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ABSTRACT

The purpose of these studies was to determine whether interferon- a (IFN- a ) could enhance the sensitivity of
human osteosarcoma cells to the cytotoxic actions of etoposide (VP-16). Cytostasis was determined using a
[3H]thymidine incorporation assay, whereas cytotoxicity was quantified by a colony-formation assay. Low
concentrations (0.1�5 U/ml) of IFN- a enhanced the cytostatic activity of VP-16 against MG-63, SAOS-2, and
TE-85 osteosarcoma cells. The cytostatic activity of 1 l M VP-16 rose from 11% to 64%, 9% to 31%, and
10% to 71%, respectively, in the three cell lines when IFN- a was present. Survival fraction was also decreased
when the osteosarcoma cells were treated with VP-16 1 IFN- a as compared to either agent alone. The inter-
action between these two agents was determined to be synergistic rather than additive by interaction index
analysis. Similar effects on cytostasis and cytotoxicity were observed when IFN- a was combined with Adria-
mycin but not cisplatin, actinomycin D, vinblastine, or amsacrine. VP-16 uptake was enhanced 12-fold in the
presence of IFN- a , but this did not appear to translate into an increase in topoisomerase-II (topo-II)�DNA
complex formation as quantified by the sodium dodecyl sulfate-KCl precipitation assay. We also could not
detect alterations in topo-II expression, topo-II protein production, or cell cycle kinetics that have been shown
to correlate with increased VP-16 cell sensitivity. Therefore, at this time the mechanism of enhanced cell sen-
sitivity to the combination treatment remains unclear.
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INTRODUCTION

O STEO SARCOM A IS TH E M O ST COM M O N primary malignant
bone tumor, usually presenting in the adolescent years. De-

spite intensive chemotherapy and surgery, 30% of patients will
develop lung metastases. (1�3) Treatment of patients with re-
lapsed disease continues to be a challenge, and second-line
chemotherapy has shown limited efficacy. The tumor response
rates in patients with disease relapse are much lower than those
in newly diagnosed patients when the identical agents are
used.(4,5) Because of the poor response rates in and the lack of
chemotherapeut ic options for previously treated patients, we
sought to determine whether combining biologic agents with
classical chemotherapeut ic compounds (biochem otherapy)
would offer another treatment option.

The biochemotherap eutic approach in which interferon- a
(IFN- a ) is added to chemotherapy has been successful in re-
lapsed melanoma and relapsed, gastric, colon, and head and
neck carcinomas. (6�11) IFN-a enhances the in vitro antitumor

activity of cisplatin, carboplatin, Adriamycin (ADR), etoposide
(VP-16), 5-fluorouracil (5-FU), vinblastine (VLB), and mito-
mycin C.(12�15) In addition, IFN-a improves response rates to
dacarbazine, (6�9) 5-FU, and cisplatin. (10,1 1)

As a single agent, there is no clear evidence that IFN-a has
efficacy against relapsed osteosarcom a.(16�19) Therefore, pre-
clinical investigations in our laboratory have focused on com-
bining IFN- a with VP-16 (an agent used to treat relapsed dis-
ease), as well as other topoisomerase-II  (topo-II) inhibitors, to
determ ine whether IFN- a can improve therapeutic efficacy.
IFN-a potentiates the in vitro response of renal carcinoma cells
and non-small cell lung cancer cells to VP-16.(20,21) Clinically,
this combination has shown activity against histiocytosis X (22)

and gastric cancer. (23) Thus, combining IFN- a with VP-16 is a
novel area of investigation for osteosarcoma therapy.

In the investigations reported here, we characterize three os-
teosarcom a cell lines with respect to their sensitivity to VP-16.
We further demonstrate that low concentrations of IFN-a en-
hance the in vitro cytoxicity of both VP-16 and ADR.
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MATERIALS AND METHODS

Reagents and drugs

Eagle�s minimal essential medium (EMEM), Hanks� balanced
salt solution (HBSS) without Ca2 1 , or Mg2 1 , nonessential amino
acid, sodium pyruvate, MEM vitamins, and L-glutamine were
purchased from Whittaker Bioproducts (Walkersville, MD). Fe-
tal bovine serum (FBS) was purchased from Intergen Co. (Pur-
chase, NJ). All reagents were free of endotoxin as determined
by the Limulus amebocyte lysate assay (sensitivity limit 5
0.025 ng/ml). Human IFN- a -2a (HuIFN a -2a specific activity 5
3.0 3 106 U/ml) was purchased from Hoffmann-La Roche Inc.
(Nutley, NJ). ADR was a gift from Adria Laboratories (Colum-
bus, OH). Amsacrine was obtained from the National Cancer
Institute (Bethesda, MD). VP-16 was purchased from Sigma
Chemical Co. (St. Louis, MO). VLB was purchased from Quad
Co. (Indianapolis, IN). Actinomycin D (Act D) was purchased
from Merck Sharp & Dohme (West Point, PA). VP-16 and am-
sacrine (mAMSA) were dissolved in dimethyl sulfoxide
(DMSO).

