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ABSTRACT

We have shown that a mutant derivative of Chinese hamster ovary
CHO.K1 cells, ADR-5, which shows hypersensitivity to topoisomerase II
(topo 11)-inhibitory drugs, Is cross-sensitive to the site-selective cyclic

AMP analogue 8-chloro-cydic AMP. We tested the hypothesis that over

expression of the type Ia regulatory subunit of protein kinase A may
represent a common element conferring hypersensitivity to both topo H
inMbltors and 8.chloro-cyclic AMP in ADR.5 cells. We have demon
strated that ADR-5 cells overexpress RIa protein, compared to parental
CHO-Ki cells. Moreover, retroviral vector-mediated transfer of the RIca
gene into CHO-Ki cells was able to confer a drug-hypersensitive pheno
type similar to that exhibited by ADR-5 cells. Analysis of topo II protein
levels and activity revealed no differences between parental and infected
cells, suggesting that protein kinase A may be involved in the downstream

processing of topo H-mediated events.

INTRODUCTION

Topo II@is a nuclear enzyme which catalyzes the concerted break
age of double-stranded DNA and passage of an intact second duplex
through the break (1â€”3). Topo II is a constituent of the mitotic

chromosome scaffold (4) and has an essential role in cell proliferation
(5), catalyzing the segregation of replicated DNA at mitosis (6â€”8).In
mammalian cells, there are two closely related isoforms of topo II,
designated a and f3, which are encoded on different chromosomes

(9â€”Il) and are apparently differentially regulated (12â€”14).Several
anticancer drugs, including the nonintercalating epipodophyllotoxins

etoposide and teniposide, exert their cytotoxicity at least in part by
inhibition of topo II. These drugs stabilize a covalent DNA-protein

complex, termed the cleavable complex, in which a topo II monomer
is attached via an active site tyrosine to each 5'-phosphoryl end of
a double-stranded break in the DNA (15â€”18).These lesions lead
eventually to cell death by an unknown mechanism. It has been
shown previously that differential sensitivity and/or resistance of

cancer cells to topo Il-inhibitory drugs may depend upon changes
in the levels of expression and/or the activity of topo II protein
(19â€”23). However, a mutant derivative of CHO-Kl cells, desig
nated ADR-5, has been isolated which shows hypersensitivity to
topo II inhibitors but does not appear to have abnormal topo II
levels or enzymatic activity (24).
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cAMP acts in mammalian cells by binding to either of two distinct
isoforms of PKA, defined as PKAI and PKAII (25). The isozymes
differ in their cAMP-binding regulatory subunits (termed RI in PKAI
and RI! in PKAI!) but share common catalytic subunits (25). Differ
ential expression of PKAI and PKAII has been correlated with cell
differentiation and neoplastic transformation (26). Indeed, preferential
expression of PKAII is observed in normal nonproliferating tissues
and in growth-arrested cells, while enhanced levels of the RI subunit,
namely the RIca isoform, and/or the PKAI holoenzyme are generally
found in tumor cells and in normal cells following exposure to
mitogenic stimuli (27â€”31).Moreover, RIca has recently been impli
cated in the regulation of the transition from G@to S phase of the cell
cycle and has been identified as the extinguisher of differentiation
(29, 32, 33). The site-selective cAMP analogue 8-Cl-cAMP causes
inhibition of RItz expression, induction of R11f3, and cell growth
arrest in a large variety of cancer cells in vitro and in vivo and is
currently under investigation in phase I clinical trials in cancer
patients (34).

Here we show that the ADR-5 mutant derivative of CHO-KI cells
is also hypersensitive to 8-Cl-cAMP. This led us to speculate whether

ADR-5 cells overexpress the RIca subunit of PKA. This was demon
strated to be the case. To confirm that RIa protein overexpression was
directly involved in the phenotype of ADR-5 cells, the RItz gene was
expressed from a retroviral construct in parental CHO-K 1 cells. The
infected cells showed hypersensitivity to both topo II poisons and
8-Cl-cAMP but did not appear to have abnormal topo II levels or
activity.

