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Effect of Acute and Chronic
Intermittent Hypoxia on DNA Topoisomerase I
Expression and Mitomycin C-Induced DNA Damage
and Cytotoxicity in Human Colon Cancer Cells
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ABSTRACT. Recently, we reported that alterations in topoisomerase 1 (topo II) activity appear to contribute
to mitomycin C (MMC) resistance in HT-29R13 human colon cancer cells under aerobic conditions. In this
study, the expression of topo 11, and topo Il in parent HT-29 and MMC resistant variant HT-29R13 cells was
investigated under aerobic, acute hypoxic (after 4 hr in 95% N, 5% CQO, <0.01% O,), and chronic intermittent
hypoxic (after 4 hr hypoxia/day x 7 days) conditions. Acute hypoxia induced topo 11, mRNA and protein,
effects that were more pronounced in HT-29 cells. Chronic intermittent hypoxia caused a decrease in topo,
mRNA and protein, changes that were again more pronounced in HT-29 cells. The observed changes in topo
II, protein were associated with parallel changes in topo II activity under all conditions tested. Topo 1l mRNA
was expressed at a very low level in both cell lines under aerobic and hypoxic conditions. Compared with cells
under aerobic conditions, HT-29 cells were more sensitive to MMC under acute hypoxia but more resistant
under chronic intermittent hypoxia. In contrast, the sensitivity of HT-29R13 cells was unchanged under acute
hypoxia, but the cells were more resistant under chronic intermittent hypoxia. Under all conditions tested, the
degree of cytotoxicity corresponded to the frequency of MMC-induced DNA cross-links and topo 11, protein
levels and activity. Our results demonstrated that MMC cytotoxicity in hypoxic cells is highly dependent upon
the type of hypoxia and the cell type. Hypoxia has significant effects on topo 1l expression in HT-29 and

HT-29R13 cells which correlate with MMC cytotoxicity. BIOCHEM PHARMACOL 52;4:669-676, 1996.
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Solid tumors often contain two distinct classes of hypoxic
cells, acutely hypoxic cells and chronically, transiently hyp-
oxic cells [1, 2], which differ in their metabolic character-
istics and therapeutic implications [3]. Some of these meta-
bolic changes render cells resistant to radiation and many
standard antineoplastic drugs [4, 5]. However, these hyp-
oxia-induced changes may also serve as targets for cytotoxic
drugs [6].

The antitumor antibiotic MMCT has preferential toxic-
ity towards hypoxic cells under certain conditions in cer-
tain types of cells [6-9], a property that has stimulated
much interest in its potential as an antineoplastic agent and
as a radiation sensitizer. MMC is a bifunctional alkylating
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agent that, upon reductive activation [10], cross-links
complementary strands of DNA in vive and in vitro [11].
Damage to the integrity of DNA most likely represents the
mechanism of MMC cytotoxicity and antitumor activity
[12].

The findings presented here are an extension of our two
previous reports [13, 14] that have identified the multifac-
torial nature of MMC resistance in the human colon cancer
cell line HT-29R13, a variant of the HT-29 line that has
exhibited stable MMC resistance over a 4-year period. HT-
29R13 cells have a variety of similarities with parent HT-29
cells including expression of P-gp and high levels of base-
line DT-diaphorase DTD activity. In addition to other fac-
tors, we demonstrated that MMC resistance in HT-29R13
under aerobic conditions is associated with reduced topo 11
activity. This was an interesting finding since MMC is not
considered a topo Il inhibitor [15]. HT-29R13 cells, in ad-
dition to MMC resistance, are highly cross-resistant to
5-FU [13], another agent that causes DNA damage unre-
lated to topo 1. HT-29R13 cells are not cross-resistant to
conventional topo 1l inhibitors such as doxorubicin or eto-
poside. The similar levels of P-gp, GSTr, and DTD in both
cell lines [14] may explain the lack of cross-resistance be-
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tween them. A possible reason for MMC resistance in HT-
29R13 cells is that MMC might not have been able to
induce lethal amounts of DNA cross-links because of the
decrease of topo Il activity. However, such an association
was not firmly established.