Osteosarcoma cell lines

Three human osteosarcom a cell lines, MG-63, SAOS-2, and
TE-85, were obtained from the American Type Culture Col-
lection (Rockville, MD) and were routinely tested and found to
be free of mycoplasma contamination. All three cell lines were
maintained in EMEM supplemented with 2 mM L-glutamine, 1
mM sodium pyruvate, 1 mM nonessential amino acid, 2 3 MEM
vitamin, and either 10% heat-inactivated (56°C for 30 min) FBS
for cell growth assay or 5% FBS plus gentamicin (50 m g/ml)
for cytotoxicity assay.

Cytostasis assay

In vitro cytostasis was quantified by measuring [3H]thymi-
dine incorporation. MG-63, SAOS-2, and TE-85 cells in sub-
confluence mid-log phase were harvested by trypsinization us-
ing 0.25%  trypsin/0.02% ethylene diamine tetracecetic acid
(EDTA) for 1�2 min. The cells were then washed, resuspended
in supplemented EMEM, and adjusted to contain 5 3 106

cells/ml. Cells (5 3 105) were added to each well of a Falcon
3072, 96-well flat-bottomed Microtest II plate (Becton Dickin-
son Labware, Lincoin Park, NJ). The cultures were then incu-
bated at 37°C in a 5% CO2 humidified incubator for 6 h, fol-
lowed by treatm ent with medium alone, medium containing
IFN- a , or medium containing chemotherapeut ic agents (VP-16,
ADR, VLB, mAMSA, or Act D) with or without IFN- a for 48
h. Triplicate wells were used for each group. The cultures were
then labeled with 0.2 m Ci/well of [3H]thymidine (ICN Bio-
medicals Inc., Radiochemica ls Division, Irvine, CA) during the
last 24 h of incubation. At the end of incubation, the cells were
washed twice with HBSS, and 0.1 ml of 0.1 N KOH was added
to lyse the adherent viable cells. The radioactive incorporation
was determined using a plate harvester (Tomtec, Orange, CT)
and Beta Plate Counter (Wallac Oy, Turku, Finland). The per-
centage of cytostasis was calculated by the following formula:
% of cytostasis 5 [(A 2 B)/A] 3 100, where A is the radioac-
tivity in counts per minute (cpm) associated with cells treated
with medium alone and B is the radioactivity in cpm associ-

ated with cells treated with IFN-a alone, drug alone, or the com-
bination of IFN- a plus drug. Each experiment was repeated at
least three times. We previously showed that changes of , 15%
are usually not significant in this assay. (24)

To determine whether the sequence of drug exposure had an
impact on cytotoxicity, target cells were treated with VP-16 for
2 h prior to the addition of IFN- a or treated with IFN- a for 2
h prior to the addition of VP-16. Cultures were incubated an
additional 46 h. The [3H]thymidine (0.2 m Ci/well) was added
into each well during the last 24 h of incubation. The cells were
then washed and lysed, and the radioactive incorporation was
determined. Cytostasis was calculated as described above.

Colony-forming assay

Cytotoxicity was also determ ined using the colony-forming
assay. Briefly, target cells (300 cells/well) in mid-log phase
were seeded into six-well plates (Costar Co., Cambridge, MA),
and incubated at least 6 h to permit cell attachment. The cul-
tures were exposed to medium alone; medium containing IFN-
a , ADR, or VP-16 individually; or medium containing ADR 1
IFN- a or VP-16 1 INF- a for 24 h. Triplicate wells were used
for each treatment group. The cultures were then washed twice
with HBSS, refed with fresh medium, and incubated at 37°C
in a 5% CO2 humidified incubator for 11�14 days. At the end
of this incubation period, the cultures were fixed with 10% for-
malin and stained with 0.04%  crystal violet. A colony was de-
fined as growth of more than 30 cells. The plating efficiencies
and percentage of surviving cells were calculated from colony
counts. The plating efficiency was defined as the number of
colonies present in control well/divided by the number of cells
seeded into the well. The survival fraction was calculated as
the number of colonies present in drug-treated well/divided by
the number present in the untreated control well multiplied by
100. Each experiment was repeated at least twice.