MATERIALS AND METHODS

Cell Cultures. CHO-Kl, ADR-5, CHO-neo, CHO-RIa, CHO-RII@,and
CHO-Ca cells were grown in Ham's FlO medium supplemented with 5%
heat-inactivated newborn calf serum, 5% fetal bovine serum, 5 m@iglutamine,
100 @g/mlstreptomycin, and 100 units/mI penicillin (ICN Biomedicals, Costa
Mesa, CA), in a humified atmosphere of 95% air/5% CO2 at 37Â°C.ADR-5 is
a clonal cell line generated as described previously (24). CHO-RIa, CHO
RI13, CHO-Ca, and CHO-neo cells were generated by infection with recom
binant amphotropic retroviral vectors containing the neomycin resistance gene
and the full length complementary DNAs encoding the RIca,RII(3,or Ca genes
or the same vector containing the neomycin resistance gene alone (35, 36).

To evaluate the effects of 8-Cl-cAMP on cell growth, exponentially grow
ing cells were trypsinized and seeded in duplicate 35-mm dishes (Becton
Dickinson, Milan, Italy). Following a 4-h incubation to permit attachment to

the dishes, the medium was replaced with either control medium or medium
containing 8-Cl-cAMP. At different times after drug exposure, cells were

trypsinized and counted with an hemocytometer. For clonogenic assays cells

were seeded in triplicate as described above, to yield 2â€”3X 102 cells.
Following treatment with 8-Cl-cAMP as described above, the dishes were
incubated at 37Â°Cfor 10â€”12days for colonies to develop. These were fixed in

methanol:acetic acid (3:1), stained with crystal violet (400 @.i.g/ml),and
counted. Colonies containing more than 50 cells were considered survivors.

Measurement of Cytotoxic Drug Sensitivity. Cells (l0@) were plated in
96-well clusters (Becton Dickinson) and treated with different concentrations
of etoposide, teniposide, CDDP, or bleomycin (Sigma Chemical Co., St Louis,
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MO) for 1 h. Stock solutions (100X) of drugs were preparedimmediately
before use and diluted in medium. Treatments were carried out as described
previously (21) and after 6 days of culture the cells were incubated at 37Â°C
with dimethylthiazol diphenyltetrazolium bromide for 4 h and readings of
absorbance were carried out as described (21). For clonogenic assays, 500 cells
were plated in 35-mm dishes (Becton Dickinson) and treated with the appro
priate drug concentrations for 24 h, and colonies were counted after 10â€”12

days as described above. To determine the IC@values, linear regressions were
plotted for the linear region of the curves. Mean values were calculated from
a minimum of three experiments, each performed in six replicates for each
drug and cell line.

Western Blot Analysis. Protein lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (50 @gtotal proteins/lane) on
4â€”20%gradient gels (Bio-Rad Laboratories, Milan, Italy) and transferred to
nitrocellulose, and the filters were incubated with a mouse monoclonal anti
human RIca antibody (kindly provided by Dr. B. Skhalegg, Rickshospitalet,

Oslo, Norway), as described previously (37).
Determination of Topo H Levels by Flow Cytometry. Cells were

trypsinized, washed twice with Ca2@IMg2@-free PBS, and fixed in 100%
methanol for 10 min at â€”20Â°C.Cells (106) were incubated with 2 ml of
neutralizing buffer (Ca2@/Mg@-freePBS plus 2% goat serum) at room tem
perature for 15 mm. After washing twice with Ca2@/Mg@4-freePBS, 50 gd of
anti-topo II rabbit antibody T2K1 (21), diluted 1:10 in Ca2@/Mg@4-free PBS

plus 2% bovine serum albumin, were added to each test sample. Negative
control samples were incubated with preimmune rabbit serum instead of the

anti-topo II antibody. After 60 mm at room temperature, the samples were

washed twice with Ca2'7Mg@-free PBS, and 100 @lof FITC-conjugated
goat-anti rabbit antiserum (Sigma) (diluted 1:30 in Ca2@/Mg@-free PBS plus
2% bovine serum albumin) were added to the samples. To determine the gpl7O
content, cells were harvested and washed as described above, fixed in 70%
methanol, and incubated with 50 p1 of anti-gpl7O FITC-conjugated mouse
monoclonal antibody P-glycoCHEK C219, while negative control samples
were incubated with 50 p1 of FITC-conjugated mouse P-gIycoCHEK negative
antibody (Centocor Diagnostics Inc., Malvern, PA).

Flow cytometric analysis was performed in duplicate with a FACScan flow
cytometer(Becton Dickinson, San Jose, CA) coupled to a Hewlett-Packard
computer. A CONSORT 30 data analysis system (Becton Dickinson) was
utilized for data acquisition.

