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ABSTRACT

In tumor specimens such as those from neuroblastoma, ovarian, and
lung carcinoma patients, the prevalence of extrachromosomal circular
DNA molecules harboring amplified genes has been well established. In
some cases, the amplified genes have been identified as oncogenes, and
their increased expression appears to contribute to the maintenance and
progression of the malignancy. The aim of this study was to investigate the
effect of fractionated radiation treatment, given in daily doses similar to
those administered clinically, on the stability of extrachromosomal circu
lar DNA molecules in cancer cells. Our studies were conducted with
multidrug-resistant KB cells, which harbor extrachromosomal copies of

the multidrug resistance gene (AÃ•DA1) almost exclusively on circular DNA
molecules of â€”¿�750and 1500 kb pairs. This size range is representative of

extrachromosomal circular DNA molecules that have been shown to
harbor amplified oncogenes in vivo. Exponentially growing MDR KB cells
were exposed to 1400 and 2800 cGy ionizing radiation administered in 7
and 14 fractions, respectively, at 200 cGy per fraction/day. A statistically
significant decrease in MI)K\ extrachromosomal gene copy number was
reproducibly detected in the irradiated cells compared with unirradiated
cells passaged for the duration of the experiment in the absence of
radiation treatment. This decrease was accompanied by a reduction in
multidrug resistance and in P-glycoprotein levels, as determined by
clonogenic dose-response assays and Western analyses, respectively. P-

glycoprotein is a multidrug transporter encoded by the MDR\ gene.
Fluorescence in situ hybridization studies further determined that extra-

chromosomal circular DNA loss correlated to the entrapment of these
DNA molecules in radiation-induced micronuclei. These results indicate
that radiation-induced loss of extrachromosomally amplified genes from

tumor cells via their entrapment in micronuclei contributes to the im
proved therapeutic response observed for some cancers.

INTRODUCTION

Amplified genes are prevalent in tumor cells of cancer biopsies (in
vivo; Refs. 1 and 2) and in cultured tumor cells (in vitro; Ref. 3), and
gene amplification is considered to be a hallmark of the genomic
instability of tumor cells. The rate of gene amplification has been
shown to be logarithmically increased in tumorigenic cells compared
with nontumorigenic cells (4). In some neoplasms, oncogene ampli
fication and the resulting increased expression of the amplified onco
gene have been correlated with an increased proliferative capacity of
tumor cells and a poor prognosis for the patient. For example, ampli
fication of MYCN in neuroblastoma patients correlates with rapid
progression of this disease (5-6) and a poor prognosis in small cell

lung carcinoma (reviewed in Ref. 7); PRAD\ gene amplification is
strongly associated with advanced stages of some head and neck
squamous cell carcinomas (8, 9); the amplification of HER-2neu
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(c-erb-2) oncogene in primary breast cancers correlates with patient

relapse and poor survival (10); and the amplification of genes within
the chromosome Ilql3 region (INT1, HSTFl, BCL\, PRAD\, and
EMS\) is indicative of a poor prognosis in patients with operable
breast cancer (11).

Amplified genes can be located intrachromosomally and appear
either as homogeneously staining regions (12) or ABRs3 (13) when

stained with specific dyes, i.e., Giemsa. Amplified genes also can
exist as extrachromosomal circular DNA elements. These structures
were initially identified in human tumors (14) as small double chro-

matin bodies referred to as DMs. DMs are the most commonly
observed extrachromosomal DNA structures. Because of their rela
tively large size (>1000 kb), DMs can be viewed by conventional
light microscopy after Giemsa staining. Submicroscopic extrachromo
somal circular DNA molecules (<1000 kb) have also been identified
in cancer cells. These structures are referred to asepisomes (15-17) or

amplisomes (18) and can be detected with electron microscopy or
PFGE techniques (19). The prevalence of amplified genes carried on
extrachromosomal circular DNA in a variety of neoplasms has been
well documented in a review of cytogenetic data of human cancer
biopsy specimens (20). In more recent studies, extrachromosomal
circular DNA elements have been identified in metaphase chromo
somal preparations of 88% of ovarian carcinoma specimens (21) and
in 77% of fresh lung tumor specimens (22).

Because extrachromosomal circular DNA molecules are commonly
seen in human cancer cells and their presence is an important outcome
of the genomic instability of a cancer cell, therapeutic strategies aimed
at their destruction have been addressed. A number of chemothera-

peutic agents, such as hydroxyurea and etoposide, have been found to
accelerate the loss of extrachromosomal DNA that harbor amplified
drug resistance genes and oncogenes in tumor cell lines (23-26).

Elimination of extrachromosomally amplified drug resistance genes
and oncogenes from rodent and human tumor cell lines restores drug
sensitivity and decreases tumorigenicity, respectively (24, 27-29). In

this report, we demonstrate that radiation treatment, administered in
fractionated, clinically relevant doses (200 cGy/fraction), significantly
accelerates the loss of existing circular DNA molecules in human
cancer cells.

MATERIALS AND METHODS

Cell Culture. The multidrug-resistant KB-V1 cell line was derived from a
clonal isolate of the KB epidermoid cell line, designated KB-3-1 via a step-
wise drug selection in which KB-3-1 cells were exposed to increasing amounts

of vinblastine up to a concentration of 1.0 fig/ml (30. 31). To maintain their
high MDR level, KB-V1 cells are routinely grown with continuous drug

selection in 1 fig/ml vinblastine (Sigma Chemical Co., St. Louis. MO) in
DMEM (Quality Biologicals. Inc.. Gaithersburg. MD) containing 10% fetal
bovine serum (Hyclone Laboratories, Logan. UT), 200 niM L-glutamine (Life

Technologies. Inc., Grand Island. NY), and 50 units/ml penicillin with 50
/ng/ml streptomycin (Life Technologies, Inc.). Under these growth conditions.