Cell-associated VP-16

Drug uptake by tumor cells treated with or without IFN-a
was quantified using radiolabeled VP-16 and triturated water
to determine cell volume.(25) Cells (0.2�0.3 3 106) plated into
60-mm tissue culture dishes were pretreated with medium in
the absence or presence of 10 U/ml IFN-a for 23 h at 37°C,
and then reincubated with 2 m Ci/ml of [3H]thymidine-la beled
VP-16 alone or IFN- a plus [3H]thymidine-labeled VP-16 (spe-
cific activity 5 475 m Ci/mmol; Moravek Biochemicals Inc.,
Brea, CA) for 1 h. After incubation, the dishes were placed on
ice and the cells harvested by scraping. One milliliter of cell
suspension was removed and gently layered on 0.4-ml of Ver-
silube F-50 silicone oil in a microcentrifuge tube. The cells were
pelleted through the oil by spinning for 1 min at 15,000 rpm at
4°C. The tube bottom containing the pellet was cut off and
placed in a scintillation vial. The cell pellet was dislodged from
the microcentrifuge tube using 1.5 ml of phosphate-buffered
saline (PBS) and solubilized by the addition of 1.5 ml of 0.4 N
NaOH and then incubated overnight at 37°C. One-tenth milli-
liter of cell suspension and 0.1 ml of supernatant were removed
and placed into scintillation vials. The radioactivity was quan-
tified. The uptake of [3H]thymidine-la beled VP-16 was com-
pared with that of [3H]thymidine-la beled H2O (New England
Nuclear Corp., Boston, MA). The uptake of [3H]thymidine-l a-
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beled VP-16 per milliliter of cells was calculated by the fol-
lowing formula: ([3H] 2 VP 2 16 pellet cpm/475)/([3H] 2
H2O pellet cpm/10 3 [3H] 2  H2O supernatant cpm).

SDS/KCl precipitation assay

Cells at mid-log phase and 30% confluence were radiola-
beled with 0.6 m Ci/ml [3H]thymidine and 0.2 m Ci/ml
[14C]leucine (Du Pont-NEN Product, Boston, MA) at 37°C for
24 h. The cultures were then washed twice with HBSS and
chased with fresh medium for 2 h. The cells were reincubated
with medium with or without 10 U/ml of IFN-a for 23 h at
37°C. Various concentrations of VP-16 were then added for an
additional 1 h. The cells were washed twice with PBS at 4°C
and then lysed with lysis solution (1.25% sodium  dodecyl sul-
fate [SDS], 5 mM EDTA, pH 8.0, and 0.4 mg/ml herring sperm
DNA) at 65°C for 10 min; DNA�protein complexes were pre-
cipitated by 0.325 M KCl as previously described. (22) The ra-
tio of 3H-labeled DNA to 14C-labeled protein was calculated
for each sample. The results are expressed as the fold increase
in the ratio of [3H]DNA/[14C]protein of VP-16-treated cells
compared to the ratio obtained with control cells, and the ratio
of the combination of IFN-a - and VP-16-treated  cells compared
to the ratio obtained using cells treated with IFN-a alone. (26,27)

Northern blot analysis

Mid-log-phase (30% confluence) cells were treated with or
without IFN-a (5 U/ml for SAOS-2, and 10 U/ml for MG-63
and TE-85 cells) for 4 and 24 h. Cells were then harvested and
15 m g of total RNA was extracted by TRIzol total RNA isola-
tion reagent according to the manufacturer� s recommendat ions
(GIBCO BRL, Grand Island, NY). The RNA was then sepa-
rated by electrophoresis in 1% agarose-formald ehyde gels,
transferred to a nylon membrane, and hybridized with the hu-
man topo-II a probe (a gift from Dr. L. Liu, Robert Wood John-
son Medical School, University of Medicine and Dentistry of
New Jersey). (26) Densitometric analysis was performed using a
Personal Densitometer (Molecular Dynamics, Sunnyvale, CA),
and the values were normalized for differences in b -actin scan-
ning densities.

Cell cycle analysis

Osteosarcoma cells were synchronized by incubation with
serum -free medium for one doubling time period or 24h (MG4-
63, TC-85 cells) and 48 h (SAOS-2 cells) and then treated with
IFN- a or VP-16 alone or with a combination of IFN-a and VP-
16 in media containing serum  for 24, 48, and 72 h. At the end
of the incubation period, the cultures reached a density of
1.0�1.2 3 104 cells/cm 2. The cells were washed, harvested by
trypsinization, washed again with PBS (4°C), and then fixed
with 70% ethanol overnight. The cells were then washed with
PBTB (0.5 ml Tween-20, 0.5 g bovine serum albumin, and PBS
up to 100 ml), incubated with RNase (Sigma Chemical Co.) at
37°C for 30 min, and then washed again with PBTB. Cells (1 3
106) were resuspended in 1 ml of PBTB at 4°C and stained at
4°C for 30 min with 20 m g/ml of propidium iodide (Sigma
Chemical Co.) in 95% ethanol. (28) The samples were analyzed
using an Epics Profile flow cytometer (Coulter Corp., Hialeah,
FL).