Decatenation Assay of Plasmid DNA. Topo II catalytic activity was
measured in CHO-K1 and CHO-RIa nuclear cell extracts as the rate
of decatenation of kinetoplast DNA from Crithidia fasciculata. Agarose
gel electrophoresis and DNA visualization were carried out as described
previously (19).
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Fig. 1. Effect of 8-Cl-cAMP on CHO-Ki and ADR-5 cell growth and clonogenic survival. A, growth curves for CHO-Ki and ADR-5 cells in the presence and absence of 50 @sM
8-Cl-cAMP.B, clonogenicsurvivalof CHO-KIandADR-5cellsfollowingexposureto 50 @M8-Cl-cAMP.Allcellsweregrownin the presenceof CdCl2.
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RESULTS

ADR-5 cells are hypersensitive to topo II inhibitors but do not
appear to have abnormal topo II content or activity. Moreover, no
differences have been found in the content of gpl7O, the product of

the multidrug resistance gene, compared to parental CHO-Ki cells
(data not shown).

We first compared the response of CHO-Ki and mutant ADR-5
cells to the growth-inhibitory effects of 8-Cl-cAMP. Fig. IA shows
that, while 50 @.LM8-Cl-cAMP had only a moderate effect on the
growth rate of parental CHO-Ki cells, this concentration caused a
marked inhibition of ADR-5 cell growth. Moreover, clonogenic as

says performed following treatment with 8-Cl-cAMP showed that

ADR-5 cells were approximately 10-fold more sensitive to the drug
than were CHO-K1 cells, based on IC50 values (Fig. 1B).

To determine whether this differential sensitivity may be due to
increased expression of PKAI, the proposed target for 8-Cl-cAMP, we
measured the expression of the Rica subunit of PKA in CHO-Ki and
ADR-5 cells by Western blotting. As shown in Fig. 2, ADR-5 cells
exhibited an 8-fold higher RIca protein level than did parental
CHO-Ki cells.

It has been demonstrated previously that ADR-5 cells are hyper
sensitive to topo Il-targeted drugs (24). To verify that the increase in
RIcaprotein levels in ADR-5 cells was directly associated with hy
persensitivity to topo Il-targeted drugs, we infected parental CHO-Ki
cells with a recombinant retroviral vector to overexpress the RIca
subunit of PKA. As controls, vectors expressing the RIIf3 or Ca
proteins were introduced into CHO-Ki cells. The CHO-RIa, CHO
RII@, and CHO-Ca infectants, which were screened by Northern blot
analysis for expression of the respective transduced genes following
stimulation with 1 ,J@MCdC12 (data not shown), were also analyzed by
Western blotting to determine the levels of RIca protein expression
(Fig. 2). CHO-RIa cells treated with CdCl2 (1 @Mfor 48 h) exhibited
a 15-fold increased level of RIca protein, compared to either CHO-K1
cells (Fig. 2) or CHO-neo cells (data not shown). In contrast, CHO-Ca
cells expressed RIca protein levels comparable to those of parental
CHO-Ki cells, while CHO-R11g3cells showed a 2-fold reduction
(Fig. 2). In addition, RIca protein levels were not modified in CHO-K1
and CHO-neo cells following CdCl2 treatment (data not shown). Of
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time course of decatenation catalyzed by CHO-RIa nuclear extracts
was not altered following treatment of the cells with CdC12, although
this treatment induced hypersensitivity to etoposide (see above).

DISCUSSION

Overexpression of the RIa subunit of PICA! has been correlated
with enhanced cell proliferation and neoplastic transformation, and it
has been proposed that this protein could be a novel target for cancer
therapy (26, 27, 34, 37). In this study, we have tested the hypothesis
that overexpression of the RIcaprotein represents a common element
conferring upon CHO-Ki cells increased sensitivity to both topo II
inhibitors and the site-selective cAMP analogue 8-Cl-cAMP, a potent

down-regulator of RIa expression. We have shown that a mutant of
CHO-Ki cells that is hypersensitive to topo Il-targeted drugs over
expresses the RIca protein, compared to the parental cells. We have
also shown that ADR-5 is hypersensitive to the growth-inhibitory
effect of 8-Cl-cAMP. Moreover, we have been able to confer upon the
parental CHO-Ki cells a drug-hypersensitive phenotype very similar

to that of ADR-5 cells by retroviral vector-mediated transfer of the
RIa gene. Taken together, these data show that there is a relationship
between the level of expression of the RIa protein and cellular

sensitivity to both 8-Cl-cAMP and topo II inhibitors. Although there
was not a direct quantitative correlation between the amount of RIca
and the degree of drug sensitivity, infection of CHO-Ki cells with the
RIcaexpression retroviral vector generated cells with a phenotype very
similar to that of ADR-5 cells, showing hypersensitivity to both topo
II inhibitors and 8-Cl-cAMP but not to drugs such as CDDP or
bleomycin, which do not act via topo II.