The ATP-dependent enzyme DNA topo II alters DNA
conformation and plays an important role in DNA metabo-
lism and structure [16]. Two isoenzyme forms of the topo 11
enzyme, o and B, are expressed in mammalian cells [17].
Topo Il has been identified as the cellular target for many
clinically active anticancer agents, but the relative contri-
bution of topo Il to MMC sensitivity is unknown. We have
continued our work in this interesting model to examine
the potential role of topo Il (@ or B) in MMC-induced
DNA damage and cytotoxicity under aerobic and hypoxic
conditions.

MATERIALS AND METHODS
Cell Culture

The HT-29 human colon cancer cell line was obtained
from the American Type Culture Collection (ATCC,
Rockville, MD). The MMC resistant HT-29R13 subline
was isolated from the HT-29 line by repeated exposures to
2 pM MMC for 1 hr each week as previously described [13].
Cells were maintained in Ham's F10 medium with 5% fetal
bovine serum at 37° in a 95% air/5% CO, environment.
Cells in logarithmic growth phase were used in all experi-
ments. MMC was provided by Mr. Sal Luciana of the Bris-
tol-Myer-Squibb Co. (Princeton, NJ).

Generation of Hypoxia

Cells grown in 75 cm? flasks were incubated in a humidified
environmental chamber (PLAS LABS, Lansing, MI) at
37°. Cells were treated in three different ways. For aerobic
conditions, cells were gassed for 4 hr with air (+5% CO,).
For acute hypoxia, cells were gassed for 4 hr with N, (+5%
CO,, <0.01% 0O,). For chronic intermittent hypoxia, cells
were subjected repeatedly to hypoxia for 4 hr daily for 7
consecutive days, with fresh medium added each time after
hypoxic treatment. Cells were initially plated at higher
density in acute hypoxia experiments (4 x 10% cells/cm?),
compared with chronic intermittent hypoxia experiments
(2 x 10 cells/cm?), so that the final cell densities in both
types of experiments were similar. Acute hypoxia had no
effect on cell cycle kinetics as measured using flow cytom-
etry in either cell line. Cells plated at the lower density and
grown under aerobic conditions for up to 7 days had similar
cell cycle kinetics. Both cell lines grown under chronic
intermittent hypoxia underwent a similar increase in the
G,/Gq fractions from 44 £ 7 to 72 £ 9%. Cultures were
maintained under hypoxia in Ham’s F10 medium contain-
ing 5% fetal bovine serum and 3 mM glucose, correspond-
ing to a low normal physiologic level characteristic of isch-
emic tissue in situ [18). After completion of aerobic or hyp-
oxic treatment, cells were trypsinized for the preparation of
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nuclear protein or mRNA. There were no significant
changes in medium pH during the described hypoxic peri-
ods. Cell viability after acute or chronic intermittent hyp-
oxia was 92 + 2 and 86 + 3%, respectively.

Northern Blot

A 1.8 kb fragment of the human topo I, cDNA (provided
by Dr. L. Liu, Robert Wood Johnson Medical School, Pis-
cataway, NJ), and a 1.8 kb fragment of the human topo I,
cDNA {from Dr. K. B. Tan, Smith Kline & French Labo-
ratories, King of Prussia, PA) were labeled with [*?P]JdCTP
(3000 pCi/mmol, Amersham International, Arlington
Heights, IL) with a specific activity of 10° cpm/ug DNA by
random priming. The methods for total RNA extraction,
electrophoresis, and transfer onto nitrocellulose membrane
were essentially the same as previously described [19]. The
RNA gel was stained with ethidium bromide prior to trans-
fer to the membrane to monitor the integrity of 18S and
28S rRNA bands. The membrane was prehybridized in 1 M
NaCl, 10% dextran sulfate, 50% formamide and 0.1% SDS
at 42° overnight and then hybridized in 5x SSC, 1x Den-
hardt’s solution, 0.1 mg/mL salmon sperm DNA, 10% dex-
tran sulfate, 45% formamide, 0.05% SDS, and 10° cpm
32P-labeled DNA topo Il or topo Il probe at 42° over-
night. The membrane was treated with four 5-min washes
in 2x SSC - 0.01% SDS at 24° and then three 15-min
washes in 0.2x SSC - 0.1% SDS at 60°. Autoradiography
was performed at ~70°, and quantitation of the results was
achieved by desitometric scanning and normalized to the

signal for GAPDH.

