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ABSTRACT
DNA topoisomerase IIa (170 kDa, TOP2a/170) is essential in
proliferating cells by resolving DNA topological entanglements
during chromosome condensation, replication, and segregation.
We previously characterized a C-terminally truncated isoform
(TOP2a/90), detectable in human leukemia K562 cells but more
abundantly expressed in a clonal subline, K/VP.5, with acquired
resistance to the anticancer agent etoposide. TOP2a/90 (786 aa)
is the translation product of a TOP2a mRNA that retains a
processed intron 19. TOP2a/90 lacks the active-site tyrosine-
805 required to generate double-strand DNA breaks as well as
nuclear localization signals present in the TOP2a/170 isoform
(1531 aa). Here, we found that TOP2a/90, like TOP2a/170, was
detectable in the nucleus and cytoplasm of K562 and K/VP.5
cells. Coimmunoprecipitation of endogenous TOP2a/90 and
TOP2a/170 demonstrated heterodimerization of these isoforms.
Forced expression of TOP2a/90 in K562 cells suppressed,

whereas siRNA-mediated knockdown of TOP2a/90 in K/VP.5
cells enhanced, etoposide-mediated DNA strand breaks com-
pared with similarly treated cells transfected with empty vector or
control siRNAs, respectively. In addition, forced expression of
TOP2a/90 in K562 cells inhibited etoposide cytotoxicity assessed
by clonogenic assays. qPCR and immunoassays demonstrated
TOP2a/90 mRNA and protein expression in normal human
tissues/cells and in leukemia cells from patients. Together, results
strongly suggest that TOP2a/90 expression decreases drug-
induced TOP2a-DNA covalent complexes and is a determinant
of chemoresistance through a dominant-negative effect related to
heterodimerization with TOP2a/170. Alternative processing of
TOP2a pre-mRNA, and subsequent synthesis of TOP2a/90, may
be an important mechanism regulating the formation and/or
stability of cytotoxic TOP2a/170-DNA covalent complexes in
response to TOP2a-targeting agents.

Introduction
The well-characterized human DNA topoisomerase IIa

(170 kDa, TOP2a/170) enzyme is essential in proliferating
cells, because this enzyme processively resolves DNA topolog-
ical entanglements that occur during chromosome condensa-
tion, replication, and segregation (DeWeese and Osheroff,
2009; Vos et al., 2011; Chen et al., 2013; Pommier et al., 2016).
The TOP2a/170 enzyme is comprised of homodimers with
enzymatic activity regulated by the successive opening and
closing of three distinct subunit dimerization interfaces or
gates, the entry N-/ATP-gate, DNA-gate, and exit C-gate
(Dong and Berger, 2007; Laponogov et al., 2010; Wendorff
et al., 2012).
The entry N-/ATP-gate is formed by the two N-terminal

ATPase domains (i.e., first 400 amino acids [aa] of each

TOP2a/170 subunit). When this gate is open, one DNA duplex
(i.e., designated the G-segment) is loaded into the enzyme
cavity (Dong and Berger, 2007; Laponogov et al., 2010;
Wendorff et al., 2012). The TOP2a/170 enzyme subsequently
generates a transient double-strand DNA break (i.e., TOP2a/
170-DNA covalent cleavage complex) in this segment through
a transesterification reaction mediated by the active site
Tyr805 residue harbored in each TOP2a/170 subunit. Upon
the binding of ATP, the N-/ATP-gate closes, and a second
intact DNA duplex, designated the T-segment, is captured,
transported through the DNA double-strand break (i.e., the
DNA gate), and exits from the open C-gate (Dong and Berger,
2007; Laponogov et al., 2010; Wendorff et al., 2012). After
T-segment strand passage, ATP hydrolysis occurs, the tran-
sient double-strand break in the G-segment is resealed by
reversal of the transesterification event, which restores the
integrity of the DNA and regenerates the free Tyr805 residue
present in each TOP2a/170 subunit. Finally, the N-/ATP-gate
is reopened, and the enzyme is reset for another round of
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ABBREVIATIONS: aa, amino acids; Ab, antibody; AML, acute myeloid leukemia; DD, dimerization domain; DMEM, Dulbecco’s modified Eagle’s
medium; DMSO, dimethylsulfoxide; FBS, fetal bovine serum; K562, human leukemia cell line; kb, kilobase; K/VP.5, etoposide (VP-16)-resistant
human K562 leukemia cell line; MNC, mononuclear cells; NLS, nuclear localization signal; PBS, phosphate-buffered saline; PCR, polymerase chain
reaction; TOP2a, DNA topoisomerase IIa protein; TOP2a/170, TOP2a 170 kDa; TOP2a/90, TOP2a 90 kDa.
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catalytic activity (Dong and Berger, 2007; Laponogov et al.,
2010; Wendorff et al., 2012).
Given that TOP2a/170 enzymatic activity is necessary for

cell survival and that it is highly expressed in proliferating
cells (Vos et al., 2011; Chen et al., 2013; Pommier et al., 2016),
this enzyme has been widely exploited as an anticancer
therapeutic target (Nitiss, 2009; Pommier et al., 2010). Type
IIA topoisomerase interfacial inhibitors (e.g., etoposide,
mitoxantrone, amsacrine, doxorubicin, and analogs) interact
within the four base region of the scissile break sites generated
by TOP2a/170 on the top and bottom strands of DNA and
impede the reversal of the TOP2a/170-DNA covalent cleavage
complex and the subsequent resealing of the double strand
break (Pommier and Marchand, 2011). Therefore, inhibitors
like etoposide, exert their cytotoxic therapeutic effects
through the accumulation of double-strand DNA breaks,
which ultimately trigger programmed cell death (Pommier
and Marchand, 2011).
Recently, we demonstrated that both parental human

leukemia K562 cells and a cloned K562 cell line (K/VP.5 cells)
with acquired resistance to etoposide (Ritke and Yalowich,
1993; Ritke et al., 1994b) express two TOP2a isoforms,
TOP2a/170 and a novel 90 kDa protein (i.e., TOP2a/90)
(Kanagasabai et al., 2017). TOP2a/170 is decreased in
K/VP.5 cells to approximately one-fifth the level found in
parental K562 cells (Kanagasabai et al., 2017). In contrast,
K/VP.5 cells express approximately threefold greater levels of
TOP2a/90 compared with parental K562 cells (Kanagasabai
et al., 2017).
TOP2a/90 (786 aa) is the translation product of a TOP2a

mRNA that retains a processed intron 19 (302 nt), harbors an
in-frame stop codon, and contains two consensus poly(A) sites
(Fig. 1). As a result of intron 19 retention, TOP2a/90 ismissing
the C-terminal 770 aa present in TOP2a/170 (1531 aa), which
are replaced by 25 unique aa encoded by translation of the

