretically, they could do
this either by increasing the forward rate of the
cleavage reaction or inhibiting the reverse (religa-
tion) reaction rate. In fact, accumulating data indi-
cate that the topoisomerase II poisons can be divi-
ded into two classes based on which part of the
cleavage reaction they affect. There are drugs that
increase the amount of cleaved intermediate by
stimulating the forward reaction and there are
those that increase the amount of cleaved inter-
mediate by inhibiting religation. The drugs that
have clearly been shown to inhibit religation are
etoposide, teniposide, and amsacrine [6]. Azotoxin
(a molecular hybrid between etoposide and
ellipticine) [154], ellipticine [155], and genistein
[156] appear to stimulate the forward reaction rate.

For etoposide, which inhibits religation, recent
steady state and pre-steady state enzymatic assays
have allowed for a precise determination where in
the reaction cycle the drug acts [157]. It appears
that the drug acts to either inhibit the release of the
first ADP from the enzyme or the hydrolysis of the
second ATP. The transport of DNA through the G
segment occurs prior to the inhibitory effects.
Therefore the enzyme, in the presence of etopo-
side, is able to pass one DNA strand through the
break in the G segment, but to catalyze any other
strand transfers.

The topoisomerase Il poisons are converting the
enzyme into a DNA damaging agent. The interes-
ting possibility that this type of topoisomerase
mediated DNA damage in the presence of an
anticancer drug may actually represent a normal
cellular pathway involved in cell death has
recently been suggested [158]. Several types of
DNA damage such as base mismatches, deami-
nated cytosines, and the loss of pyrimidine
residues, induce topo II DNA cleavage in a manner
analogous to the topo II poisons. Perhaps a cell
that has suffered from unrepairable DNA damage
uses topo Il function to cleave DNA at the
damaged areas which then cycles the cell to an
apoptotic death. The topo II targeted anticancer
- drugs may simply take advantage of this pathway.

LY
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2. Topoisomerase II Catalytic Inhibitors

The DNA topoisomerase II catalytic cycle is
complex and consists of six distinct steps [159].
Step 1 is the binding of the enzyme to the DNA;
Step 2 is the production of a double strand DNA
break prior to strand passage; Step 3 is the strand
passage event which occurs in the presence of
ATP; Step 4 is the religation of the DNA break
occurring after strand passage; Step 5 is the
hydrolysis of ATP; and Step 6 is the dissociation
and release of the DNA from the topoisomerase.
Although several types of drugs have their primary
effect on inhibiting topoisomerase enzymatic acti-
vity it is clear that there are several places in the
topoisomerase enzymatic reaction where these
drugs could exert their effect. For example, aclar-
lubicin inhibits step 1, merbarone and stauros-
porine inhibit step 2, novobiocin and coumarmycin
inhibit step 3 (but primarily in the prokaryotic
enzymes) and ICRF-193 inhibits step 5 [160].

As with etoposide, the application of pre-steady
state and steady state kinetics have allowed for a
precise determination where some of these drugs
may act in the enzymatic reaction. Such results
have recently been described for the topoisomerase
catalytic inhibitor, ICRF-193, a bisdioxopipera-
zine. These types of drugs are used as cardiopro-
tectants during anthracylcine based chemotherapy
[161]. Although they have been shown to inhibit
topo II, they have not yet found clinical use as
anticancer drugs, but this possibility remains in the
future. Initial studies suggested these drugs work
as classic topoisomerase catalytic inhibitors. For
example, if the effect of these drugs is by inhi-
biting topoisomerase function and therefore
depleting the cell of this vital enzymatic activity, it
would be predicted that sensitivity could be
overcome by increasing the topoisomerase content
in a cell. On the other hand, cells with decreased
topoisomerase 11 would be predicted to be exqui-
sitely sensitive to these agents. These predictions
were shown to be true in an experimental yeast
system [162]. In addition, it is known that this type
of drug traps the topoisomerase molecule in the
closed clamp conformation [163]. Recent pre-
steady state analysis of the effect of the drug on
the enzyme indicates that the drug probably binds
to the enzyme after the first ADP has been released
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and the second ATP hydrolyzed. The release of the
first ADP leaves the enzyme with one empty ATP
binding site. The enzyme then becomes locked in
the closed clamp formation and unable to undergo
repeated turnovers although it can still hydrolyze
ATP because of the one empty ATP site [164].
The drug seems to act downstream from etoposide.
Although inhibition of enzymatic activity in this
manner may be related to the drug’s cytotoxicity,
the trapped, closed clamp conformation of the
enzyme also might interfere with other vital cellu-
lar processes resulting in cell death [165]. This
could result in cytotoxicity in a mechanism which
is distinct from simply inhibiting the catalytic
activity of the enzyme or stabilizing the transient
cleaved intermediate.