Preparation of Nuclear Extracts

Nuclear fractions from HT-29 and HT-29R13 cells were
isolated as described previously [14] with modifications. In
brief, cells were trypsinized and washed twice with PBS and
then permeabilized by incubation in hypotonic nuclear
buffer (2 mM KH,PO,, 5 mM MgCl;, I mM NaCl and 100
mM dithiothreitol, pH 6.5) for 10-15 min. The lysed cells
were centrifuged at 1000 g for 5 min, and the nuclear pellet
was collected and washed with hypotonic buffer. The
nuclear protein was extracted from the nuclear pellet by
incubation for 60 min in hypotonic buffer containing 0.35
M NaCl and 1 mM phenylmethylsulfonyl fluoride (PMSF).
The nuclear DNA and debris were pelleted by centrifuga-
tion at 17,000 g for 30 min. The supernatant was saved as
the nuclear protein extract. The extract was dialyzed for 24
hr at 4° against three changes in hypotonic buffer because
hypoxia may alter cellular metabolism [20] and Ca®*, Mg*™,
and Na™ transport [21], all of which may interfere with topo
II activity. Protein content of the nuclear extract was de-
termined by the method of Bradford [22], and ATP levels
were determined by luciferin-luciferase assay [23]. ATP
concentrations in undialyzed and dialyzed nuclear extracts
were 2.10 to 2.55 and 0.01 to 0.02 uM, respectively. Fresh

preparations served as the source of protein for topo Il
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relaxation activity and for the topo II immunoblotting as-
say.

Reverse Transcription-cDNA
Synthesis and PCR (RT-PCR)

For cDNA strand synthesis, 1 pg of total cellular RNA was
reverse transcribed in a 10-pL reaction mixture containing
0.1 ng random hexamers, a 0.5 mM concentration of each
deoxynucleoside triphosphate, and 100 U Moloney murine
leukemia virus reverse transcriptase (GIBCO-BRL, Grand
Island, NY) in 50 mM Tris—-HCI (pH 8.3), 75 mM KCl, 3
mM MgCl, and 10 mM dithiothreicol. The reaction was
incubated at 37° for 60 min. DNase-free RNase (2 pM;
Worthington Biochemical, Freehold, NJ) was added for 5
min at 37°. Following phenol/chloroform extraction and
precipitation with ethanol, the content of cDNA was mea-
sured by spectrophotometer and stored at =20°. PCR was
performed in a Perkin~Elmer/Cetus DNA Thermal Cycler
(Norwalk, CT). Five microliters of the above cDNA (0.01
to 100 ng) solution was incubated with 1 U Tag DNA
polymerase (Perkin—Elmer/Cetus) in a 25-pL volume con-
taining a 0.5 mM concentration of deoxynucleoside tri-
phosphates, 0.2 nCi deoxycytidine 5'-[**PJa-triphosphate
(>3000 pCifmmol, Amersham Corp.), a 37.5 mM concen-
tration of each of the 5" and the 3’ topo Il primers (5’
2079-2102, 3’ 2359-2382) [24], 40 mM Tris—HCl (pH
8.4), 50 mM KCl, 1.8 mM MgCl,, and 0.01% (w/v) bovine
serum albumin. Fifty microliters of light mineral oil (Sigma
Chemical Co., St. Louis, MO) was overlaid, and PCR was
carried out for 35-55 cycles for 30 sec at 94°, 60 sec at 55°
and 15 sec at 72°. Fifteen microliters of each sample was
electrophoresed in an 8% acrylamide gel. Then gels were
stained with ethidium bromide, visualized, and photo-
graphed on a UV transilluminator. Radioactivity of the gel
fragments was measured by liquid scintillation counting.
The sizes of bands were estimated by the migration of an
Mspl digest of plasmid pBR322 DNA. Ribosomal RNA
cDNAs (5’ 1501-1520 and 3' 1827-1846) were used as
internal controls.