3 The abbreviations used are: ABR. abnormal banding region; DM. double minute;

PFGE. pulsed field gel electrophoresis: GAPDH. glyceraldehyde-3-phosphate dehydro-
genase; FISH, fluorescence in situ hybridization.
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ihe large majority of KB-Vl cells (>95%) attach to the culture vessel and

grow as a monolayer.
Fractionated Radiation Treatment. Sixteen to 24 h before the first frac

tion of radiation. KB-Vl cells were seeded in plastic 25-cnr tissue culture
flasks (Falcon. Becton Dickinson. Franklin Lakes. NJ) at 1-2 X IO6 cells per

flask, using culture media without vinhlastine. Cells were subjected to 14(K)or
2X00 cGy ioni/.ing radiation given in 7 or 14 daily fractions (2(X)cGy/fraction).
respectively, with a "7Cs gamma cell-40 Exactor (Nordion International. Inc.,

Kanata. Ontario. Canada) radiation source at a dose rate of 1.14 Gy/min.
Radiation treatment was administered Monday through Friday (tractions 1-5).

No treatment was given on Saturday or Sunday: radiation treatment resumed
on the following Monday through Friday (fractions 6-10). At variable times
(1-21 days) after the seventh fraction and I week after the fourteenth fraction,
cells were harvested and analy/ed as described in "Results."

Fluorescence in Situ Hybridization. Cells were arrested in metaphase by
treatment with 1 /ig/ml Colcemid (Sigma) at 37Â°Cfor 1-2 h. incubated in
hypotonie KCI (0.075 M) at 37Â°Cfor 30 min. and fixed with ice-cold methanol:

acetic acid (3:1 parts by volume). Metaphase chromosomes were spread on
glass slides, dehydrated in ethanol. denatured at 70Â°Cin denaturing solution

[70% formamide/2x SSC (0.3 M NaCl 0.03M sodium citrate. pH 7.0)] for 5
min. and hybridi/ed to a biotinylated MDR probe in a humidified chamber at
37Â°C overnight. The WD/f-specific probe was the CJS-IR, cosmid DNA

labeled with biotin-11-dUTP using a commercial nick-translation kit (Oncor.
Gaithersburg. MD). The CJS-IR, DNA clone spans sequences flanking the 3'
end of the MI)R\ gene, a 30-kb intergenic region, and the 5' end of the MDR2

gene (exons 1-4: Ret. 32). After overnight hybridization, the slides were

washed with posthybridization washing solution (50% formamide/2X SSC)
and 0.1 M PN buffer |0.1 M phosphate buffer (pH 8), 0.1% NP40], MDK\-

containing extrachromosomal DNA molecules were labeled with a fluorescent
marker. FITC-avidin. and chromosomes were counterstained with 1:8 dilution

of propidium iodide/antitade (Oncor). The slides were viewed and photo
graphed with a Zeiss Axiophot fluorescence microscope equipped with a dual
bandpass filter for simultaneous observation of FITC (ACX(.iliilion= 490 nm:
Acmisslon= 525 nm) and propidium iodide (Ac<cllalll,n= 520 nm; Acll)issll)n= 610

nm). using Kodak Fktachrome ASA 400 daylight film.
PFGE. Cells ( 1.5 X IO7)were embedded in molten agarose and digested in

silu with proteinase K at 50Â°Covernight, as described previously ( 19. 33. 34).

To preferentially lineari/e extrachromosomal circular DNA molecules, the
DNA-containing agarose plugs were irradiated with 3000 cGy ionizing radi

ation. Lineari/ed circular DNA molecules were fractionated according to size
on a 1% agarose gel by PFGE. A CHEF DR11 system (Bio-Rad. Hercules.
CA) was used that provides contour-clamped homogeneous electric field

conditions. To resolve linear fragments between 200 and 2000 kb. gels were
run at 14Â°Cat 150 V with a 120-s pulse for 22 h, followed by a 240-s pulse

for 30 h. Si/e-fractionated DNA was transferred from the gel to nitrocellulose

membrane (Schleicher and Schuell. Keene. NH). which was subjected to DNA
hybridization studies as described below.

Determination of MDR\ Gene Copy Number. Cells were washed twice
with 0.1 M PBS. incubated with lysis buffer (O.I M Tris-HCI (pH 7.5). 0.1 M
EDTA. 0.1'7r SDS| for 10 min. and digested with proteinase K (Life Technol
ogies. Inc.) at 50Â°C overnight. DNA was purified using standard phenol-

chloroform extraction and ethanol precipitation procedures (35). Purified DNA
was digested with EcoRl (or //indlll) restriction en/.yme (Life Technologies.
Inc.) at 37Â°Covernight, si/e-fractionated by conventional agarose gel electro-
phoresis. transferred to nitrocellulose membrane, hybridi/ed to a "P-labeled

MDR\ cDNA probe (MDR5A). and exposed to film. The MDR5A cDNA spans
-1.2 kb of the middle third portion of MI)R\ cDNA (36). Membrane blots

were stripped, rehybridi/ed to a 780-bp radiolabeled GAPDH cDNA fragment
(37). and subjected to autoradiography. DNA probes were labeled with '~P by
random priming to a specific activity of >2 X 10" dpm/jug of DNA (Oncor).