3. Topoisomerase II Expressnon in Human
Tissue and Tumors

The topo II poisons such as etoposide and
doxorubicin, are the types of drugs currently used
in the treatment of a variety of human cancers. As
clearly evident from much laboratory data, sensi-
tivity to this type of drug should be dependent on
cellular content of topoisomerase. This leads to the
hypothesis that the response of human cancers to
topo II therapy may be dependent on, and perhaps
predicted by, tumor content of topoisomerase.
Unfortunately, it is not easy to determine topoiso-
merase content on small biopsies of human
cancers. Procedures such as Western blot and
enzymatic activity measurements are compromised
because they are averaging techniques and it is
impossible to know how much of the signal
observed is due to tumor topoisomerase and how
much is due to normal cellular components. Unlike
laboratory cell lines, biopsies of human cancers
contain, in addition to the tumor cells, abundant
normal mesenchymal cells and a wide variety of
inflammatory cells.

In order to circumvent this problem as well as
to develop an easy clinical test to measure topo II
content in human cancers, several in-situ immuno-
histochemical stains for topo II have been devel-
oped [126, 166-169]. In these procedures, a slide
from a human tumor is first stained for.topo II
using specific antibodies. Detection of the specific
topo antibody is then accomplished by a secondary
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antibody reaction in which the secondary antibody
is coupled to an alkaline phosphatase or horse-
radish peroxidase system. With the addition of the
appropriate chomogen, a colored precipitate occurs
wherever the initial topo specific antibody first
bound. Topo positive cells appear brown or red
when viewed by light microscopy. A strongly
positive topo II immunostain of a human lymphoma
is shown in (Fig. 6). Topo II immunohistochemical
staining allows for a visual discrimination bet-
ween the topoisomerase content in the tumor
verses the normal cellular components.

Studies with antibodies specific for the alpha
and beta isoforms of topo II have indicated that the
data derived from the laboratory are applicable to
human tissues. Topo Il-alpha, identified in the
laboratory as a proliferation marker [170] as well
as an enzyme essential in meiotic division [171], is
only found in human tissues which contain cells
undergoing these functions. The enzyme is located
in the crypts of the gastrointestinal glands, the
basal layer of all squamous and transitional epithe-
lium, the proliferating cells of the ovarian follicle
and in the testis where the separation of DNA
strands is necessary for proper meiotic division
[172]. On the other hand, topo II-beta, identified in
the laboratory as an enzyme without cell cycle
regulation [72], is uniformly present and easily
detectable in all human tissues studied [172]. This
latter finding makes one ask the question as to why
there should be any therapeutic selectivity of the
topo II drugs against cancer. Topo II-beta has been
shown to be as sensitive as topo II-alpha to the
topo II drugs [173,174] and yet the drugs, although
certainly not innocuous, show a therapeutic selecti-
vity against human malignancies. Why should
there be any therapeutic selectivity towards a
cancer if the beta isoform is present in all human
tissues? Perhaps damage mediated through topo II-
beta interaction is readily repaired and not chann-
eled to cell death in non-proliferating tissues. It
may be that only in a proliferating cancer cell,
does topo II-beta drug targeting result in cell
killing. Topo II beta is not a cell cycle regulated
protein and from what little information is known
about topo II-beta levels in human malignancies, it
would appear that there is no elevation of the
enzyme above normal tissues [126, 172, 175].
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Fig. (6). DNA topoisomerase II immunohistochemical stain.
A lymphoblastic lymphoma was immunohistochemically
stained with an antibody specific for the alpha isoform of
human DNA topoisomerase II. The staining pattern is
nuclear and nucleolar. Many positive cells are observed. The
percent of positive staining tumor cells is the topo Il-alpha
index. The lymphoma in the figure has a topo II-alpha index
of 92. (original magnification x 400)

However, with the report of drugs which are
specific for the beta isoform [176], additional
studies concerning the role that this enzyme plays
in anticancer drug therapy are clearly needed.