Western Blot

One hundred micrograms of nuclear protein per lane from
HT-29 and HT-29R13 cells was separated by 6% SDS-
PAGE and electrophoretically transferred onto a nitrocel-
lulose membrane (Bio-Rad, Richmond, CA). The mem-
brane was incubated in blocking buffer (3% BSA, 5% non-
fat dry milk in 0.05% Tween 20-PBS) for 2 hr at room
temperature. Blots were then incubated in primary anti-
body against human DNA topo II, (1:1000 in 0.05%
Tween 20-PBS) (provided by Dr. L. Liu) for 1 hr at 24°.
The bound antibody was visualized with alkaline phospha-
tase-linked goat anti-rabbit IgG, using 5-bromo-4 chloro-3
indolyl phosphate and nitroblue tetrazolium chloride sub-
strates. The relative amounts of topo 1l protein levels were
quantified using densitometric analysis.
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DNA Topo II Activity

Quantitative measurements of DNA topo [I relaxation ac-
tivity in nuclear extracts of HT-29 and HT-29R13 cells
were assayed by the ability of serial concentrations of
nuclear protein to relax supercoiled pBR322 DNA
(GIBCO, Gaithersburg, MD) [25]. One unit of topo Il was
defined as the amount of nuclear protein required to com-
pletely convert 1 pg of supercoiled pPBR322 DNA into the
relaxed form in 10 min at 37°.

Measurement of DNA Interstrand Cross-Linking

MMC-induced DNA intrastrand cross-linking in HT-29
and HT-29R13 cells was determined by the alkaline elution
method [26]. Cells were seeded in 25-cm? flasks and labeled
with ['*C]thymidine (0.02 Ci/mL; 56 mCi/mmol; New En-
gland Nuclear, Boston, MA) or [*’H]thymidine (0.5 Ci/mL)
for 24 hr. The labeled cells were washed twice with cold
PBS, and the radioactivity was chased by an additional
24-hr incubation in nonradioactive medium. Cells were
labeled prior to aerobic or acute hypoxic drug treatment.
For chronic intermittent hypoxic treatment, the labeling
was done prior to the last hypoxia treatment. Cells were
treated with MMC for 1 hr under aerobic or hypoxic con-
ditions and then washed with ice-cold PBS containing
0.02% EDTA. Then control or drug-treated *C-labeled
cells (0.5 x 10°) were mixed with tritiated cells (0.5 x 10°).
Instead of irradiation, the cells were exposed to 100 pM
H,O, for 60 min on ice, corresponding to an irradiation
dose of 300 rad [27]. The combined cell suspension was
immediately prepared for alkaline elution as described by
others [20]. Briefly, 1 x 10° '*C- and *H-labeled cells were
layered onto a polyvinyl chloride filter, washed with cold
PBS, and lyzed with 5 mL lysis solution (2% SDS, 25 mM
EDTA, 0.5 mg/mL proteinase K; pH 9.7) for 45 min. Filters
were then washed twice with 2 mL of 25 mM EDTA (pH
10.3), and DNA was eluted from the filters with 30 mL
tetrapropyl-ammonium hydroxide-EDTA (pH 12.1) con-
taining 0.1% SDS at a rate of 0.035 mL/min in a dark
environment at 25°. The filters and fractions were then
processed as described by Kohn et al. [26]. Interstrand cross-
linking (ISC) frequency was determined using the equa-
tion:

ISC (rad eq) = [({1 = Ro)A1 - Ry)¥2 - 1] x 300

where R, and R, are the relative retention of [M*CIDNA
from control and MMC-treated cells, respectively, mea-
sured at the point where retention of PH]DNA equals 20%.

Hypoxic Cytotoxicity Assay

For acute hypoxia, cells were plated at a density of 2 x 10°
cells in 20 cm?® glass flasks (LUREX, Vineland, NJ) that
were specially modified by adding a separate chamber for
drug exposure as previously described by others [28]. The
cells were allowed to grow for 24 hr. The medium was
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removed and replaced with 2.5 mL of fresh medium, and 50
pL medium containing different concentrations of MMC
was put in separate chamber of each flask. Then the flasks
were put in the environmental chamber and gassed for 4 hr
under aerobic or acute hypoxic conditions as described
above. During the final hour, the cells were exposed to drug
by mixing the MMC solution and the cell culture medium,
so that no reoxygenation occurred between hypoxic and
MMC treatment. After the incubation period, the chamber
was opened and the flasks were immediately cooled on ice-
cold aluminum trays. The drug-containing medium was re-
moved, and the flasks were rinsed twice with ice-cold PBS
followed by addition of 0.05% trypsin. After cell detach-
ment, cells were resuspended in fresh medium, counted, and
plated in 96-well flat-bottomed plates. Cells were allowed
to grow to 4 days. The MTT assay was then carried out as
previously described [29].