It has been shown in several cell lines that levels of topo II may
account for differential sensitivity to topoisomerase-inhibitory drugs

(19â€”23). This is apparently not the case for ADR-5 cells, which
exhibit a level of topo II activity which is comparable to that seen in
parental CHO-Ki cells (24). While our results indicate that there is a
correlation between the overexpression of the RIca protein of PKAI
and cellular sensitivity to topo II inhibitors, this relationship appar
ently cannot be explained either by differential expression of topo II
protein or by modulation of the activity of topo 11 in cells overex
pressing the RIcaprotein. This leaves open the question of the mech
anism by which RIca protein influences the cellular sensitivity to topo
II inhibitors.

It is possible that RIcaprotein acts directly or indirectly upon topo
Il-mediated events. For example, it has been shown that PKA (as well
as casein kinase II and protein kinase C) is able to phosphorylate topo
II on serine/threonine residues and that this modification leads to
a stimulation in activity, as measured by the decatenation assay
(38â€”42). Although the effects of PKA phosphorylation on the sus
ceptibiity of mammalian cell topo II to inhibition by epipodophyllo
toxins have not been determined, the finding that the catalytic activity
of topo II is unaltered in cells overexpressing Rica protein suggests
that modulation of topo H activity by PKA is unlikely to underlie the
effects reported here. However, it is possible that our results reflect

changes in the phosphorylation status of topo II which influence
susceptibility to drug inhibition but do not alter catalytic activity. An

additional explanation of our findings could be related to the role of
Rica in the G@to S transition of the cell cycle (29). The overexpression
of RIca may produce changes in cell cycle distribution and this
perturbation may affect sensitivity to topoisomerase Il-directed drugs.

It has also been reported that topo II may interact directly with a
cAMP-responsive element-binding protein and other related transcrip

tion factors that could affect the transcription of cAMP-dependent
genes (43). The overexpression of RIcaprotein may alter this putative
interaction between cAMP-responsive element-binding protein and
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Fig. 2. WesternblottinganalysisofRla expressionin cell extracts,usinga monoclonal
antibodydirectedagainstthe M, 49,000 RIcasubunitof PKAI. Blots were performedas
described in â€œMaterialsand Methods.â€•

the infected cells, only CHO-RIa cells exhibited normal growth
properties, while the CHO-RH(3 and CHO-Ca cells had a longer
doubling time.4

We next studied the effects of 8-Cl-cAMP treatment on CHO-Ki
and CHO-RIa cells that were grown in the presence of 1 @MCdCl2.
While 8-Cl-cAMP at 50 ,J.M produced only approximately 30%
growth inhibition in CHO-K1 cells, >75% growth inhibition was
observed after 7 days of drug treatment in CHO-RIa cells (Fig. 3A).
Moreover, a clonogenic assay demonstrated that >90% of CHO-RIa
cells were inhibited by 8-Cl-cAMP treatment (Fig. 3B).

Moreover, in the absence of CdC12, CHO-RIa cells showed a
growth pattern similar to that of parental CHO-Ki cells (data not
shown). To test whether CHO-RIa cells were hypersensitive to topo
11-inhibitory drugs, we treated CHO-K1 and 010-RIca cells with
various cytotoxic drugs and performed clonogemc assays. A 2.5-fold
lower IC@ value for etoposide was seen in the CHO-RIa cells (2

@ compared to CHO-Ki cells (5 p@g/m1) (Fig. 4). CHO-RIa

cells also showed a 2-fold higher level of sensitivity to teniposide,
with an IC50 of 0.6 ,.Lg/ml(data not shown). In contrast, CHO-Ki and
CHO-RIa cells showed similar levels of sensitivity to CDDP, with
IC50 values of 4.2 and 4.0 @g/ml,respectively (Fig. 4), and to
bleomycin (IC50 of 75 @g/m1for each ceilline; data not shown). Thus,

CHO-RIa cells showed hypersensitivity to epipodophyllotoxins
which target topo II but not to CDDP or bleomycin, two drugs which
act independently of topo II (15â€”17,24). We also examined the
cytotoxic effects of etoposide and teniposide treatment on CHO-RIa
cells that were grown with or without CdCl2, using a clonogenic assay
(Fig. 5). In CdC12-treated CHO-RIa cells, etoposide and teniposide
showed IC50 values 3-fold and 2-fold lower, respectively, than those
obtained in untreated cells, strongly suggesting that the induction of
RIca gene expression by CdC12 was responsible for the increased
sensitivity of these cells to the topo Il-targeted drugs (Fig. 5).