Band density was measured with an imaging densitometer (Bio-Rad Model
G5-670). To correct for DNA loading variations between lanes of the gel

and/or variations in the amount of DNA transferred to membrane among
different samples, the ratio of densities of MDR- and GAPDH-spec\f\c signals

was determined per lane. GAPDH is a housekeeping gene and is assumed not
to be amplified. The mean percentage decrease in MDR\ gene copy number of
irradiated KB-Vl cells compared with control KB-Vl cells (unirradiated cells

that were passaged for the duration of the experiment) and the 95% confidence
level of the mean copy number loss after fractionated radiation were estimated

by analyzing data from independent experiments using SigmaStat scientific
software (San Rafael. CA).

Clonogenic Dose-Response Assays. The MDR profile of KB-Vl cells was
assayed with a clonogenic method as described previously (30-31. 33. 38).
Irradiated and unirradiated cells were seeded in 60-mm dishes as follows: 300

cells/dish for control cells; 1000 cells/dish for cells irradiated with a cumula
tive dose of 1400 cGy: and 3000 cells/dish for cells irradiated with a cumu
lative dose of 2800 cGy. Drugs were added 12-16 h after seeding, and cells
were incubated at 37Â°Cfor 10-21 days. Colonies were stained with mÃ©thylÃ¨ne

blue (0.5% in 50% ethanol) and counted. The IC5{>(inhibitory concentration of
drug that reduces cell survival by 50%) was obtained from a semilogarithmic
plot of percentage of cell survival versus drug concentration. Statistical anal
ysis of data from independent experiments was performed using a Student's I

test to compare the difference between IC50s of irradiated and unirradiated
cells.

Determination of P-Glycoprotein Levels. Expression levels of P-glyco-

protein were determined using methodology described previously (39) with
slight modifications as follows. Cells (1-2 x IO6) were harvested by

trypsinization, washed two to three times with PBS. and spun 5 min at 1000
rpm at room temperature. The pellet was resuspended in 100 /il of TD buffer
[10 min Tris-HCI (pH 8.0), 0.1% Triton X-IOO, 10 mM MgSO4, 2 itiM CaCl,,
I /^g/ml DNase. and 1 mM DTT]. frozen in dry ice. and thawed in a 37Â°C

heating block three times to aid in shearing chromosomal DNA, sonicated 30 s
three times, and incubated at 37Â°Cfor 30-45 min to ensure completion of the

DNase reaction. The protein content of the cell extracts was determined with
the BCA Pierce Assay kit (Pierce, Rockford. IL) according to the manufac
turer's instructions. Sixty fig of each protein extract were mixed with an equal

volume of 6X Laemmli electrophoresis buffer, warmed at 37Â°Cfor 10 min.

separated by 7.5% SDS-PAGE. and blotted onto Hybond ECL nitrocellulose

membrane (Amersham Life Science. Arlington Heights. ID The membrane
was incubated in blocking buffer (0.1 % Tween 20 and 10% nonfat dry milk in
PBS) at room temperature for 1 h and probed overnight at 4Â°Cwith C219

antibody (Centocor. Malvern, PA) at a dilution of I:2(MX)in blocking buffer.
C2I9 is a monoclonal antibody that recognizes regions near the two ATP-
binding domains in each half of P-glycoprotein (40. 41). The membrane was

washed with PBST (0.1% Tween 20 in PBS) at room temperature four times
for 5 min and two times for 5 min with PBS. incubated with antimouse
IgG-horseradish peroxidase complex (Amersham: 1:1000 in blocking buffer)

at room temperature for 1 h. washed five times in PBST for 5 min and two
times in PBS for 5 min. and subjected to enhanced chemiluminescent (ECL)
detection using the ECL Western blotting detection reagent (Amersham).
followed by autoradiography. In a similar fashion, the membrane was also
probed with a mouse monoclonal ÃŸ-actinantibody (Sigma) at a dilution of

1:2500 in blocking buffer. To correct for protein loading variations between
lanes of the gel and/or variations in the amount of protein transferred to
membrane among different samples, the ratio of densities of P-glycoprotein-
and ÃŸ-actin-specific signals was determined per lane.

Evaluation of Cells for Radiation-induced Micronuclei. Forty-eight h

after irradiation, irradiated and control cells were treated with 1 fig/ml Col
cemid (Sigma) at 37Â°Cfor 1-2 h. incubated in hypotonie KCI (0.075 M) at
37Â°Cfor 30 min. and fixed with ice-cold methanol:acetic acid (3:1 parts by

volume). Interphase nuclei were scored for micronuclei as described previ
ously (42, 43). To determine the frequency of MDR\-containing micronuclei
per 1000 cells. FISH analysis was performed using the fluorescein-labeled
Ml)R\-specific CJS-IR, probe. Data from independent experiments were an

alyzed by determining the 95% confidence intervals using the Sigma Stat
scientific software.

RESULTS

Extrachromosomally Amplified DNA in KB-Vl Cells. Previous
cytogenetic (33, 44) and PFGE studies (19, 33, 45) have demonstrated
amplified MDR\ gene copies on extrachromosomal circular DNA
molecules in KB-Vl cells. MDR 1 codes for a M, 170,000 membrane-
bound protein, referred to as P-glycoprotein, that acts as an ATP-

dependent efflux pump for a broad range of chemotherapeutic drugs
and cytotoxic natural-product drugs (46-48). To confirm the presence
of circular DNA molecules in KB-Vl cells that were propagated from
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Fig. I. Identification of extrachromosomal circular DNA in
KB-V1 cells by PFGE. A. an cthidium bromide (Â£/ÃŸr)-siained\9,
agarose gel in which linearized extrachromosomal circular DNA
present in genomic KB-V1 DNA was resolved. B. autoradiograph
of MDR1 -specific hybridization signals to size-fractionated linear
ized MDR\ circular DNA amplification structures of â€”¿�750and

1500 kb in size. Brackets, an electrophoretic /one of compression
into which linear fragments >2000 kb in size migrale. Lane I,
Sticclutroinyces cerevisiae DNA size markers: Ã•Mne2. high molec
ular weight KB-VI genomic DNA containing supercoiled and
relaxed forms of MDR]-containing episomes and DMs: Lane .Ã•.
high molecular weight KB-VI genomic DNA exposed to .1000 cGy
ionizing radiation prior to loading results in linearization of Ml)R\-
containing circular DNA. which can be size-fractionated.