For chronic intermittent hypoxia, the cytotoxicity assay
was essentially the same except that cells were initially
seeded at a lower density (2 x 10 per flask) and subjected
to hypoxia for 4 hr each day for 7 consecutive days as
described above. Fresh medium was added each time after

hypoxic treatment. On the final day (day 7), the cells were
treated with MMC.

RESULTS
DNA Topo II mRNA Expression

Topo Il mRNA expression under aerobic and hypoxic con-
ditions was investigated using northern blotting. To deter-
mine which topo Il isoform is expressed in these cells,
northern blots were first hybridized with a topo II, cDNA
probe. The same membranes were later stripped of the
probe and rehybridized with the topo Il ¢cDNA probe.
Densitometric scans of the northern blots (Fig. 1) revealed
that baseline topo II, mRNA expression under aercbic con-
ditions in resistant HT-29R13 cells was lower than that in
HT-29 cells, indicating that the previously observed de-
crease of topo Il activity in HT-29R13 cells [14] may occur
at the transcriptional level. Acute hypoxia induced a 2.2-
fold increase in topo II, mRNA in HT-29 cells (P < 0.05)
but induced only a 1.2-fold increase in HT-29R13 cells (P
= NS). Under chronic intermittent hypoxia, HT-29 cells
showed a 3.5-fold decrease and HT-29R13 cells a 2.8-fold
decrease in topo I, mRNA. The decreases in topo Il
mRNA in both cell lines were statistically significant (P <
0.05). Topo II, mRNA levels in 7-day aerobic control cells
showed no significant change as compared with cells cul-
tured for 24-48 hr indicating that topo 1, expression may
not be age dependent but instead may be cell-density de-
pendent [30]. Topo 1l; mRNA levels were almost unde-
tectable in both cell lines under aerobic conditions (Fig. 2).

RT-PCR Amplification of Topo Il mRNA

Since the levels of the topo Il mRNA in HT-29 and
HT-29R13 cells were almost undetectable by standard
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FIG. 1. Effect of hypoxia on topo II, mRNA expression.
Cells were incubated under aerobic or hypoxic conditions as
described in Materials and Methods. Following incubation,
15 pg of total RNA was isolated, and mRNA was measured
by northern blot hybridization with a *>?P-labeled topo II
probe. Membranes were rehybridized with a GAPDH ¢cDNA
probe to control for the amount of RNA present in each
lane. Shown is a northern hybridization from a representa-
tive experiment (N = 4). Lanes: 1, aerobic conditions for 24
hr; 2, acute hypoxia; 3, aerobic conditions for 7 days; and 4,
chronic intermittent hypoxia.

northern blotting techniques, we sought to further analyze
the levels of topo Iz mRNA in aerobic or hypoxic HT-29
and HT-29R13 cells with a PCR-based assay. As shown in

the representative experiment displayed in Fig. 3, similar

HT-29 HT-29R13

a b a b

Topo-11

GAPDH

FIG. 2. Comparison of topo II, and topo Il mRNA expres-
sion. Cells were incubated under aerobic conditions as de-
scribed in Materials and Methods. Following incubation, 15
ng of total mRNA was isolated, and mRNA was measured
by northern blot hybridization with a *?P-labeled topo I1,
probe. The same membranes were stripped of the topo 11,
probe, and then rehybridized with a *?P-labeled topo Il
probe. The membranes were also rehybridized with a
GAPDH cDNA probe to control for the amount of RNA
present in each lane. Shown is a representative northern
hybridization from one of the four experiments performed.
Lanes: a, topo II; and b, topo 11,
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HT-29R13
2 3 4

HT-29
1 2 3 4 1

Topo-IIb

FIG. 3. Effect of hypoxia on topo Il; mRNA analyzed by
RT-PCR. One microgram of total cellular mRNA was re-
verse transcribed, and PCR was performed as described in
Materials and Methods. Samples were analyzed using 8%
acrylamide gel electrophoresis and then stained with ethid-
ium bromide. Ribosomal RNA cDNAs were used as internal
controls. Shown is a representative gel from one of the three
experiments performed. Lanes: 1, aerobic conditions for 24
hr; 2, acute hypoxia; 3, aerobic conditions for 7 days; 4,
chronic intermittent hypoxia.

levels of topo Il mRNA were found in all samples, indi-
cating that acute or chronic intermittent hypoxia had no
significant effect on topo Il levels in the cells.