exon 19/intron 19 “read-through.” Therefore, TOP2a/90 lacks
active site Tyr805, canonical dimerization domains (DD) (aa
1053–1069 and 1121–1143), and the nuclear localization
signals (NLS) (aa 1259–1296 and 1454–1497) found in the
TOP2a/170 isoform (Kanagasabai et al., 2017) (Fig. 1).
Based on the increased expression of TOP2a/90 in acquired

resistant K/VP.5 cells and the structural differences
between the TOP2a/90 and TOP2a/170 isoforms, the potential
biologic functions and pharmacological consequences related
to expression of the truncated TOP2a/90 isoform were in-
vestigated. Notably, results from immunoblot, immunofluo-
rescence, and immunoprecipitation experiments revealed
that, despite the absence of NLS and DD, TOP2a/90 was
detected in the nucleus and formed heterodimers with TOP2a/
170. Etoposide-induced DNA damage and cytotoxicity in K562
cells were decreased after forced expression of TOP2a/90.
Conversely, etoposide-induced DNA strand breaks were in-
creased in K/VP.5 cells subsequent to siRNA knockdown of
TOP2a/90. Taken together these results are consistent with
dominant negative effects of the TOP2a/90 isoform as a
determinant of acquired drug resistance through heterodime-
rization with TOP2a/170, thereby decreasing drug-induced
TOP2a/170-DNA covalent cleavage complexes.

Materials and Methods
Materials. Human K562 leukemia cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) (Corning, Manassas,
VA) supplemented with 10% fetal bovine serum (FBS). Etoposide-
resistant K/VP.5 cells were selected and cloned subsequent to in-
termittent and eventually continuous exposure of K562 cells to 0.5mM
etoposide as previously described (Ritke and Yalowich, 1993). K/VP.5
cells were maintained in DMEM/10% FBS with etoposide (0.5 mM)
added every other week. All experiments described below were
performed utilizing K562 and K/VP.5 cells growing in log phase.
Human stomach and thymus tissue lysates were purchased from

Fig. 1. Schematic representation of the TOP2a/
170 (A) and TOP2a/90 (B) mRNA and protein.
TOP2a/90 mRNA retains a processed intron
19 and encodes a TOP2a isoform of 786 aa.
The well-characterized TOP2a/170 mRNA en-
codes a TOP2a isoform of 1531 aa. Depicted
are 1) the ATP-gate that harbors the ATPase
domain; 2) the DNA-gate that is comprised of
the winged-helix domain (WHD) and harbors
the active site tyrosine; 3) the C-gate that is
comprised of the coiled-coil region (coiled do-
main) and harbors the characterized dimeriza-
tion sequences, DD1053–1069 and DD1121–1143
(Frère et al., 1995; Berger et al., 1996; Frère-
Gallois et al., 1997; Kroll, 1997; Bjergbaek et al.,
1999); and 4) the C-terminal domain (CTD) that
contains the defined nuclear localization signals
NLS1259–1296 and NLS1454–1497 (Mirski et al.,
1997, 1999). The epitope positions and the
nomenclature for the antibodies used in our
studies are denoted.
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Protein Biotechnologies Inc. (Ramona, CA). Human cord blood mono-
nuclear cells were purchased from ALLCELLS (Alameda, CA).
Deidentified acute myeloid leukemia (AML) patient samples were
obtained from The Ohio State University Comprehensive Cancer
Center Leukemia Tissue Bank Shared Resource.

Cytoplasmic and Nuclear Extracts Isolation. Cytoplasmic
and nuclear extracts were isolated utilizing NE-PER Nuclear and
Cytoplasmic Extraction Reagents (ThermoFisher Scientific, Wal-
tham, MA) according to manufacturer’s protocol. Protein determina-
tions using a Pierce BCA Protein Assay kit (Thermo Scientific,
Rockford, IL) indicated that 15% and 18% of total cellular protein
were in the nuclear fractions in K562 and K/VP.5 cells, respectively.

Immunoassays. Cellular, cytoplasmic, nuclear, or tissue extracts
were subjected to Western blot analysis as previously described
(Kanagasabai et al., 2017). Unless otherwise noted, 12.5 mg of protein
was loaded into each well. Membranes were incubated overnight at
4°C with one of the following primary antibodies: a rabbit polyclonal
antibody raised against the human TOP2a/90/170 N-terminal se-
quence (aa 14–27) (cat. no. ab74715; Abcam, Cambridge, MA; used at
1:1000 dilution) (Kanagasabai et al., 2017), the anti-rabbit TOP2a/170
C-terminal specific antibody (generated against a recombinant
70-kDa fragment corresponding to only the TOP2a/170 C-terminal
sequence; used at 1:5000 dilution) (Ritke et al., 1994a), the anti-rabbit
TOP2a/90 specific antibody (raised against a synthetic peptide
corresponding to the C-terminal sequence of TOP2a/90 encoded by
the exon 19/intron 19 “read-through”; used at 1:1000 dilution or 1:250)
(Kanagasabai et al., 2017), a mouse monoclonal b-actin antibody (cat.
no. A1978; Sigma-Aldrich, St. Louis, MO, used at 1:5000 dilution), a
mouse monoclonal lamin B antibody (cat. no. sc-365962; Santa Cruz
Biotechnology, Santa Cruz, CA, used at 1:1000), or a glyceraldehyde
3-phosphate dehydrogenase mouse monoclonal antibody (1:2000 di-
lution, cat. no. sc-47724; Santa Cruz Biotechnology). The membranes
were subsequently incubated at room temperature for∼1.5 hourswith
a donkey anti-rabbit or anti-mouse secondary antibody (1:8000 di-
lution) (Jackson Immuno Research, West Grove, PA). Finally, TOP2a
isoforms were detected using the Immun-Star or Clarity Max
chemiluminescence kits (Bio-Rad Laboratories, Hercules, CA). All
immunoassay images were acquired with the ChemiDoc XRS1
imaging system and analyzed with ImageLab software (Bio-Rad
Laboratories).

Immunofluorescence Assays. Log phase K562 and K/VP.5 cells
(2 � 106) were washed once with PBS (pH 7.4) followed by loading
aliquots (200 ml; 20,000 cells) onto glass slides for centrifugation/im-
mobilization (Cytospin 4; ThermoFisher) and fixation (4% parafor-
maldehyde). Cells were then permeabilized in 0.1% Triton X-100 in
ice-cold PBS for 30 minutes. Incubation in 4% bovine serum albumin
(1 hour, room temperature) was followed by the addition of rabbit
polyclonal TOP2a/170 C-terminal specific antibody (Ritke et al.,
1994b) used at 1:1000 dilution, or a TOP2a/90 specific custom
antibody (Kanagasabai et al., 2017) (diluted 1:500 or 1:1000) for an
additional 1 hour at room temperature. Slides were gently washed
(dipped) in five successive Coplin jars containing PBS, after which
cells were incubated (45minutes, room temperature) with appropriate
fluorophore conjugated secondary antibodies (Alexa-Fluor 594, red
staining; Invitrogen, Waltham, MA). After washing, cells were
costained with DAPI for visualization of DNA/nuclei immediately
before immunofluorescence microscopy analyses (Nikon Eclipse Ti).
Total and nuclear localized TOP2a were quantified using ImageJ.