2200kb-

1600 -

750 -

225

-~1500kb

- 750

EtBr-stained gel MDR-Ã•

liquid nitrogen storage, we repeated PFGE studies. High molecular
weight genomic KB-V I DNA was isolated in agarose plugs that were

subjected to ionizing radiation (3000 cGy) to linearize extrachromo
somal circular DNA molecules. This radiation dose has been used in
our previous studies to linearize MDR I-containing circular DNA

molecules in several independently isolated MDR KB cells (19, 33).
DNA was size fractionated in an agarose gel under a contour clamped
homogeneous electric field (Fig. \A), transferred to nitrocellulose
membrane, and hybridized to an MDR 1-specific cDNA probe. Lin
earized MDR\-containing episomes and DMs approximately 750 and
1500 kb, respectively, were detected in KB-V 1 high molecular weight
(Fig. IÃŸ).Nonlinearized MDR\-containing circular DNA molecules

(supercoiled and relaxed forms) remain trapped at the origin of the gel
or migrated to the zone of compression (bracketed) beneath the origin
(compare Lanes 2 and 3).

FISH of KB-V 1 metaphase chromosomes was performed to deter
mine whether KB-V1 cells also contained MDR\-containing homo

geneously staining regions or ABRs. None were detected in >5000
metaphase cells viewed. In contrast, MDRÃŒ-containingextrachromo
somal circular DNA molecules were readily detected in KB-V1 in

terphase and metaphase nuclei (Fig. 2). Extrachromosomal MDR\
signals were completely absent in the parental "drug-sensitive" KB-

3-1 cells, which served as a control for the FISH studies. Four
imrachromosomal MDR\ gene copies were observed in KB-3-1 cells
(Fig. 2/4), consistent with the four chromosomes 7's present in these

aneuploid cells as determined with karyotype analysis (data not
shown). The number of MDR\-containing extrachromosomal circular
DNA molecules was variable (ranging from approximately 30-300

per cell), and two apparent sizes were consistently seen in different
cells of the population (Fig. 2, B and C). These observations were

Fig. 2. Detection of extrachromosomal circular DNA in KB-V I cells h\ fluorescence in s//// hybridi/aiion nf nuclei and metaphase chromosome!. A. metaphase chromosomes of
parent KB-3-1 cells showing four intrachromosomal fluorescein-tagged MDR\ gene copies (arrowheads). B and C variations in MDR I-signal intensities (arrows) indicale different
size extrachromosomal circular DNA molecules in KB-V I cells consistent with PFGE studies.
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EXTRACHROMOSOMAL CIRCULAR DNA LOSS AFTER RADIATION

Fig. 3. Degradation of chromosomal DNA and
c'Xlrachromosomally amplified genes in irradialed
"floating" c-ells. KB-VI high molecular weight DNA

was size fractionated in an agarose gel with PFGE (A}
and transferred to membrane and hybridized with an
MDR\-specific DNA probe (B). Brackets, zone of
compression containing nonlinearizcd MOA 1-con
taining circular DNA molecules. Lane I, Sacchara-
myces cerevisiae chromosomes; Lane 2. KB-VI high
molecular weight DNA isolated from KB-VI unirra-
diated cells; Lanes 3 and 4. KB-VI high molecular
weight DNA isolated from irradiated KB-VI floating

cells and attached (monolayer) cells, respectively.
ElBr, ethidium bromide.

B
1234

1125kb-

750 -

225 -

50 -

origin - origin

- -750 kb

- -50 kb - -50

EtBr-stained gel

consistent with results from the PFGE studies and provide strong
evidence that most, if not all, of the amplified MDR\ gene copies were
harbored on extrachromosomal circular DNA structures. Thus.
KB-VI cells offered us a good model system in which to determine

whether ioni/.ing radiation reduces the copy number of amplified
genes harbored on extrachromosomal circular DNA molecules in
tumor cells.

Radiation Accelerates the Loss of Extrachromosomally Ampli
fied Genes in Tumor Cells. To determine whether fractionated ra
diation treatment mediates the loss of extrachromosomally amplified
genes, KB-VI cells were subjected to fractionated doses of radiation

in five independent experiments. Multiple fractions of 200 cGy ion
izing irradiation were given in daily doses similar to the regimen
administered clinically. In response to radiation treatment, ~10%
floating cells were observed in KB-VI cell populations that had

received a cumulative dose of 800 cGy (after the fourth fraction). An
increase in the number of floating cells was observed with each
subsequent fraction of radiation treatment. The floating cells (>95%)
were able to exclude trypan blue, a dye that stains cells that do not
possess a functional plasma membrane. However, these cells were
unable to form colonies when analyzed by standard clonogenic assays
and subsequently died by apoptosis (data not shown). PFGE demon
strated that genomic DNA isolated from the floating cells was highly
degraded into predominantly high molecular weight DNA fragments
of approximately 50-100 kb (Fig. 3A, Lane 3). These degraded
fragments are composed, in part, of extrachromosomal MDR\-con

taining circular DNA molecules, as evidenced by hybridization of
these fragments to the MDR\-specific DNA probe (Fig. 3ÃŸ,Lane 3).