To evaluate whether the hypersensitivity of CHO-RIa cells to topo
II inhibitors could be related to an increase in topo II protein levels,
we determined the cellular level of topo ha protein by flow cytom
etry, using a specific antibody directed against human topo IIa
isozyme (21). As shown in Fig. 6, no differences in topo lIa protein
expression were observed in CHO-K1, ADR-5, or CHO-RIa cells.

It has been shown previously that ADR-5 cells possess a topo II
activity similar to that of CHO-K1 cells (24). To determine whether
any difference in topo II catalytic activity was evident in the CHO
RIcacells, a decatenation assay using catenated kinetoplast DNA and
crude nuclear protein extracts was performed. Fig. 7 shows that the

4 G. Tortora, S. Pepe, C. Bianco, V. Damiano, A. Ruggiero, 0. Baldassarre, C. Corbo,

Y. S. Cho-Chung,A. R.Bianco,andF.Ciardiello.Differentialeffectsof proteinkinase
A subunitson Chinesehamsterovarycell cycle andproliferation,submittedfor publica
tion.
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Fig. 5. Effect of etoposide and teniposide on CHO-RIn colony formation, with or without CdCI2. Clonogenic survival of CHO-RIa cells was measured following exposure to
etoposide (left) or teniposide (right). Cells were pretreated (â€¢)or not (0) with 1 @sMCdCI2 prior to the survival analyses were performed. Data represent the average Â±SD of two
different experiments.
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Fig. 3. Effect of 8-Cl-cAMP treatment on CHO-Ki and CHO-RIa cell growth. A, growth curves for cells grown in the presence or absence of 50 @M8-Cl-cAMP for 7 days. Cell
numbers were determined as described in â€œMaterialsand Methods.â€•B, clonogenic survival of CHO-KI and ADR-5 cells following exposure to 50 psi 8-Cl-cAMP. All cells were grown
in the presence of CdCl2.
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Fig. 6. Flow cytometric analysis of topoisomerase II levels. The content of topo II,
compared to DNA content, was measured in CHO-Ki, ADR-5, and CHO-RIa cells as
described in â€œMaterialsand Methods.â€•Shaded area represents nonspecific fluorescence.
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Fig. 7. Analysis of lope II activity by decatenation assay. Decatenation of kinetoplast
DNA(K) to mini-circles(M)by nuclearextracts from CHO-nco cells(A), CHO-RIa cells
grown in the absence of Cda2 (B), and CHO-RIa cells grown in the presence of CdCl2
(C) was measured.Lane 1, time 0; lane 2, 2.5 mis; lane 3, 5 rein; lane 4, 7.5 min; lane
5, 10 mm; lane 6, 12.5 mm; lane 7, 15 mm; lane 8, 20 mlii; lane 9, 25 min; lane 10,30
nu@

regulated in this way somehow alter the processing of the topo
H-dependent cleavable complex or some other cytotoxic lesions gen
crated by etoposide. Further work is necessary to assess whether this
putative mechanism is relevant to the phenotype of ADR-5 cells.

In conclusion, our study suggests that the PKAI isoform, or spe
cifically the RIca subunit of PKAI, may interfere with the processing
of topo Il-related events and that this may be responsible for the
drug-hypersensitive phenotype described in ADR-5 and CHO-RIa
cells. Our study may also provide a rationale for the study of com
bined therapeutic modalities with conventional cytotoxic drugs and
modulators of PKA activity, such as 8-Cl-cAMP, which is currently
under investigation in phase I clinical trials in patients with cancer.

4127

RIa OW.REXPRESSION CONFERS HYPERSENSITIVITY

REFERENCES

1. Wang, J. C. DNA topoisomerases. Annu. Rev. Biochem., 54: 665-697, 1985.
2. Osheroff, N., Zechiedrich, E. L, and Gale, K. C. Catalytic function of DNA topoi

somerase ll. BioEssays, 13: 269-275, 1991.
3. Austin, C. A., and Fisher, L M. DNA topoisomerases: enzymes that change the shape

of DNA. Sci. Frog., 74: 147â€”162,1990.
4. Earnshaw, W. C., Halligan, B. D., Cooke, C. A, Heck, M. S., and Liu, L F.