Endogenous TOP2a/170 and TOP2a/90 Coimmunoprecipi-
tation Assays. K562 and K/VP.5 cells (2 � 106) were washed once
with PBS and lysed in 500 ml of immunoprecipitation lysis buffer
containing 20 mMHEPES, 140 mMNaCl, 2 mMEDTA, 10% glycerol,
1% NP-40 with 0.1% phosphatase inhibitors, 10 mM Na3VO4, and a
protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) for
30 minutes on ice. The TOP2a/170 C-terminal specific antibody or the
TOP2a/90 specific custom antibody were added to the cell lysates and
incubated for 2 hours at 4°C. Protein A agarose (20 ml/sample)
(ThermoFisher) was added to the cell lysates and incubated overnight

at 4°C. After washing, the precipitated immune complexes were
released in 100 ml of SDS-PAGE sample buffer (6�) by boiling for
5 minutes. The resulting supernatant was then subjected to immuno-
assay analysis as described above. Identical control immunoprecipi-
tation experiments were performed using preimmune serum.

Transfection Experiments. Briefly, for TOP2a/90 gain-of-
function experiments, K562 cells (2.25 � 106 cells in 100 ml per
condition) were transfected with empty vector (pcDNA3.1, negative
control) or pcDNA/TOP2a/90 (7.5 mg plasmid) by electroporation tech-
nology (Nucleofector Kit V; Lonza, Basel, Switzerland) according to
manufacturer’s instructions and as reported previously (Kanagasabai
et al., 2017). Forty-eight hours later, transfected K562 cells were used for
comet and colony forming assays (see below).

Alternatively, for TOP2a/90 loss-of-function experiments, K/VP.5
cells (2.25 � 106 cells in 100 ml per condition) were transfected
with Silencer Select Negative Control siRNA #1 (#4390843; Thermo-
Fisher) or TOP2a/90 specific Silencer Select CustomDesigned siRNAs
(siRNA #1, sense 59-GUAUAAGCUCAUAUAUUCAtt-39, antisense
59-UGAAUAUAUGAGCUUAUACtt-39; siRNA #2 sense 59-GGAUAUU-
CAUAAGUCUGCAtt-39, antisense 59-UGCAGACUUAUGAAUAUCCtt-
39; ThermoFisher) at 10 and 50 nM final concentrations utilizing
electroporation technology (Nucleofector Kit V; Lonza) according to
themanufacturer’s instructions. Twenty-four hours after transfection,
cellular extracts were prepared and immunoblotting experiments
were performed as outlined above. siRNA transfected K/VP.5 cells
were also used for comet assays (see below).

Comet Assays. The neutral (pH. 9, detects double-stranded
breaks) and alkaline (pH 13, detects primarily single-strand breaks)
single-cell gel electrophoresis (Comet) assays were performed accord-
ing to themanufacturer’s protocol (CometAssay Kit, cat. no. 4250-050-
K; Trevigen, Gaithersburg, MD) and as previously described by our
laboratory (Vlasova et al., 2011; Kanagasabai et al., 2017). Briefly,
K562 and K/VP.5 cells (2.25 � 106 cells in 100 ml per condition) were
transfected as described above. Forty-eight hours after transfection
with pcDNA/TOP2a/90 (for forced expression of TOP2a/90) or 24 hours
after transfection with TOP2a/90 siRNAs (for TOP2a/90 knockdown),
cells were washed and resuspended in buffer (25 mMHEPES, 10 mM
glucose, 1 mMMgCl2, 5 mM KCl, 130 mM NaCl, 5 mM NaH2PO4, pH
7.4). The transfected K562 and K/VP.5 cells were subsequently
incubated with 1, 2, or 25 mM etoposide or DMSO (solvent control)
for 1 hour at 37°C. The transfected and treated cells were washed with
ice-cold buffer and resuspended to 0.28 � 106 cells/ml. Following
neutral or alkaline electrophoresis and subsequent staining with a
fluorescent DNA intercalating dye, SYBR Gold, the migrating frag-
ments (comet tail) from the nucleoid (comet head) were visualized and
the images captured by fluorescence microscopy. The Olive tail
moment, which is defined as the product of the comet tail length and
the fraction of total DNA in the comet tail (Olive, 2002), was quantified
by the ImageJ processing program with the open-source software tool
OpenComet (Gyori et al., 2014; www.cometbio.org). Olive tail moments
from greater than 100 cells per sample condition were determined.

Colony-Forming Assays. Colony-forming assayswere performed
by a modification of the procedure previously described by our
laboratory (Yalowich et al., 1985). Briefly, K562 cells (2.25 � 106 cells
in 100 ml per condition) were transfected with empty vector or
pcDNA/TOP2a/90 as described above. Forty-eight hours later, trans-
fected cells were adjusted to a concentration of 1 � 106 cell/ml and
incubated with etoposide (10 and 25 mM) or DMSO (solvent control,
0.1% v/v) for 1 hour at 37°C. Drug/solvent were then removed by
washing cells twice in complete DMEMmedia. Cells were resuspended
in freshmedia at 2� 105 cell/ml and incubated overnight at 37°C. Cells
were then plated in 35 mm dishes (5000 cell/dish) in duplicate in 0.35%
agar containing DMEM/10% FBS and incubated for 10–12 days in a
humidified atmosphere of 5% CO2 at 37°C. Colonies were then counted
on an inverted microscope. Cytotoxicity was determined by comparing
drug-treated colony formation with colony counts from cells incubated
with DMSO solvent alone. For the six experiments performed, cloning
efficiency for DMSO controls was 7.7% 6 1.9%.
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Human TOP2a/170 and TOP2a/90 Real-Time Polymerase
Chain Reaction Assays. All total RNA samples were treated
with DNAse I (RNase-Free DNase Set; Qiagen (Germantown, MD);
or TURBODNA-free Kit; ThermoFisher Scientific). Quantitative real-
time PCR experiments (total reaction volume 20 ml) were performed
using TaqMan Gene Expression hydrolysis probes (ThermoFisher
Scientific) as previously described (Kanagasabai et al., 2017). TOP2a/
90 expression levels were measured using a custom hydrolysis probe
that spans the exon 19/intron 19 boundary (59-TCATGGTGAGG-
TAAACACACAATCC-39). TOP2a/170 expression levels were mea-
sured using a hydrolysis probe spanning the exon 34/35 boundary
(TaqMan assay Hs01032151_g1), which is only present in TOP2a/170
cDNAs. The relative gene expression levels of TOP2a/90 or TOP2a/
170 in each cell line or human tissue were normalized to TATA-box
binding protein (TBP, TaqMan assay Hs99999910_m1) expression
using the 22DDCt method (Schmittgen and Livak, 2008).