In the floating cells, the amount of intact MDR\ circular DNA in the
zone of compression of the gel (bracketed) is significantly reduced
(Fig. 3S, compare Lanes 2-4). In contrast, irradiated (Lane 2) and
unirradiatcd cells (Lane 4) attached to the culture dish (KB-VI mono-

layer) did not show degraded DNA, and intact supercoiled or relaxed
MDR\ circular DNA structures are trapped in the zone of compres
sion. Based on these observations, only KB-VI monolayer cells were

analyzed after a course of radiation therapy to determine MDR\ gene
copy number and clonogenic survival assays (detailed below).

The MDR\ extrachromosomal gene copy number was compared

between irradiated and unirradiated KB-VI cells that were passaged

for the same length of time in the absence of drug selection. The
MDR\ gene copy number of KB-VI cells treated with 1400 cGy

cumulative radiation dose (given in seven fractions, 200 cGy/fraction)
compared with unirradiated (control) cells was reduced by an average
of 27% Â±2.25 SE. This reduction was statistically significant (95%
confidence interval for difference of means, 22-32%; P < 0.001). A

representative experiment is shown in Fig. 4. Total DNA (chromo
somal and extrachromosomal) was isolated from unirradiated and
irradiated cells 3 days, 1 week, and 2 weeks after the seventh fraction
of radiation treatment. Southern blot and hybridization studies were
performed on the DNA samples as described in "Materials and Meth
ods." An ~33% decrease in MDR\ gene copies was detected in

irradiated cells after seven fractions of radiation compared with un
irradiated cells passaged for the same number of days (12) without
drug (Fig. 4, compare Lanes 1 and 2). In irradiated cells passaged for
1 week or 2 weeks after receiving a cumulative dose of 1400 cGy. an
approximately 25-33% decrease in MDRl gene copy number was

detected relative to the MDR\ copy number in the unirradiated cells
that were similarly passaged (Fig. 4, compare Lanes 3 and 4 and
Lanex 5 and 6, respectively). A spontaneous loss of MDK\ gene
copies in unirradiated KB-VI cells continuously passaged in the

absence of vinblastine selection was also evident. For example, after
16 and 23 days in drug-free medium, unirradiated cells showed an

approximately 29% (Lane 3) and 39% (Lane 5) loss of MDR\ gene
copies, respectively, compared with KB-VI cells passaged 12 days

(Lane I) in the absence of vinblastine. Thus, radiation treatment
accelerated the spontaneous rate of loss of MDR\-containing extra-

chromosomal DNA.
In two of the independent experiments, radiation treatment was

extended to 14 fractions (200 cGy/fraction/day; Fig. 5). Seven days
after the fourteenth fraction of radiation (25 days of passage in
vinblastine-free media) when the irradiated cells began to resume

normal growth characteristics, cells were harvested. In the first ex
periment (Fig. 5/4), the decrease in MDR\ gene copy number in
irradiated cells surviving 14 fractions of radiation (2800 cGy cumu
lative dose) was 65% compared with unirradiated cells similarly
passaged (25 days; Fig. 5A. compare Lanes 3 and 4). Only a 24%
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123456

EtBr-stainedgel

GAPDH

MDR1
Fig. 4. Decreased copy number of amplified MDR\ genes in KB-Vl cells surviving a

cumulative dose of 1400 cGy ionizing radiation. Total DNA was isolated from unirradi-
ated and irradiated cells exposed to 1400 cGy given in seven daily fractions, EcoR\-

digested, size fractionated on an agarose gel, stained with ethidium bromide (EtBr. lop
panel), transferred to membrane and hybridized lo an MORI-specific (middle panel) and
GAPDH-specific DNA probe (bollimi panel). Lanes I and 2, DNA isolated from unirra-

diated and irradiated cells passaged without drug for 12 days: Lanes j and 4. DNA isolated
from unirradiated and irradiated cells passaged without drug for 16 days; Lanes 5 and 6.
DNA isolated from unirradiated and irradiated cells passaged without drug for 23 days.

reduction in MDR\ gene copy number was seen in this population of
irradiated cells surviving seven fractions of radiation treatment (com
pare Lanes I and 2). In the second experiment, the MDR1 gene copy
was decreased by 42% after 14 fractions of radiation compared with
a 31% reduction after 1400 cGy (data not shown). The mean decrease
in MDR\ gene copy number after 14 fractions of 54% Â±11.5 SE was
significantly greater than after 7 fractions. P = 0.014 (summarized in
Fig. 6). These data demonstrate radiation-induced loss of extrachro-
mosomally amplified genes, and this reduction is stable with short-

term passage in culture.
Radiation-induced Loss of Extrachromosomally Amplified

Genes Parallels Decreased Multidrug Resistance in Tumor Cells.
To determine whether radiation-induced loss of extrachromosomal
MDRÃŒgene copies in KB-Vl cells was accompanied by a concomi
tant decrease in MDR 1-encoded P-glycoprotein function, MDR pro

files of irradiated and unirradiated cells were compared. Clonogenic
dose-response assays were performed to vinblastine, colchicine, and
doxorubicin, which are known substrates for P-glycoprotein. In addi

tion, cisplatin sensitivity profiles were determined to provide a control
for radiation-induced changes in MDR that were not specific for
P-glycoprotein function because cisplatin is not a P-glycoprotein