DNA Topo 11, Protein Levels

Nuclear protein extracted from HT-29 and HT-29R13 cells
treated under aerobic or hypoxic conditions was subjected
to western blotting with topo II, antibody (Fig. 4). Under
control (aerobic) conditions, topo I, protein levels were
greater in HT-29 than in HT-29R13 cells, suggesting that
the previously demonstrated decrease of topo I activity in
HT-29R13 cells [14] resulted from a decrease of topo II,
protein. Topo II, protein levels showed no significant
change when cells were grown under aerobic conditions for
7 days. Acute hypoxia significantly increased topo 1l pro-
tein levels in HT-29 cells by about 4-fold (P < 0.001), but
only slightly increased topo Il protein in HT-29R13 cells
by about 1.5-fold (P = NS). In chronic intermittent hyp-
oxia-treated HT-29 and HT-29R13 cells, topo Il protein

HT-29R13

180Kd-

i

FIG. 4. Effect of hypoxia on topo II, protein expression.
Cells were incubated under aerobic or hypoxic conditions as
described in Materials and Methods. Following incubation,
nuclear protein was isolated, separated on a 6% SDS-PAGE
gel, and then transferred to a nitrocellulose membrane.
Topo Il was detected by immunoblotting using an antibody
against human topo II. Shown is an immunoblot from a
representative experiment (N = 4). Lanes: 1 and 5, aerobic
conditions for 24 hr; 2 and 6, acute hypoxia; 3 and 7, aero-
bic conditions for 7 days; and 4 and 8, chronic intermittent
hypoxia.
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levels were decreased by 2.4- (P < 0.01) and 1.8-fold (P <

0.05), respectively, compared with aerobic cells.

DNA Topo II Activity

Topo Il activity in 0.35 M NaCl extracts of nuclei isolated
from control or hypoxia-treated cells was compared by us-
ing the topo Il specific pPBR322 DNA relaxation assay [25].
In ATP-depleted nuclear extracts, no topo I activity was
noted using this assay. The results obtained with serial di-
lutions of nuclear protein extracts are shown in Figure 5.
The activity of topo Il in control (aerobic conditions) HT-
29 cells was markedly (1.8-fold) higher than that in control
HT-29R13 cells (Table 1). The activities were somewhat
lower than those we reported before [14] because we used a
lower serum concentration in the current experiments,
which again demonstrates the proliferation dependence of
topo I activity [30]. Acute hypoxia resulted in a 3.0-fold
increase in topo 1l activity in HT-29 cells (P < 0.05), but
lacked a significant effect in HT-29R13 cells. In chronic
intermittent hypoxia-treated HT-29 and HT-29R13 cells,
activities of topo Il decreased 2.7-fold (P < 0.05) and 1.6-
fold (P < 0.05), respectively, compared with their aerobic
counterparts.

MMC-Induced DNA Interstrand Cross-Links

As shown in Fig. 6, MMC treatment under aerobic condi-
tions induced DNA interstrand cross-links in both HT-29
and HT-29R13 cell lines in a concentration-dependent
fashion, but the frequency of cross-links was about 2-fold
higher in HT-29 cells than in HT-29R13 cells (P < 0.05).
In HT-29 cells, MMC treatment under acute hypoxia re-
sulted in an increased number of DNA cross-links, and
treatment under chronic intermittent hypoxia resulted in a

01 2 3 4 56 7 8 9101112131415

HT-29

HT-29R13
u

FIG. 5. Effect of hypoxia on topo II activity. Cells were in-
cubated under aerobic or hypoxic conditions as described in
Materials and Methods. After incubation, nuclear protein
was extracted, and DNA topo Il activity was assayed by the
ability of serial dilutions of nuclear protein (0.25, 0.125,
0.0625, 0.0313, 0.0157 pg per well) to relax supercoiled
pBR322 DNA. Shown is a representative gel from one of the
four experiments performed. Ordinate I, “relaxed’” form of
DNA; I1, supercoiled form of DNA; lanes: 0, control; 1-5,
aerobic conditions; 6-10, acute hypoxia; and 11-15, chronic
intermittent hypoxia.
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TABLE 1. Effect of hypoxia on topo II activity

Topo II activity (units)

Aerobic Acute Chronic intermittent
Hypoxia Hypoxia
HT-29 68 +12 204 + 51* 25 + 15%t
HT-29R13 39+10 46 £ 9 24+ 7%

Cells were incubated under aerobic conditions, acute hypoxia (4 hr), and chronic
intermittent hypoxia (4 hr/day x 7 days) as described in Materials and Methods.
Nuclear protein was isolated, and topo 1I activity was determined using the pBR322
DNA relaxation assay. One unit of topo Il was defined as the amount of nuclear
protein required to completely convert 1 ug of supercoiled pBR322 DNA into the
relaxed form in 10 min at 37°C. Values are means + SEM, N = 5 independent ex-
periments.