Statistical Analysis. The results are presented as the mean
values 6 S.E.M. values for n $ 3 separate experiments. Statistical
analysis was performed by using a two-tailed paired Student’s t-with
statistical significance of differences set atP, 0.05 orP, 0.025with a
Bonferroni correction. SAS 9.4 (The SAS Institute, Cary, NC)was used
in all statistical analyses.

Results
Nuclear Localization of the Truncated TOP2a/90

Isoform. Our laboratory recently established that TOP2a/
90 is the truncated translation product of an alternatively
processed TOP2a mRNA (Fig. 1B) (Kanagasabai et al., 2017).
Although TOP2a/90 does not harbor the well-characterized
NLS1259–1296 andNLS1454–1497 present in TOP2a/170 (Fig. 1A)
(Mirski et al., 1997, 1999), this truncated TOP2a does contain
two additional putative bipartite NLS sequences, NLS606–676

and NLS727–743 (Mirski et al., 1997). Fusion-truncated forms
of human TOP2a, which contained theseNLS sequences, were
excluded from the nucleus, suggesting that these NLS motifs
were nonfunctional (Mirski et al., 1997; Ernst et al., 2000).
TOP2a/90 was analyzed for additional NLS sequences due to
the inclusion of the unique 25-aa C-terminal sequence encoded
by a processed intron 19 (i.e., aa 762–786: VNTQSMFPESII-
SEIPAESFSKQIW) (Fig. 1B) (Kanagasabai et al., 2017).
Algorithm analyses (Brameier et al., 2007; Kosugi et al.,
2009; Nguyen Ba et al., 2009) revealed that the unique
TOP2a/90 sequence does not harbor a classic NLS sequence
(data not shown). Together, these results cast doubt that this
truncated protein gains entry to or functions in the nucleus.
To investigate this question, total cellular, cytoplasmic, and

nuclear specific lysates were isolated from proliferating K562
and K/VP.5 cells to evaluate the distribution of TOP2a/90 and
TOP2a/170 by immunoassays. As previously demonstrated
(Kanagasabai et al., 2017), immunoblotting of total cell lysates
using an antibody raised against the N-terminal portion of
TOP2a (TOP2a/90/170 Ab) (Fig. 1) demonstrated that, com-
pared with parental K562 cells, the expression level of
TOP2a/170 was attenuated and that of TOP2a/90 was in-
creased in K/VP.5 cells (Fig. 2A). Surprisingly, immunoassays
using cytoplasmic and nuclear extracts revealed that TOP2a/
90 could be detected in both cellular compartments (Fig. 2B).
Additionally, these experiments demonstrated that TOP2a/90
levels were greater in K/VP.5 compared with parental K562
nuclei (Fig. 2B). In contrast, TOP2a/170 was more abundant in
K562 compared with K/VP.5 nuclei (Fig. 2B). Immunoassays
using b-actin and lamin B antibodies demonstrated that the

cytoplasmic and nuclear extracts were not cross-contaminated
and that the lanes were loaded equally (Fig. 2B).
To validate the nuclear and cytoplasmic localization of

truncated and full-length TOP2a, immunofluorescence exper-
iments were performed using a TOP2a/90 specific antibody
generated against the unique 25 aa (TOP2a/90 Ab) (Fig. 1B)
(Kanagasabai et al., 2017) and a C-terminal antibody specific
for TOP2a/170 (TOP2a/170 Ab) (Fig. 1A) (Ritke et al., 1994a;
Kanagasabai et al., 2017). Results confirmed that TOP2a/90
(Fig. 2C) and TOP2a/170 (Fig. 2D) are located in both the
nucleus and cytoplasm of K562 andK/VP.5 cells. Total cellular
and nuclear TOP2a/90 and TOP2a/170 levels were assessed in
25 cells from both K562 and K/VP.5 lines, in each of three
separate experiments (data not shown). For total cellular
content, truncated TOP2a/90 levels were 2.46 0.4-fold greater
in resistant K/VP.5 compared with K562 cells (P , 0.05) (Fig.
2C). Conversely, full-length TOP2a/170 levels were 3.3 6 0.2-
fold greater in K562 compared with resistant K/VP.5 cells (P,
0.001) (Fig. 2D). In both K562 and K/VP.5 cells, the percent of
total cellular TOP2a found in the nucleuswas∼65% for TOP2a/
90 and ∼60% for TOP2a/170. Taken together, these studies
support our previous observations that K/VP.5 cells express
higher levels of TOP2a/90 compared with K562 cells (Fig. 2A)
(Kanagasabai et al., 2017) and suggest that increased nuclear
content of truncated TOP2a/90 in K/VP.5 cells may play an
important role in acquired resistance to etoposide and other
TOP2a-targeting drugs.
TOP2a/90 and TOP2a/170 Isoforms Heterodimerize.

Although TOP2a/90 lacks the functional C-terminal NLS
(Mirski et al., 1997, 1999) and DD sequences (Frère et al.,
1995; Berger et al., 1996; Frère-Gallois et al., 1997; Kroll,
1997; Bjergbaek et al., 1999) harbored in TOP2a/170 (Fig. 1B),
the presence of this truncated isoform in the nucleus
(Fig. 2, B and C) is consistent with the concept that TOP2a/
90 binds with TOP2a/170 and gains entry to the nucleus as a
heterodimer. To test this theory, coimmunoprecipitations of
endogenous TOP2a isoforms were performed using our three
well-characterized antibodies, TOP2a/90/170 Ab (cross-reacts
with both TOP2a/90 and TOP2a/170) (Fig. 1; Fig. 2, A and B;
Fig. 3A; Fig. 4A; Fig. 5A; and Fig. 7) (Kanagasabai et al., 2017),
TOP2a/90 Ab (reacts with only TOP2a/90) (Fig. 1B, Fig. 2C,
and Fig. 3B) (Kanagasabai et al., 2017), and TOP2a/170 Ab
(reacts with only TOP2a/170) (Fig. 1A, Fig. 2D, and Fig. 3C)
(Kanagasabai et al., 2017). Whole cell lysates from non-
transfected proliferating K562 andK/VP.5 cells were immuno-
precipitated with the TOP2a/170 specific antibody and
subsequently immunoblotted with the TOP2a/90/170 Ab. Im-
munoreactive TOP2a/90 and TOP2a/170 were detected in both
lysates (Fig. 3D), suggesting that TOP2a/170 homodimers and
TOP2a/90:TOP2a/170 heterodimers are formed in both cell
lines. Similarly, when lysates were immunoprecipitated with
the TOP2a/170 Ab and immunoblotted with the TOP2a/90 Ab
(Fig. 3E), only immunoreactive TOP2a/90 was detected, again
indicating that TOP2a/90 and TOP2a/170 heterodimerize.
Finally, a reciprocal coimmunoprecipitation experiment was
performed where lysates were immunoprecipitated with the
TOP2a/90 Ab and subsequently immunoblotted with the
TOP2a/170 Ab. Immunoreactive TOP2a/170 was detected
(Fig. 3F), demonstrating once more that TOP2a/90:TOP2a/
170 heterodimers are present in both K562 and K/VP.5 cells.
Control immunoprecipitation experiments were performed
using preimmune serum followed by immunoblotting with the
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TOP2a/90/170 Ab. Neither TOP2a/90 nor TOP2a/170 was
detected (data not shown). Taken together, these results
indicate that TOP2a/90:TOP2a/170 heterodimers form endog-
enously (within nontransfected cells).
TOP2a/90 Exhibits Dominant-Negative Properties.