Although studies with topo II-beta in human
cancers are limited, this is not true for the alpha
isoform. Many investigations have been published
evaluating the presence of this isoform in human
cancer. Most of these studies are immunohisto-
chemical in nature and have indicated that topo II-
alpha identifies the percent of proliferating cells in
a neoplasm. The gold standard of proliferation
markers in the pathology lab is the MIB1 (Ki-67)
antigen. The function of MIB1 is not known but
the antigen appears to be present in late G1, S, and

-

Joseph A. Holden

the G2 phases of the cell cycle [177]. It is not
present during most of G1 and therefore identifies
actively proliferating cells. The expression of
MIB1 in a tumor can be semi-quantitated by
determining a MIB1 index, which represents the
percent of positively staining-tumor cells. The
higher the MIBI index of a tumor, the greater the
number of cells in the proliferative portion of cell
cycle. Topo Il expression in a tumor can be semi-
quantitated immunohistochemically in a similar
fashion by determining the topo Il-alpha index,
which represents the percent of cells staining
positively for topo II-alpha [135]. A close corre-
lation between MIB1 indices and topo Il-alpha
indices have been observed in breast cancer [178],
endometrial cancer [179], brain tumors [180, 181],
gastric carcinomas [182], cancer of the esophagus
[183], colon carcinomas [184], tumors of the
adrenal cortex [185], salivary gland carcinomas
[186], soft tissue sarcomas [187], uterine cervical
cancers [188], ovarian cancer [189], non-
Hodgkin’s lymphomas [135], and renal cell carci-
nomas [114]. Obviously, immunohistochemical
staining of a tumor for topo II gives information on
the number of cycling cells.

Not surprisingly, topo II-alpha expression
appears to be highest in malignancies of high
clinical aggressiveness. This may reflect the fact
that such tumors are composed of an abundant
population of proliferating cells. Thus high expre-
ssion of topo Il-alpha has been observed in high
grade breast cancers [178, 190], high grade kidney
cancers [114], highly aggressive salivary gland
tumors [186], high grade squamous cancers of the
head and neck [191], high grade non-Hodgkin’s
lymphomas [135], highly malignant brain tumors
[181], aggressive thyroid malignancies [192], and
high grade in situ breast cancer [193]. These data
suggest that the evaluation of topo Il-alpha in a
human malignancy might be used to help predict
prognosis. Several reports suggest that this may be
true. Increased levels of topo II-alpha have been
shown to be associated with overall poor survival
in breast cancer [194,195], small cell lung cancer
[196], salivary gland cancers [186], soft tissue
sarcomas [187], and surface epithelial neoplasms
of the ovary and peritoneum [197].
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Apart from patient survival data, the question as
to whether expression of topo II in a human cancer
predicts response to drugs targeting the enzyme, is
more difficult to answer. Clearly laboratory data
suggest this may be true. For example, studies
indicate that breast cancer cells, resistant to
etoposide, can be made sensitive by transfecting
them with a recombinant virus which produces
active human topo Il-alpha [198]. In addition,
there is the interesting clinical observation that
patients whose breast cancers overexpress the
c-erbB-2 oncogene appear more responsive to
chemotherapeutic protocols involving topo II
targeted drugs than patients whose tumors do not
overexpress c-erbB-2 [199]. It is now known that
the gene for topo Il-alpha is linked to the c-erbB-2
oncogene and simultaneous amplification of both
genes may occur in some cases of breast cancer
[200]. The increased amount of topo II in such
tumor may provide additional drug target and
sensitize the tumor to chemotherapy. In addition,
small cell lung cancers [136] and testicular
seminomas [123], known to be sensitive to the
topo 1I drug etoposide, contain high amounts of
topo II while renal cell carcinomas [114] and CLL
[138], generally resistant to topo II targeted drugs,
do not contain high amounts of enzyme. Of course
response to therapy requires more than just a
functional drug target. The involvement of genes
regulating apoptosis and DNA repair, as well as
drug uptake and efflux, may also play important
roles. The possibility of determining the drug
response of a neoplasm by measuring a single
parameter may be too simplistic and may explain
why several recent studies showed that topo II
expression in advanced breast cancer [201] or in
acute myelogenous leukemia [202] did not predict
response to chemotherapy. Nonetheless, the
accumulating data on topo II expression in human
malignancies in conjunction with new data on
other molecules involved in anticancer drug
response, may help us understand the varied
responses of patients with malignant disease to
anticancer drug therapy targeted against topo II.

H. CONCLUSIONS

The topoisomerase field has blossomed since
the first discovery of this type of enzyme in 1971.
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The catalytic activities, regulatory properties, gene
structures, and crystallographic structures of these
molecules are being studied in detail. Because the
topoisomerases are targets for a number of impor-
tant anticancer and antimicrobial drugs, much of
the basic research has been translated into the
clinical arena. For those who have had the good
fortune of working in this area it has been
especially satisfying to see insights made at the
laboratory bench directly applied in the clinic.
Clearly there is more to do and learn. The
discovery of new members of the topoisomerase
group and the synthesis and discovery of new
topoisomerase targeting drugs should provide in
the future an even deeper understanding of the role
that these fascinating enzymes play in basic
cellular biology and in human disease.
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