substrate. Each drug concentration was tested in triplicate, and mul
tiple independent experiments were performed. The mean IC5()s were
determined from survival curves obtained after 7 fractions (data not
shown) and 14 fractions of radiation therapy (Fig. 7). In comparison
with unirradiated cells passaged in vinblastine-free medium, the du
ration of the radiation treatment schedule, KB-Vl cells exposed to

seven fractions of radiation ( 1400 cGy cumulative dose; Fig. 8/Ã®) were
less resistant to vinblastine (99 versus 38 ng/ml), doxorubicin (300
versus 96 ng/ml), and colchicine (130 versus 52 ng/ml). Exposure of
KB-Vl cells to 14 fractions of radiation (2800 cGy cumulative dose)

further decreased MDR levels beyond the spontaneous loss of MDR
seen in the corresponding unirradiated cells passaged in vinblastine-

free medium (Fig. 8ÃŸ)as follows: vinblastine, 68 versus 23 ng/ml;
doxorubicin, 96 versus 23 ng/ml: and colchicine, 81 versus 15 ng/ml.
The decrease in IC50 for irradiated cells treated with vinblastine.
colchicine, and doxorubicin was determined to be statistically signif-

B
234

EtBr-stainedgel

GAPDH

Mom
Fig. 5. Decreased copy number of amplified MDR\ genes in KB-V1 cells surviving a

cumulative dose of 2800 cGy ionizing radiation. Total DNA was isolated from unirradi
ated and irradiated cells, ///Â«dill-digested, size fractionated on an agarose gel. stained with
ethidium bromide (EtBr. top panel), transferred to membrane and hybridized to an
MDR\-specific (middle panel) and GAPDH-specific DNA probe (hoiiom panel). A,

results from one independent experiment: Ltmes ! and 2, DNA isolated from unirradiated
and irradiated cells ( 1400 cGy), respectively, passaged without drug for 10 days; Lunes 3
and 4, DNA isolated from unirradiated and irradiated cells (2800 cGy), respectively,
passaged without drug for 25 days. B, results from a second independent experiment:
Lanes 1 and 2, DNA isolated from unirradiated and irradiated KB-Vl cells (2800 cGy),

respectively, after 25 days of passage.

3849

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/17/3845/2467349/cr0580173845.pdf by guest on 19 M

ay 2023



I.XTRACIIKOMOSOMAl. CIRCULAR [)NA LOSS AFTIÃŽRRADIATION

1

n n = 2
Fig. 6. Bar graphs summari/ing radiation-induced loss of amplified MORI genes in

cells surviving fractionated radiation treatment. Calumns. mean percentage of Ml)K\
gene copy number loss in KB-V1 cells after 1400 cGy (D) and 2800 cGy (Hi

cumulative dose, fÃurs.SE as determined using Sigma Slat scientific software. The
percentage of MDRl copy number of unirradialed KB-VI cells was arbitrarily

designated as 100%.

icant with the Student's t test (P < 0.05) and/or analysis of the

dose-response curves with logistic regression. In contrast, no signif

icant difference in cisplatin resistance between control and irradiated
cells was detected (P > 0.05); after 1400 and 2800 cGy. the mean
IC50s were 45 versus 38 ng/ml and 46 versus 44 ng/ml, respectively.

To determine whether the radiation-induced decrease in multidrug
resistance was accompanied by a reduction in P-glycoprotein levels,
Western blot analyses were performed on protein lysates from unir-
radiated and irradiated cells using P-glycoprotein C219 antibody. Two
independent experiments demonstrated radiation-mediated loss of P-

glycoprotein. Representative results from one experiment are shown
in Fig. 9. Cells exposed to 7 ( 1400 cGy cumulative dose) and 14 (2800
cGy cumulative dose) fractions of radiation showed an approximately
25 and 47% reduction in P-glycoprotein levels, respectively, com
pared with the levels of P-glycoprotein in unirradiated cells similarly

passaged (Fig. 9, compare Lanes 1 and 2 and Lanes 3 and 4).
Spontaneous loss of P-glycoprotein levels is also apparent in KB-V1

cells passaged in the absence of vinblastine selection. The level of
P-glycoprotein in KB-V 1 cells passaged for 25 days in the absence of
vinblastine (Lane 3) is 35% less than the P-glycoprotein levels in
KB-VI cells passaged for 16 days in the absence of vinblastine (Line
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vinblastine (ng/ml)

u
o'o

Â£
â€¢¿�
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10 100

colchicine (ng/ml) cisplatin (ng/ml)

Fig. 7. Dose-response curves showing decreased multidrug resistance of KB-V 1 cells after 2800 cGy cumulati e radiation dose. Dose-response curves were derived from clonogenic
assays. Cells exposed to 2800 cGy cumulative radiation dose (â€¢)are compared with unirradialed (â€¢)after treatment with vinblastine (A}, colchicine (ÃŸ).doxorubicin (C'l. and cisplatin

</)). Bars, SE.
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Fig. 8. Bar graphs summarizing radiation-mediated increased ehemosensitivity of
KB-Vl cells, after 1400 cGy (/I) and 2800 cGy cumulative radiation dose (B). IC50s for
irradiated cells (D) treated with vinblastine, colchicine, and doxorubicin were signifi
cantly lower than for the unirradiated cells (M) (*. P < 0.05). There was no significant

difference in cisplatin resistance between unirradiated and irradiated cells (P > 0.05).
Cnluinns, means of three independent experiments; burs, SE.