Previously our laboratory demonstrated that transfection of a
TOP2a/90 expression plasmid into K562 cells, which express
low levels of endogenous TOP2a/90, resulted in a dramatic
increase in the levels of this truncated isoform (Kanagasabai
et al., 2017). Importantly, as TOP2a/90 expression levels
increased, a corresponding decrease in etoposide-induced
TOP2a-DNA covalent complexes and DNA single-strand
breaks [as assessed by alkaline (pH 13) single cell gel
electrophoresis (comet) assays] was observed (Kanagasabai
et al., 2017). Given that TOP2a/90 lacks the active site Tyr805
required for the formation of TOP2a-DNA covalent complexes
(Fig. 1) (Vos et al., 2011; Chen et al., 2013; Pommier et al.,
2016), and the proclivity for etoposide to stabilize these
complexes (Pommier and Marchand, 2011; Ketron and Osher-
off, 2014), we posit that the dominant-negative effects of
TOP2a/90, observed previously in the presence of etoposide
(Kanagasabai et al., 2017), occur through the generation of
TOP2a/90:TOP2a/170 heterodimers (Fig. 3, D–F).
To test this hypothesis, we performed both TOP2a/90 “gain-

of-inhibitory-function” and “loss-of-inhibitory-function” exper-
iments by transfecting K562 cells with pcDNA/TOP2a/90 and

transfecting K/VP.5 cells with TOP2a/90-specific siRNAs,
respectively (Figs. 4 and 5).
Initial studies were performed by transfecting K562 cells

with empty vector or the pcDNA/TOP2a/90 expression con-
struct (Fig. 4A) followed 48 hours later by a 1-hour etoposide or
DMSO vehicle treatment and immediate evaluation of DNA
damage. By using neutral (pH 9) single cell gel electropho-
resis (comet) assays, etoposide-induced DNA double-strand
breaks were attenuated in TOP2a/90-transfected compared
with empty vector transfected K562 cells (Fig. 4B). Averaging
results from three experiments run on separate days,
there was a reduction in DNA damage to 67.3% 6 3.2% and
71.6%6 4.6% of the pcDNA control, in cells treated with 1 mM
etoposide (P 5 0.012) and 2 mM etoposide (P 5 0.011),
respectively.
As a complement to these DNA damage studies, clonogenic

assays were performed in K562 cells transfected with empty
vector or the pcDNA/TOP2a/90 expression construct followed
48 hours later by a 1-hour incubation with etoposide (10 and
25 mM) or DMSO vehicle. After 1 hour, cells were washed free
of drug, resuspended in fresh media overnight, then plated in
soft agar and grown for 10–12 days. Etoposide exhibited a
concentration-dependent cytotoxic effect (10 vs. 25 mM)
in empty vector transfected K562 cells (Fig. 4C). Notably,
TOP2a/90-transfected K562 cells showed a reduced sensitiv-
ity to etoposide compared with the empty vector transfected

Fig. 2. TOP2a/90 and TOP2a/170 can be detected in both nuclear and cytoplasmic extracts. (A) Representative immunoassay using K562 and K/VP.5
cellular lysates. Immunoblots were probed with the TOP2a/90/170 Ab (see Fig. 1 for epitope position) or b-actin Ab. (B) Representative immunoassay
using K562 and K/VP.5 cytoplasmic (19-second exposure) and nuclear lysates (9-second exposure). Immunoblots were probed with the TOP2a/90/170 Ab
or b-actin Ab. (C) Representative immunofluorescence experiment using fixed K562 and K/VP.5 cells probed with the TOP2a/90 Ab (see Fig. 1B for
epitope position). (D) Representative immunofluorescence experiment using fixed K562 and K/VP.5 cells probed with the TOP2a/170 Ab (see Fig. 1A for
epitope position).
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cells (Fig. 4C). Averaging results from six experiments run on
separate days, there was a reduction in the percent inhibition
of colony formation to 83.7% 6 3.1% and 89.9% 6 2.8%
of the pcDNA control in cells treated with 10 mM etoposide
(P 5 0.006) and 25 mM etoposide (P 5 0.012), respectively
(Fig. 4C). These “gain-of-inhibitory-function” results are con-
sistent with a dominant-negative activity of TOP2a/90 and
further suggest a role for this isoform in acquired resistance.
Next, the reciprocal TOP2a/90 “loss-of-inhibitory-function”

experiments were initiated in K/VP.5 cells (which express
high levels of the truncated TOP2a isoform) where two
TOP2a/90 specific siRNAs (siRNA/90 #1 and #2) targeting
retained intron 19 sequences, were used to determine whether
knockdown of TOP2a/90 would enhance etoposide-induced
DNA damage. TOP2a/90 protein levels were reduced in a
concentration-dependent manner by siRNA/90 #1 and
siRNA/90 #2 (10 and 50 nM) in K/VP.5 whole cell lysates
isolated 24 hours after transfection of K/VP.5 cells (Fig. 5A).
Averaging results from six experiments, there was a decrease
in TOP2a/90 protein expression of 40.0% 6 11.3% (10 nM
siRNA/90 #1,P, 0.01) and 52.4%6 7.3% (50 nM siRNA/90 #1,
P , 0.002) compared with the negative control siRNA trans-
fected K/VP.5 cells. Although siRNA/90 #2 (50 nM) reduced
TOP2a/90 protein expression levels (i.e., 34.4% 6 6.8%, P ,
0.002), a significant decrease of the truncated isoform was not
observed inK/VP.5 cells transfectedwith 10 nMof siRNA/90 #2.
No further knockdown of TOP2a/90 protein expression was
observed in cells transfected with the combination of siRNA/90
#1 and siRNA/90 #2 at 50 nM or in cells harvested 48 hours