Topoisomerase II is a structural component of mitotic chromosome scaffolds. J. Cell.
Biol., 100: 1706â€”1715,1985.

5. Heck, M. M. S., and Earnshaw, W. C. Topoisomerase II: a specific marker for cell
proliferation. J. Cell. Biol., 103: 2569â€”2581, 1986.

6. HoIm,C., Onto,T., Wang,J. C., andBotstein,D. DNA topoisomeraseII is required
at the time of mitosis in yeast. Cell, 41: 553â€”563,1985.

7. Di Nardo, S., Voelkel, K., and Sternglanz, R. DNA topoisomerase II mutant of
Saccharomyces cerevisiae: topoisomerase II is required for segregation of daughter
molecules at the termination of DNA replication. Proc. Nat]. Acad. Sd. USA, 81:
2616â€”2620,1984.

8. Uemura, T., Ohkura, H., Adachi, Y., Morino, K., Shiozaki, K., and Yanagida, M.
DNA topoisomeraseII is requiredfor condensationand separationof mitotic chro
mosomesin S.pombe.Cell,50: 917-925,1987.

9. Tsai-Pflugfelder,M.,Liu,L F.,Liu,A.A.,Tewey,K.M.,Whang-Peng,J., Knutsen,
T., Hubner,K., Croce, C. M., and Wang, J. C. Cloning and sequencing of cDNA
encoding human DNA topoisomerase II and localization of the gene to chromosome
region 17q21â€”22.Proc. NaIl. Acad. Sci. USA, 85: 7177â€”7181,1988.

.4â€”K 10.Tan,K.B.,Dorman,T.E.,Falls,K.M.,Chung,T.D.Y.,Mirabelli,C.K.,Crooke,
S. T., andMao,J. TopoisomeraseIla andtopoisomeraseII@genes:characterization
and mapping to human chromosome 17 and 3, respectively. Cancer Res., 52:
231-234, 1992.

11. Jenkins,J. R., Ayton, P., Jones, T., Davies, S. L, Simmons, D. L, Harris,A. L,
Sheer, D., and Hickson, I. D. Isolation of cDNA clones encoding the@ isozyme of

*â€” M humanDNA topoisomerascII andlocalisationof thegeneto chromosome3p24.
Nucleic ACIdSRes, 20: 5587â€”5592,1992.

12. Woessner, R. D., Mattern, M. R., Mirabdlli, C. K., Johnson, R. K.. and Drake, F. H.
Proliferation and cell cycle-dependent differences in expression of the 170 kilodalton
and 180 kilodalton forms of topoisomerase H in NIH 3D. Cell Growth & Differ., 2:
209â€”214, 1991.

I, 13. Drake, F. H., Zimmerman, J. P., McCabe, F. L, Bartus, H. F., Per, S. R., Sullivan,

4â€” 1% D.M.,Ross,W.E.,Mattern,M.R.,Johnson,R.K.,Crooke,S.T.,andMirabelli,
C. K. Purification of topoisomerasc II from amsacrine-resistant P388 leukemic cells.
J.Biol.Chem.,262:16739â€”16747,1987.

14. Drake, F. H., Hoffman, G. A., Bartus,H. F., Mattern,M. R., Crooke, S. T., and
Mirabelli, C. K. Biochemical and pharmacological properties ofpl7O and p180 forms

4â€”.M oftopoisomeraseII.Biochemistry,28:8154-8160,1989.
15. Chen,0. I., Yang,L F., Rowe,T. C.,Halligan,B.D.,Tewey,K. M.,andLiu,L F.

Nonintercalative antitumor drugs interfere with the breakage-reunion reaction of
mammalian DNA topoisomerase II. J. Biol. Chem., 259: 13560â€”13566,1984.

16. Ross, W., Rowe, T., Glisson, B., Yalovich, J., and Liu, L. Role of topoisomeraseII
in mediating epipodophyllotoxins-inducedDNA cleavage. Cancer Rca., 44:
5857â€”5860, 1984.

4â€” K 17.Osheroff,N.EffectofantineoplasticagentsontheDNAcleavage/reigationreaction
ofeukaryotic topoisomerase II: inhibition of DNA religation by etoposide. Biochem
istry, 28: 6157â€”6160,1989.

18. Beck, W. T., andDanks,M. K. Mechanismsof resistanceto drugsthatinhibitDNA
topoisomerases. Semin. Cancer Biol, 2: 235-244, 1991.