micronuclei with a diameter of less than one-third of the nucleus and

with morphological and staining properties similar to those of the
primary nuclei were scored. Cells containing greater than four micro-
nuclei or micronuclei-like bodies in association with highly mal

formed nuclei were not scored. Of 3000 cells (independent nuclei)
scored, 22.6% Â±5.6 of KB-Vl cells treated with 800 cGy cumulative
dose (fraction 4) and 27.8% Â±1.25 of KB-Vl cells treated with 1400

cGy cumulative dose (fraction 7) contained micronucleated cells
compared with a frequency of 3.3% Â±0.1 in the control cells (Table
1). In both irradiated and control cells, >99% of the micronuclei
contained MDR\ gene copies. Fig. 10 shows a representative example
of MDRl-containing micronuclei in irradiated cells. Size variation in
MDR\-containing micronuclei was commonly observed (Fig. 10,
compare A-F). In addition to micronuclei that were completely sep
arated from the main nucleus (Fig. 10, A-C), some micronuclei
appeared to "bud" from the main nucleus (Fig. 10, D-E). These results

demonstrate that micronuclei readily entrap acentric extrachromo-

somally amplified genes during fractionated radiation treatment of
tumor cells.

DISCUSSION

On the basis of the finding that amplified MDR\ gene copies in
KB-Vl cells are predominately extrachromosomal, as shown from our

CDo

â€¢¿�js-o

1 Â«2 Â°5
CO

1
C
D

8
00
CM

* 4>

1). These results provide strong evidence that irradiation specifically
increases ehemosensitivity of KB-Vl cells by the accelerating the
spontaneous loss of P-glycoprotein encoded by extrachromosomally

amplified MDR\ genes.
Radiation-induced Micronuclei Entrap Extrachromosomally

Amplified Genes. Recent studies have indicated that hydroxyurea-

induced loss of extrachromosomally amplified genes is mediated by
their preferential entrapment in micronuclei (25, 49). Micronuclei
originate from acentric double strand breaks in chromosomes and
from lagging chromosomes that do not align properly on the mitotic
spindle, resulting in the separate engulfment of these chromosomal
DNA fragments or chromosomes, respectively, by the nuclear mem
brane (42, 43). It is well established that radiation treatment results in
the formation of micronuclei. Thus, we sought to establish whether
fractionated radiation treatment of KB-Vl cells led to increased

micronuclei formation with concomitant localization of the extra
chromosomally amplified MDR\ genes.

KB-Vl cells were exposed to 800 and 1400 cGy ionizing radiation

given in four and seven fractions, respectively, at 200 cGy/fraction/
day. Twenty-four h after radiation treatment, irradiated cells and

unirradiated cells were fixed, dropped on microscope slides, and
analyzed by FISH using a FITC-labeled MDRl -specific probe. Only

16

7

25

7

â€”¿�ÃŸ-actin

â€”¿� days w/o vinblastine

days following irradiation

Fig. 9. Radiation-induced loss of P-glycoprotein (P-gi>i from KB-VI cells passaged in
the absence of drug selection. Protein lysates from unirradiated and irradiated KB-Vl cells
were analyzed by Western blot analysis using C2I9 antibody for P-glycoprotein quanti-
tation, followed by ECL detection and autoradiography. ÃŸ-Actinlevels were determined
to correct for protein loading per lane (as described in "Materials and Methods"!, luanes

1 and 2. unirradiated and irradiated (1400 cGy) KB-Vl cells, respectively, passaged
without drug for 16 days: Lanes 3 and â€¢¿�/.unirradiated and irradiated KB-Vl cells (2800

cGy), respectively, passaged without drug for 25 days.

Table 1 Â¡nereaxedfrequency of MDRl-containing tnicronuclei after low-dose
friictionnleil rtuiitiniin Irt'iittnetit of K11-V1 celts

CellsanalyzedKB-Vl

Control
KB-Vl 800 cGy
KB-Vl 1400 cGy'7r

micronucleated cells"

(mean Â±SE)3.3

Â±1.0
22.6 Â±5.6
27.8 Â±1.25Vi

micronuclei with
Ml)R\ -specific signals

(mean Â±SE)98.6

Â±1.40
99.6 Â±0.15
99.7 Â±0.35

" Three thousand cells from two independent experiments were scored for analysis.

The frequency of micronucleated cells in KB-Vl exposed to S(X)and 1400 cGy cumu
lative radiation doses was significantly greater than that in KB-Vl control cells
(P < 0.05). Mean and SE values were obtained using SigmaStat scientific software.
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Fig. 10. Radiation-induced entrapment of extrachromosomally amplified MDR\ genes in mieronuelei. Fluoreseence in situ hybridization, using an MDRÃŒcosmid, demonstrated
MDRI -speeifie signals in interphase nuclei and micronuclei in KB-V1 cells treated with 1400 cGy cumulative radiation dose given in seven fractions at 200 cGy/fraction. Some
mieronuelei (Ã•Ã•/TÃ•W.Owere distinctly separated from the main nucleus (A-O whereas others (arrowheads) formed vesicle-like bodies that appeared to "bud" from the main nucleus

as micronuclei (D-f). All micronuclei were heavily labeled with A/DÃ„l-specific signals (yellow-green signals).