after individual siRNA transfection (data not shown). Notably,
TOP2a/170 protein levels were unchanged in cells transfected
with either siRNA/90 #1 or siRNA/90 #2 (Fig. 5A), indicating
the specificity for TOP2a/90 knockdown with these siRNAs.
For loss-of-inhibitory-function TOP2a/90 studies, K/VP.5

cells transfected with 50 nM negative control siRNA or siRNA
#1 were incubated with DMSO solvent control or etoposide
(25 mM) for 1 hour followed by analysis of DNA damage by
alkaline single-cell gel electrophoresis (comet) assays for
primarily single-strand breaks and by neutral comet assays
for DNA double-strand breaks. Both alkaline and neutral
comet assays revealed that etoposide-induced DNA damage
was augmented in TOP2a/90 siRNA transfected K/VP.5 cells
compared with negative control siRNA transfected cells (Fig.
5B). Since TOP2a/170 levels in K/VP.5 cells are much lower
compared with K562 cells (Fig. 2A), greater concentrations of
etoposide (25 mM)were required to observe DNA damage (Fig.
5B) compared with those used in K562 cells (1 and 2 mM) (Fig.
4C). Averaging results from five separate experiments per-
formed on separate days, DNA damage was increased 36.1%6
10.9% (P 5 0.004) for alkaline comet assays. Averaging results
from six separate experiments performed on separate days,
DNA damage was increased 50.2% 6 15.3% (P 5 0.020) for
neutral comet assays. Increased etoposide activity in K/VP.5
cells upon TOP2a/90 knockdown demonstrates loss-of-
inhibitory-function consistent with our hypothesis that this
truncated TOP2a isoform acts in a dominant-negative fashion.
Overall, the studies described above strongly suggest that

TOP2a/90:TOP2a/170 heterodimers produce dominant negative

Fig. 3. TOP2a/90 heterodimerizes with TOP2a/170 in both K562 and K/VP.5 cells. (A–C) Representative immunoassay using K562 and K/VP.5 whole
cell extracts. Immunoblots were probed with the TOP2a/90/170 Ab, TOP2a/90 Ab, or TOP2a/170 Ab. (D–F) Immunoprecipitation (IP) experiments were
performed using K562 and K/VP.5 whole cell extracts. The precipitated immune complexes were released in SDS-PAGE sample buffer, subjected to SDS-
PAGE, and immunoblotted (IB), using the indicated antibodies. Input immunoblots are also shown for each experiment and b-actin Ab loading controls.
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effects by reducing the number of TOP2a/170-DNA covalent
cleavage complexes that can be “trapped” by etoposide treat-
ment, which decreases drug-induced DNA damage and cytotox-
icity associated with drug resistance.

TOP2a/90 mRNAs/Proteins are Expressed in Normal
Human Tissues and in AML Patient Blasts. Given that
TOP2a/90 mRNA was present in parental K562 cells and
overexpressed in etoposide resistant K/VP.5 cells (Kanagasabai
et al., 2017), we investigated whether this alternatively
processed TOP2a transcript was expressed in normal human
tissues/cells. Blast cells from an AML patient at diagnosis and
after treatment relapse were also examined. Real-time PCR
experiments performed using TaqMan hydrolysis probes spe-
cific for human TOP2a/90 (i.e., exon 19/intron 19 boundary) or
TOP2a/170 mRNA (i.e., exon 34/35 boundary) demonstrated
that TOP2a/90 and TOP2a/170 mRNAs were detectable in all
tissues/cells investigated (Fig. 6). Relative TOP2a/90 and
TOP2a/170 mRNA levels in K562 and K/VP.5 cells are included
for comparison (Fig. 6, A and B). Notably, normal bone marrow,
stomach, thymus, testis, colon, and blasts from AML patients
expressed comparable or higher levels of TOP2a/90 mRNA than
K/VP.5 cells (Fig. 6A). Finally, Fig. 6C lists the nonnormalizedCt

Fig. 4. Forced expression of TOP2a/90 in K562 cells reduces etoposide
sensitivity. (A) Representative immunoassay using cellular lysates iso-
lated from empty vector or pcDNA/TOP2a/90-transfected K562 cells. (B)
Etoposide (1 and 2 mM)-induced DNA damage in empty vector and
pcDNA/TOP2a/90-transfected K562 cells was determined by neutral
comet assays (assessing DNA double-strand breaks) after a 1-hour in-
cubation and subtraction of DMSO vehicle controls, as described in
Materials and Methods. Results shown are the mean 6 S.E.M. for three
experiments run on separate days. For all experimental conditions in each
experiment, greater than 100 cells were evaluated by OpenComet
software. *P , 0.025, comparing pcDNA/TOP2a/90-transfected to empty
vector-transfected K562 cells. (C) Etoposide (10 and 25 mM)-induced
cytotoxicity in empty vector- and pcDNA/TOP2a-transfected K562 cells
was assessed by clonogenic assays. Results shown are the mean 6 S.E.M.
for six experiments run on separate days. *P , 0.025, comparing
pcDNA/TOP2a/90-transfected to empty vector-transfected K562 cells.

Fig. 5. TOP2a/90 siRNA knockdown in K/VP.5 cells enhances etoposide-
induced DNA damage. (A) K/VP.5 cells were transfected with negative
control or TOP2a/90-specific Silencer Select Custom Designed siRNAs at
the concentrations indicated. Twenty-four hours after transfection, cellu-
lar extracts were prepared and immunoblotting experiments were per-
formed using the TOP2a/90/170 Ab. (B) K/VP.5 cells were transfected as
above in (A). Twenty-four hours later cells were incubated for 1 hour with
etoposide (25 mM) or DMSO (control) and alkaline or neutral comet assays
were performed. Results shown are the mean 6 S.E.M. for five to six
experiments run on separate days. For all experimental conditions in each
experiment, greater than 100 cells were evaluated by OpenComet
software, *P, 0.025, comparing TOP2a/90 siRNA-transfected to negative
control siRNA transfected K/VP.5 cells.
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values for TOP2a/90 and TOP2a/170 in the tissues investigated
to gain an appreciation of the expression levels of these mRNAs.
To verify that the TOP2a/90 mRNA detected in tissues/cells

was translated, immunoblotting experiments were performed
using protein lysates isolated from select human tissues and
cells. Significantly, immunoreactive TOP2a/90 were detect-
able in the human thymus, cord blood mononuclear cells
(MNC), and in blasts isolated from the same patient at
diagnosis and at relapse (Fig. 7). It is also important to note
that although TOP2a/90 is barely detectable in the human
stomach lysate (Fig. 7), this sample may have experienced
degradation given that the b-actin signal is also weak,
although the same amount of thymus protein lysate (15 mg)
was subjected to immunoblot analysis. Additionally, 30 mg of
MNC lysate and 20 mg of AML blast lysates were loaded for
immunoblot analysis, which may account for differing b-actin
signals (Fig. 7). Regardless of the potential loading and/or
degradation differences between these human samples, it is
clear that the TOP2a/90 isoform is expressed in a number of
human tissue and cell types, suggesting that, aside from a role
in drug resistance, TOP2a/90 (and formation of TOP2a/90:
TOP2a/170 heterodimers) could potentially play a role in
certain normal tissues to protect against xenobiotics or
phytochemicals targeting TOP2a.