.4â€”M 19.Davies,S.M.,Robson,C.N.,Davies,S.L,andHickson,I.D.Nucleartopoisomerase
H levels correlatewith the sensitivityof mammaliancells to intercalatingagentsand
epipodophyllotoxins. J. Biol. Chem, 263: 17724â€”17729, 1988.

20. Danks, M. K., Schmidt, C. A., Cirtain, M. C., StatIc, D. P., and Beck, W. T. Altered
catalytic activity of and DNA cleavage by DNA topoisomerase II from human
leukemic cells selected for resistance to VM-26. Biochemistry, 27: 8861â€”8869,1988

21. Fry, A. M., Chresta, C. M., Davies, S. M., Walker, M. C., Harris, A. L, Hartley, J. A.,
Masters,J. R. W., and Hickson, I. D. Relationshipbetween topoisomeraseII levels
and chemosensitivity in human tumor cell lines. Cancer Res., 51: 6592â€”6595, 1991.

22. Bugg, B. Y., Danks, M. IC, Beck, W. T., and Suule, D. P. Expression of a human
DNA topoisomerascII in CCRF-CEMhumanleukemiccells selected for resistance
to teniposide. Proc. Natl. Acad. 5th. USA, 88: 7654â€”7658, 1991.

23. Webb, C. D., Latham, M. D., Lock, R. B., and Sullivan, D. M. Attenuated topoi
somerase II content directly correlates with a low level of drug resistance in a Chinese
hamster ovary cell line. Cancer Res., 51: 6543â€”6549, 1991.

24. Davies, S. M., Davies, S. L, Harris, A. L, and Hickson, I. D. Isolation of two Chinese
hamster ovary cell mutants hypersensitive to topoisomerase II inhibitors and cross
resistant to peroxides. Cancer Res., 49: 4526-4530, 1989.

25. Taylor, S. S., Buechier, J. A., and Yonemoto, W. cAMP-dependent protein kinase:
framework for a diverse family of regulatory enzymes. Annu. Rev. Biochem., 59:
971â€”1005,1990.

26. Cho-Chung, Y. S. Perspectives in cancer research: role of cAMP receptor proteins in
growth, differentiation, and suppression of malignancy: new approaches to therapy.
Cancer Res., 50: 7093-7100, 1990.

27. Tortora, 0., Yokozaki, H., Pepe, S., Clair, T., and Cho-Chung, Y. S. Differentiation
of HL-60 leukemia by type I regulatory subunit antisense oligodeoxynucleotide of
cAMP-dependentproteinkinase.Proc.Natl. Acad. Sci. USA, 88: 2011â€”2015,1991.

28. Rohlff, C., Clair, T., and Cho-Chung, Y. S. 8-Cl-cAMP induces down-regulation of
the RIcasubunitand up-regulationof the Rll(3 subunitof cAMP-dependentprotein
kinasc leading to type II holoenzyme-dcpendent growth inhibition and differentiation
of HL-60 leukemiacells. J. Biol. Chem.,268: 5774â€”5782,1993.

TOPOISOMERASE II

topo II, which in turn influences gene expression. For this mechanism
to be relevant, it is necessary to speculate that one or more genes

on March 1, 2018. © 1994 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


RIo OVEREXPRESSIONCONFERSHYPERSENSITIVITY

29. Tortora, G., Pepe, S., Cirafici, A. M., Ciardiello, F., Porcellini, A., Clair, T., Colletta,
G., Cho-Chung,Y. S., andBianco,A. R. TSH-regulatedgrowthandcell cycle
distribution of rat thyroid cells involve type I isozyme of cAMP-dependent protein
kinase. Cell Growth & Differ., 4: 359â€”365,1993.

30. Tortora, 0., Ciardiello, F., Ally, S., Clair, T., Salomon, D. S., and Cho-Chung, Y. S.
Site-selective 8-chloro-adenosine 3,5' monophosphate inhibits transformation and
transforming growth factor a production in Ki-ras-transformed rat fibroblasts. FEBS
Left., 242: 363â€”367,1989.

31. Ciardiello, F., Tortora, G., Kim, N., Clair, T., Ally, S., Salomon, D. S., and
Cho-Chung, Y. S. 8-Cl-cAMP inhibits transforming growth factor a transformation
of mammary epithelial cells by restoration of the normal mRNA patterns for cAMP
dependent protein kinase regulatory subunit isoforms which show disruption upon
transformation. J. Biol. Chem., 265: 1016â€”1020, 1990.