* P < 0.05 compared with aerobic cells.

T P < 0.05 compared with acute hypoxic cells.

decreased number of cross-links, compared to treatment
under aerobic conditions (Fig. 6). The difference between
the number of cross-links induced by MMC under aerobic,
acute hypoxia, and chronic intermittent hypoxia was sta-
tistically significant (P < 0.05). In HT-29R13 cells, there
was no significant difference in MMC-induced DNA cross-
links under aerobic conditions or acute hypoxia (Fig. 6).
However, MMC induced fewer DNA cross-links in HT-
29R13 cells under chronic intermittent hypoxia than under
aerobic conditions (P < 0.05). It is interesting to note that
when the two cell lines were treated under the same con-
ditions, the frequency of MMC-induced DNA cross-links
was always significantly higher in HT-29 cells than in the
resistant HT-29R13 cells.

MMC Chytotoxicity

Under aerobic conditions, there was an approximately 2.5-
fold difference in ICs, values (Table 2) between HT-29 and
HT-29R13 cells, consistent with our earlier study that used
a higher serum concentration [14]. The serum concentra-
tion in this study was lowered to more closely resemble solid
tumors in vivo. HT-29 cells were more sensitive to 1 hr
MMC under acute hypoxia (P < 0.01). In contrast, acute
hypoxia did not affect the sensitivity of HT-29R13 cells to
I hr MMC. Under chronic intermittent hypoxia, both cell
lines became significantly more resistant to MMC. HT-29
cells were about 3 times more resistant and HT-29R13 cells
were about 1.5 times more resistant to MMC under chronic
intermittent hypoxia than their aerobic controls (both P <
0.01). Overall, HT-29 cells were more sensitive to the ef-
fects of hypoxia than the MMC resistant subline HT-
29R13.

DISCUSSION

MMC has been shown to be more cytotoxic towards certain
cells under hypoxic conditions in vitro [6-9]. In these situ-
ations, enhanced activation of MMC occurs via hypoxic
metabolism [10]. However, the antiproliferative effects of
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FIG. 6. Effects of hypoxia on MMC-induced DNA strand
breaks. Cells were isolated under aerobic or hypoxic condi-
tions and DNA fragments were isolated using the alkaline
elution technique as described in Materials and Methods.
Top panel, HT-29 cells. Bottom panel, HT-29R13 cells.
Key: (O) aerobic conditions (@) acute hypoxia; and (4)
chronic intermittent hypoxia. Values are means + SEM, N =
4 independent experiments.

MMC are not enhanced by increased activation in all in
vitro systems [31]. This suggests that other factors may also
affect MMC cytotoxicity, such as the ability of the drug to
interact with DNA targets [12], or to interfere with DNA
damage repair [32]. Since DNA topo II has been shown to

TABLE 2. Effect of hypoxia on MMC 1c5, values

ICso (M)
Aerobic Acute Chronic intermittent
hypoxia hypoxia
HT-29 0.65+0.11 0.28 + 0.08* 1.91 £ 0.19*
HT-29R13 1.55+0.16 142 +0.22 2.40 + 0.16*

Cells were incubated under aerobic conditions, acute hypoxia (4 hr), and chronic
intermittent hypoxia (4 hr/day x 7 days), and then treated during the last hour with
MMC as described in Materials and Methods. Cytotoxicity was determined using the
MTT assay. Values are means + SEM, N = 4 independent experiments.

* P < 0.01 compared with aerobic cells.
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play a vital role in DNA metabolism and repair [16], and
decreased topo Il activity was associated with decreased
MMC cytotoxicity [14], it was important to further study
the role of topo 1l in MMC-induced cytotoxicity and DNA
cross-linking under hypoxic and aerobic conditions.