Discussion
TOP2a interfacial inhibitors/poisons (e.g., etoposide, mitox-

antrone, amsacrine, doxorubicin, and analogs) are a diverse
group used to treat a variety of humanmalignancies (Deweese
and Osheroff, 2009; Nitiss, 2009; Pommier et al., 2010;
Pommier and Marchand, 2011; Ketron and Osheroff, 2014).
Intrinsic and acquired chemoresistance to these drugs con-
tinues to be a major complication in cancer treatment.
Although many resistance mechanisms have been defined
(Vassetzky et al., 1995; Pilati et al., 2012; Ganapathi and
Ganapathi, 2013), acquired resistance to TOP2a inhibitors is
frequently associated with decreased TOP2a/170 nuclear
levels (Mirski et al., 1993, 2000; Harker et al., 1995; Mirski
and Cole, 1995; Wessel et al., 1997; Yu et al., 1997; Burgess
et al., 2008). In addition, our laboratory previously demon-
strated reduction in TOP2a/170 levels in etoposide-resistant
K/VP.5 comparedwith parental K562 cells (Ritke et al., 1994a;

Kanagasabai et al., 2017) due in part to changes in TOP2a/170
mRNA stability (Ritke and Yalowich, 1993).
We recently identified a unique truncated TOP2a isoform,

designated TOP2a/90, which is overexpressed in the
etoposide-resistant K/VP.5 cell line (Fig. 2; Fig. 3, A and B;
and Fig. 7) (Kanagasabai et al., 2017). TOP2a/90 is comprised
of 786 aa and is the translation product of a TOP2a mRNA,
which retains a processed segment of intron 19 (Fig. 1)
(Kanagasabai et al., 2017). Hence, the decrease in TOP2a/
170 protein levels (and resultant resistance) in K/VP.5 cells
may be due to intron 19 retention as well as posttranscrip-
tional alterations. Our present work focused on the role of
TOP2a/90, produced as a result of intron 19 retention, in
resistance to etoposide.
TOP2a/90 does not harbor the well-characterized TOP2a/

170 NLS sequences (Mirski et al., 1997, 1999) (Fig. 1). We
hypothesized, therefore, that TOP2a/90 would be predomi-
nantly located in the cytoplasm like other published drug-

Fig. 6. TOP2a/90 mRNAs are expressed in normal human tissues. A “Human Total RNA Master Tissue Panel” was purchased from Clontech.
Additionally, total RNAwas isolated fromK562, K/VP.5 cells, blast cells from an AML patient at diagnosis and after relapse. All RNAs were treated with
DNAse I, reverse transcribed, and subjected to qPCR using TaqMan Gene Expression hydrolysis probes specific for TOP2a/90 (A) or TOP2a/170 (B).
Real-time PCR data were normalized to TATABox expression using the 22DCtmethod. (C) List of nonnormalized CT values for TOP2a/90 and TOP2a/170
mRNA expression of the tissues/cells investigated.

Fig. 7. The TOP2a/90 isoform is expressed in human tissues and bone
marrow cells. Representative TOP2a immunoblotting experiments using
the indicated tissue or cellular lysates. The immunoblots were probed with
TOP2a/90/170 Ab or b-actin Ab. Immunoblots were subsequently in-
cubated with a secondary antibody, and cross-reactive proteins were
detected using chemiluminescence (Kanagasabai et al., 2017). The follow-
ing amount of protein was loaded into each well: K562 cellular lysate, 7 mg;
K/VP.5 cellular lysate, 7 mg; human cord blood mononuclear cell (MNC)
lysate, 30 mg; AML patient blast cell lysates (pretreatment and after
relapse), 20 mg; normal human stomach tissue lysate, 15 mg; normal
human thymus tissue lysate, 15 mg.
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resistant human cancer cell lines containing TOP2a isoforms
with NLS deletions (Harker et al., 1995; Mirski and Cole,
1995; Wessel et al., 1997; Yu et al., 1997; Mirski et al., 2000).
Remarkably, however, immunoassays using fractionated cy-
toplasmic and nuclear extracts (Fig. 2B) and immunofluores-
cence experiments (Fig. 2C) clearly demonstrated that
TOP2a/90 was detected in both the nucleus and cytoplasm of
K562 and K/VP.5 cells with enrichment in the nuclear
compartment.
TOP2a/170 localizes and functions in the nucleus as a

homodimer (DeWeese and Osheroff, 2009). Given that
TOP2a/90 was detected in the nucleus (Fig. 2) and exhibits
dominant-negative properties (Figs. 4 and 5) (Kanagasabai
et al., 2017), we tested the hypothesis that the dominant-
negative effects of the truncated isoform result from the
presence of TOP2a/90:TOP2a/170 heterodimers. In cellular
extracts, coimmunoprecipitation experiments using multiple
combinations of TOP2a antibodies clearly demonstrated that
endogenous TOP2a/90 and TOP2a/170 proteins form hetero-
dimers in K562 and in K/VP.5 cells (Fig. 3, D–F). Although it is
not clear why using TOP2a/170 antibody for immunoprecip-
itation resulted in “pull-down” of TOP2a/90 in a ratio greater
than 1:1 for K/VP.5 cell extracts (Fig. 3D), this result was
reproduced in multiple experiments (n 5 5, data not shown).
Future studies will address this observationmore closely. One
speculation is that the stoichiometry of TOP2a/90 binding to
TOP2a/170 is greater than 1:1 based on novel conformations of
the truncated isoform influencing protein-protein interac-
tions. Regardless, overall results from Fig. 3, D–F, indicate
that endogenous TOP2a/90 and TOP2a/170 proteins can
associate/dimerize.
Currently, it is not known how and where TOP2a/90:

TOP2a/170 dimers form. Nevertheless, several studies have
shown that at least two regions (DD1053–1069 and DD1121–1143)
in humanTOP2a/170 are essential for TOP2a/170:TOP2a/170
homodimerization (Frère et al., 1995; Berger et al., 1996;
Frère-Gallois et al., 1997; Kroll, 1997; Bjergbaek et al., 1999).
Because the 770 aa C terminus of TOP2a/170 is absent in
TOP2a/90, this truncated isoform does not harbor these well-
characterized dimerization domains (Fig. 1). Importantly,
however, several studies demonstrated that human
N-terminal TOP2a fragments, which encompass just the
ATPase domain (i.e., aa 1–435), dimerize in vitro under the
appropriate conditions (Gardiner et al., 1998; Bjergbaek et al.,
1999; Campbell and Maxwell, 2002; Hu et al., 2002). For
example, Gardiner et al. (1998) demonstrated by protein
crosslinking experiments that N-terminal TOP2a fragments
formed dimers in the absence or presence of nucleotides. Hu
et al. (2002) showed by both protein crosslinking and sedi-
mentation equilibrium analysis that N-terminal TOP2a frag-
ments exist as monomers in the absence of cofactors but can
readily dimerize in the presence of ATP, ADP, or nonhydro-
lyzable ATP analogs. Campbell and Maxwell (2002) demon-
strated that N-terminal TOP2a fragments dimerize in the
presence of ATP and in the dimeric form can interact with
DNA. Finally, Bjergbaek et al. (1999) established that, if only
the TOP2a/170 C-terminal primary dimerization regions (i.e.,
DD1053–1069 and DD1121–1143) were deleted, dimerization could
still occur in the presence of DNA and an ATP analog. Taken
together, these studies are consistent with the concept that
TOP2a/90 and TOP2a/170 can form heterodimers even in the
absence of canonical dimerization domains. Moreover, these

previous N-terminal TOP2a fragment dimerization studies
also suggest that TOP2a/90:TOP2a/90 homodimers may form
within cells. Also of note, the 180-kDa type II topoisomerase
isoform (TOP2 b/180) (Chung et al., 1989), thought to be
important for transcription of developmental and hormonally
regulated genes and in DNA repair (Yang et al., 2000; Ju et al.,
2006; Lyu et al., 2006; McNamara et al., 2008; Cowell et al.,
2012; Tiwari et al., 2012), is capable of forming heterodimers
with TOP2/a/170 (Biersack et al., 1996; Gromova et al., 1998).
Therefore, studies are underway to evaluate putative TOP2a/
90:TOP2a/90 homodimerization and TOP2a/90 heterodimeri-
zation with TOP2b/180 and to assess potential biologic/phar-
macological consequences of these protein-protein interactions.
It is possible that TOP2a/90 gains entry into the nucleus by

a “piggy-back” mechanism (Christie et al., 2016) with TOP2a/
170, since the full-length isoform harbors functional NLS
sequences. In contrast, if dominant-negative TOP2a/90:
TOP2a/170 heterodimers form in the nucleus, then this would
suggest that the truncated isoform is imported by an unchar-
acterized NLS sequence. Also, since C-terminal truncated
TOP2a isoforms, which lack NLS, are mostly excluded from
the nucleus (Vassetzky et al., 1996, Soltermann et al., 1999;
Ernst et al., 2000), yet can bind to and inhibit etoposide
activity (Leroy et al., 2001; Vilain et al., 2003), TOP2a/90 may
sequester etoposide prior to nuclear entry. Additional studies
are ongoing to investigate these potential mechanisms.
Given that TOP2a/90 lacks the active site Tyr805 required

to form TOP2a–DNA covalent complexes (Fig. 1) (Kanagasabai
et al., 2017) and can heterodimerize with TOP2a/170 (Fig. 3),
we hypothesized that etoposide-inducedDNAdamage inK562
or K/VP.5 cells could be influenced by experimentally in-
creasing or decreasing the cellular levels of TOP2a/90. In
support of this hypothesis, etoposide-induced DNA damage
after 1 hour in K562 cells (express low levels of TOP2a/90) was
reduced when TOP2a/90 levels were increased by transfection
(gain-of-inhibitory-function) (Fig. 4B). Additionally, clono-
genic assays demonstrated that etoposide-mediated cytotox-
icity (assessed by colony forming assays) was decreased after
forced expression of TOP2a/90 (Fig. 4C). Lower etoposide
concentrations (1 and 2 mM) were used for DNA damage
studies in K562 cells (Fig. 4B) compared with those in the
clonogenic assays (10, 25 mM, Fig. 4C), because DNA dam-
age was too severe to measure accurately at the higher
concentrations.
Conversely, etoposide (25 mM)-induced DNA damage in

K/VP.5 cells (expressing high levels of TOP2a/90) was in-
creased when TOP2a/90 levels were decreased by siRNA
knockdown (loss-of-inhibitory-function) (Fig. 5B). Taken to-
gether these studies indicate that TOP2a/90:TOP2a/170
heterodimers produce dominant negative effects by reducing
the number of TOP2a/170-DNA covalent cleavage complexes
that can be “trapped” by etoposide treatment, which ulti-
mately leads to fewer double-strand DNA breaks and de-
creased etoposide cytotoxicity. Thus we conclude that
enhanced expression of TOP2a/90 in K/VP.5 cells is a de-
terminant of chemoresistance through a dominant negative
effect related to heterodimerization with TOP2a/170.
In AML samples from the same patient (pretreatment and

relapse), the ratio of TOP2a/90 to TOP2a/170 protein appears
greater after treatment relapse (Fig. 7). In addition, the ratio
of TOP2a/90 to TOP2a/170 mRNA was 0.9 and 0.4 for the
matched relapse and pretreatment AML patient samples,
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respectively (comparing Fig. 6, A and B), suggesting a role for
TOP2a/90 in resistance/relapse. Studies are underway to
evaluate additional matched AML patient samples at di-
agnosis and relapse (subsequent to TOP2a inhibitor treat-
ment) for TOP2a/90 to TOP2a/170 mRNA and protein ratios
as potential biomarkers for acquired drug resistance.
Finally, qPCR data demonstrated that TOP2a/90 mRNA

was detectable in the human tissues/cells investigated, with
the highest expression levels found in rapidly dividing
tissues/cells (Fig. 6). Immunoreactive TOP2a/90 was detect-
able in human thymus lysates and cord blood mononuclear
cells (MNC) (Fig. 7). These results suggest that, in certain
normal tissues, the expression of TOP2a/90 (and formation of
TOP2a/90:TOP2a/170 heterodimers) may “fine-tune” levels of
cleavage complexes to protect against environmental toxi-
cants and/or other natural phenolic nutrients known to target
TOP2a (Ketron and Osheroff, 2014). TOP2a/90:TOP2a/170
heterodimerization may also result in noncanonical topoiso-
merase functions for this unique complex, especially because
the last 25 aa of TOP2a/90 (containing five serines and one
threonine; Kanagasabai et al., 2017) may provide binding/mo-
dification sites for diverse regulatory proteins. Hence, future
studies will focus on the functional role of TOP2a/90:TOP2a/
170 dimers in physiological and pathophysiological conditions,
including their role in acquired drug resistance.
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