32. Jones, K. W., Shapero, M. H., Chevrette, M., and Fournier, R. E. K. Subtractive
hybridization cloning of a tissue-specific extinguisher: ThE! encodes a regulatory
subunit of protein kinase A. Cell, 66: 861â€”872, 1991.

33. Boshart, M., Weih, F., Nichols, M., and Shutz, G. The tissue-specific extinguisher
locus ThEJ encodes a regulatory subunit of the cAMP-dependent protein kinase. Cell,
66: 849-859, 1991.

34. Cho-Chung, Y. S., Clair, T., Tortora, G., and Yokozaky, H. Role of site-selective
cAMP analogs in the control and reversal of malignancy. Pharmacol. Ther., 50: 1â€”33,
1991.

35. McGeady, M. L., Kerby, S., Shankar, V., Ciardiello, F., Salomon, D. S., and Seiman,
M. Infection with a TGF-a retroviralvector transformsnormal mouse mammary
epithelial cells but not normal rat fibroblasts. Oncogene, 4: 1375â€”1382,1989.

36. Tortora, 0., Pepe, S., Baldassarre, 0., Bianco, C., Yokozaki, H., Cho-Chung, Y. S.,
Bianco, A. R., and Ciardiello, F. Overexpression oftype I isozyme of protein kinase

A (PKAI) induces morphologicalchanges and independencefrom serum and hor
mone requirementin humanand rodentnormalepitheial cells. Proc. Am. Assoc.
Cancer Rex., 300: 50, 1992.

37. Ciardiello, F., Pepe, S., Bianco, C., Baldassarre, 0., Ruggiero, A., Bianco, C.,
Selvam, M. P., Bianco, A. R., and Tortora, 0. Downregulation of Ria subunit of the
cAMP-dependentprotein kinase induces growth inhibition of human mammary
epithelial cells transformed by c-Ha-ras and c-erbB2 protooncogenes. tnt. J. Cancer,
53: 438â€”443, 1993.

38. Fry, A., and Hickson, I. D. Phosphorylation modulates the enzymatic activity of
human topoisomerase Ila protein. Proc. Am. Assoc. Cancer Res., 34: 2511, 1993.

39. Sahyoun, N., Wolf, M., Besterman, J., Hsieh, T. S., Sander, M., Levine, H., III,
Chang,K.J., andCuatrecasas,P. ProteinkinaseC phosphorylatestopoisomeraseII:
topoisomerase II activation and its possible role in phorbol ester-induced differenti
ation of HL-60 cells. Proc. Natl. Acad. Sci. USA, 83: 1603-1607, 1986.

40. Ackerman, P., Glover, C. V. C., and Osheroff, N. Phosphorylation of DNA topoi
somerase H by casein kinase II: modulation of eukaryotic topoisomerase II activity in
vitro. Proc. Natl. Acad. Sd. USA, 82: 3164â€”3168,1985.

41. DeVore, R. F., Corbett, A. H., and Osheroff, N. Phosphorylation of topoisomerase II
by casein kinase II and protein kinase C: effects on enzyme-mediated DNA cleavage/
religation and sensitivity to the antineoplastic drugs etoposide and 4'-(9-acridinylami
no)methane-sulfon-m-aniside. Cancer Res., 52: 2156â€”2161,1992.

42. Cardenas, M. E., and Gasser, S. M. Regulation of topoisomerase II by phosphoryla
tion: a role for casein kinase II. J. Cell Sd.. 104: 219â€”225,1993.

43. Kroll, D. J., Sullivan, D. M., Gutierrez-Hartmann, A., and Hoeffler, J. P. Modification
of DNA topoisomeraseII activity via direct interactionswith the cyclic adenosine
3',S'-monophosphate response element-binding protein and related transcription fac
toes. Mol. Endocrinol., 7: 305â€”318,1993.

4128

on March 1, 2018. © 1994 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


1994;54:4123-4128. Cancer Res 
  
Phillip S. North, Sally L. Davies, Fortunato Ciardiello, et al. 
  
Hamster Ovary Cells

-Monophosphate in Chinese′,5′8-Chloro-cyclic Adenosine 3
Hypersensitivity to Topoisomerase II Inhibitors and 

 Subunit of Protein Kinase A ConfersαOverexpression of the RI

  
Updated version

  
 http://cancerres.aacrjournals.org/content/54/15/4123

Access the most recent version of this article at:

  
  

  
  

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/54/15/4123
To request permission to re-use all or part of this article, use this link

on March 1, 2018. © 1994 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/content/54/15/4123
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/54/15/4123
http://cancerres.aacrjournals.org/