This study demonstrated by means of northern and west-
ern blotting that HT-29R13 cells possess lower levels of
topo 1, mRNA and protein than HT-29 cells. Thus, our
previous finding of lower topo II activity in HT-29R13 cells
may be the result of a transcriptional level change of topo
11, expression. An unexpected observation was that topo
Il expression was not changed in HT-29R13 cells com-
pared with HT-29 cells, either under aerobic or hypoxic
conditions. This indicates that topo Ilg is unlikely to con-
tribute to MMC and 5-FU resistance in HT-29R13 cells
and unlikely responsible for the hypoxia-induced alter-
ations of MMC sensitivity in these cells.

Acute hypoxic stress significantly induced topo 11,
mRNA, protein, and activity in HT-29 cells, but had little
effect in HT-29R13 cells. Chronic intermittent hypoxia
resulted in decreased topo 11, mRNA levels in both HT-29
and HT-29R13 cells, accompanied by decreased protein
content and activity, indicating transcriptional regulation
of topo 1l expression. It is interesting that the effects of
hypoxic conditions on topo 11, expression and activity were
more pronounced in HT-29 cells.

Decreased topo Il expression/activity is felt to be respon-
sible for cellular resistance to a variety of anticancer agents
[33]. Such drugs appear to exert their cytotoxicity by form-
ing topo Il-drug-DNA cleavable complexes, resulting in
DNA damage [34]. Qualitative assays of topo Il catalytic
and cleavage activity revealed that up to 100 pM MMC
had no significant effect on topo II activity (data not
shown), suggesting that topo Il itself is not a direct target of
MMC. The differences in topo Il expression and activity
in HT-29 and HT-29R 13 cells treated under aerobic, acute,
and chronic intermittent hypoxic conditions correlate with
the ability of MMC to induce DNA interstrand cross-
linking (Fig. 6). These results support our hypothesis that
topo 11, affects MMC-induced DNA damage by increasing
the accessibility of DNA targets to MMC.

The results also demonstrate that baseline or hypoxia-
induced differences in topo 1l activity (Fig. 5, Table 1)
correlate with differences in MMC-induced cytotoxicity.
Under acute hypoxia, HT-29 cells were more sensitive to
MMC, similar to results observed with acute hypoxia in
other cell lines [31]. In contrast, HT-29R13 cells showed no
significant change in MMC sensitivity under acute hypox-
ia. Chronic intermittent hypoxia decreased the sensitivity
of both cell lines to MMC. MMC sensitivity was decreased
about 3-fold in HT-29 and 1.5-fold in HT-29R13 cells
(Table 2). The changes in MMC cytotoxicity induced by
chronic intermittent hypoxia were not due to cell density
effects per se since the sensitivity of control (aerobic) cells
up to 7 days in culture remained unchanged (data not
shown).
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We have concentrated our attention on the association
between the levels of expression of topo I, and MMC-
induced DNA cross-linking and cytotoxicity. The results
presented here suggest a correlation between cellular sen-
sitivity to MMC and topo 1, expression and activity under
aerobic or hypoxic conditions. It is certainly possible that
hypoxia may also induce alterations in mRNA stability and
metabolism and in other mechanisms associated with
MMC resistance. We have not seen any hypoxia-induced
alterations in DTD activity under the conditions used in
this study (unpublished observations), although others
have noted induction of DTD mRNA with a single longer
(8 hr) hypoxic treatment [35]. The chronic intermittent
hypoxia-induced changes in topo 1l expression and activ-
ity may be explained, at least partially, by the observed
increase in G;/G, fraction (see Materials and Methods).
However, the topo 11, alterations that occurred under acute
hypoxia were not accompanied by any changes in cell cycle
kinetics. This suggests that factors in addition to cell cycle
regulate topo Il under hypoxic conditions. The effects of
hypoxia on topo II metabolism, P-gp expression, and MMC
activation or detoxification enzymes are being studied cur-
rently in our laboratory.

We speculate that topo Il affects the accessibility of tar-
gets in DNA which are damaged by drugs such as MMC
and 5-FU. This appears different from the role that topo 11
plays in DNA damage repair or the formation of the cleav-
able DN A—topo II-drug complex. Furthermore, the results
of this study demonstrate that hypoxia-induced alterations
of chemotherapy sensitivity are highly dependent upon the
type of hypoxia and the particular cell line.
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