PFGE and FISH studies, KB-V1 provided us with a model cell line to
test the hypothesis that ionizing radiation mediates the loss of extra-

ehromosomally amplified genes in tumor cells. The results presented
in this report demonstrate a dose-dependent decrease in MDR\ gene
copy number of KB-V1 cells after exposure to cumulative doses of

1400 and 280(1 cGy ionizing radiation given in 7 and 14 fractions,
respectively. There was a concomitant decrease in the multidrug
resistance profile of KB-V1 cells and in the levels of the MDR\ gene
product P-glycoprotein. Importantly, decreased MDR was specific for
drugs known to be P-glycoprotein substrates, e.g., vinblastine, colchi-

cine, and doxorubicin, and was accompanied by decreased levels of
P-glycoprotein. Resistance to cisplatin, which is not a substrate for
P-glycoprotein, was not affected by fractionated radiation treatment in
KB-V1 cells, indicating that prior radiation does not preferentially
sensitize KB-V1 cells to all chemotherapeutic agents. To our knowl

edge, these data represent the first finding that ionizing radiation,
given in clinically relevant doses, accelerates the loss of native ext-

rachromosomal DNA in human tumor cell lines. Consistent with our
findings, ionizing radiation has been shown to inhibit extrachromo-

somal DNA synthesis in viral episomes, even at doses below which
single strand breaks and base damage are observed (50. 51).

We chose to use a standardly fractionated treatment schedule, as
opposed to a single large dose of radiation, to replicate the radiobi-
ology observed in the clinic where the use of low-dose multiple daily

fractions is well founded empirically and theoretically (52). On the
basis of an earlier study of MDR human leukemia cell lines in which
multidrug resistance did not confer increased radiation sensitivity
(53), we do not believe that radiation treatment is preferentially killing
cells in the KB-V1 population that harbor the highest MDR\ gene

copy number. In support of this conclusion, initial cell survival
clonogenic assays have not detected significant differences in the
radiosensitivity profiles between the drug-sensitive parent cell line
KB-3-1, the MDR KB-ChR-8-5 cell line that expresses the MDRl

gene as a result of transcriptional activation but does not contain
amplified MDR\ gene copies, and the highly MDR cell lines KB-V1,
K.B-C1, and KB-ChR"8-5-ll, which harbor varying copy numbers of

MDRl -containing extrachromosomal circular DNA.4 However, we

cannot definitively rule out the possibility that radiation may be
selecting for cells in the population that lack amplified MDRl gene
copies and, thus, do not form MDR micronuclei.

Our studies have demonstrated the entrapment of extrachromo-
somally amplified MDRl genes in radiation-induced micronuclei.

Micronuclear entrapment of extrachromosomally amplified genes has
been proposed in past studies (54-60). Most recently, preferential

entrapment of extrachromosomally amplified genes in micronuclei
has been demonstrated in response to hydroxyurea treatment, which
also reduces the copy number of extrachromosomally amplified genes
in tumor cells (25, 49). Because of the apparent tendency of extrach
romosomally amplified genes to become entrapped in micronuclei and
the fact that micronucleation is a common response of mammalian
cells to radiation treatment (42, 61-63), we predict that radiation-

induced loss of extrachromosomally amplified oncogenes and other
drug resistance genes via micronuclear formation is a common end
point of radiation therapy of human cancer cells.

4 P. V. Schoenlein, J. T. Barrett. A. Kalyhara. and D. Weller. Preferential entrapment

of extrachromosomalty amplified genes in radiation-induced micronuclei. manuscript in

preparation.
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The potential for radiation to "chemosensitize" tumor cells to

concurrent and subsequent cycles of chemotherapy may not be fully
appreciated. The present use of concomitant chemotherapy and radi
ation therapy in lung cancer, head and neck cancer, esophageal cancer,
and other organ tumor sites are largely assumed to have therapeutic
advantage based on the radiosensitizing effects of the chemotherapeu-

tic agents. However, these tumors are known to commonly amplify
oncogenes whose expression may circumvent chemotherapy. For ex
ample, overexpression of c-erbB-2/neu in breast cancer cells (64) and

in small cell lung cancer (65, 66) confers increased chemoresistance.
An increase in Her2/neu gene copy number has been detected in 21%
of breast cancer patients after pre- and postoperative chemotherapy

(67). Drug resistance has also been correlated to the expression of
c-myc, c-jun, or c-fos (65). Our results indicate that the use of low to

moderate doses of ionizing radiation may reduce the copy number of
extrachromosomal DNA molecules expressing genes that confer a
resistance to chemotherapy, resistance to apoptosis, or other prolifer-

ative advantage to malignant cells. Thus, radiation therapy prior to
chemotherapy may "chemosensitize" cancers known to harbor extra-

chromosomally amplified genes.
An issue that needs to be considered is how frequently fractionated

radiation treatment, prior to chemotherapy, induces MDR through
activation of native MDR genes, such as MDR\. Single-dose ionizing

radiation has been reported to enhance cellular resistance to several
antineoplastic drugs including 8-azaguanine, 6-thioguanine, and
methotrexate (68-72). However, calculation of the absolute risk for in
vitro induction was relatively rare, ~l-3 per IO6 cells/Gy (72),

compared with â€”¿�28%of the population of irradiated cells that would
form micronuclei after seven fractions of low-dose (200 cGy) radia

tion (Table 1). It has also been reported that fractionated radiation
treatment of cell lines in vitro (73-75) and human xenografts in vivo

(76) results in increased expression of multidrug resistance by acti
vating P-glycoprotein. However, in our unpublished studies we did
not observe radiation-increased MDR after fractionated radiation
treatment in MDR KB-ChR-8-5 cells in which the native MDRl locus

is transcribed at levels comparable with those found in many tumor
types (77). Thus, radiation-induced MDR may be either a cell line-

specific effect or a rare event that would not necessarily interfere with
the benefit derived from our proposed "chemosensitization" derived

from the radiation-induced entrapment of extrachromosomally ampli

fied genes in tumor cells. Additional studies, in vitro and in vivo, are
required to assess the quantitative impact of fractionated irradiation of
tumor cells harboring extrachromosomally amplified genes with re
spect to chemosensitization versus induction of drug resistance.
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