Statistical analysis

Data were analyzed by the Student�s t-test, and values of p ,
0.05 were considered statistically significant. Interactions be-
tween two pharmacologic agents were determined by using the
isobologram analysis or by calculating the interaction index. (29)

Using the equation Ac/Ae 1 Bc/Be, synergistic cytotoxicity
was demonstrated between IFN- a and the individual
chemotherapeuti c agents. Ae and Be were the dose of drug or
IFN- a alone that produced 30% cytotoxicity, and Ac and Bc
were the combined dose that produced the same (30%) antitu-
mor effect. Expressed algebraically: Ac/Ae 1 Bc/Be , 1 for
synergy, 5 1 for additive effects, and . 1 for antagonism. (29)

RESULTS

Effect of IFN- a on drug-induced cytostasis

As shown in Fig. 1, all three osteosarcoma cell lines were
relatively resistant to both VP-16 and ADR. IFN- a enhanced
the cytostatic effect of both drugs on all three cell lines. This
enhanced cytostasis was dose-dependent with respect to VP-16
and ADR and to a lesser extent IFN- a , too. Cytostasis was en-
hanced regardless of the order of drug exposure (data not
shown). The interaction index values were calculated to be ,
1 in all three cell lines, indicating synergistic interactions be-
tween IFN-a and both VP-16 and ADR. IFN- a did not enhance
the cytostatic action of mAMSA, Act D, cisplatin, or VLB (data
not shown).

Cytotoxicity was quantified using the colony-forming  assay.
As shown in Fig. 2, the survival fraction of all three cell lines
was significantly reduced when the target cells were treated si-
multaneously with IFN-a 1 VP-16 or IFN- a 1 ADR com-
pared with VP-16, ADR, or IFN- a alone. Once again, the in-
teraction indices were calculated to be , 1, indicating synergism
when the two agents (IFN- a 1 VP-16 or IFN-a 1 ADR) were
used together.

Effects of IFN- a on intracellular VP-16 accumulation

In an attempt to determine possible mechanisms by which
IFN- a enhanced the cytotoxic activity of VP-16, we quantified
drug uptake by tumor cells treated with or without IFN- a . As
shown in Fig. 3, cell-associated VP-16 was increased by con-
current exposure to IFN-a in two of the three cell lines. None
of these cell lines expressed MDR-1 as measured by northern
analysis (data not shown). Therefore, alterations in p-glyco-
protein by IFN-a are unlikely to play a major role in the mech-
anism  of enhanced cytotoxicity.

Effect of IFN- a on topo-II expression

VP-16�s mechanism of action has been linked to its ability
to interact with cellular topo-II and stabilize a complex between
topo-II and DNA.(3 0) Increased cellular levels of topo-II pro-
vide increased drug target and correlate with increased cellular
sensitivity to topo-II-active agents such as VP-16.(31) Therefore,
we sought to determine whether IFN- a increased the expres-
sion of topo-II in these osteosarcoma cell lines. As shown in
Fig. 4, IFN- a did not increase the expression of topo-II after
either 4 or 24 h.
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We could also find no evidence for an increase in the topo-
II protein (data not shown). The topo-II� DNA complex stabi-
lized by VP-16 can be quantified according to the amount of
DNA�protein crosslinking or DNA cleavage using the SDS-
KCl precipitation assay. Higher topo-II protein levels result in
an increase in drug-induced complex formation because there

is more drug target. We were unable to detect any increased
complex formation when cells were treated with VP-16 1 IFN-
a as compared to VP-16 alone (Fig. 5). Therefore, we conclude
that an increase in topo-II expression, topo-II protein produc-
tion, or increased complex formation is unlikely to play a role
in the enhanced cytotoxicity induced by IFN-a .
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FIG. 1. Cytostatic effects of IFN- a 1 VP-16 (A) or (B) on MG-63, SAOS-2, and TE-85 cells. Cytostasis was determined by
[3H]thymidine incorporation assay. Target cells were treated with single or combined agents for 48 h. [3H]Thymidine was added
during the last 24 h of incubation. Radioactive incorporation was measured, and cytostasis was calculated. Triplicate wells were
used for each group. Each point and bar represent the mean 6 SD from one of at least three independent experim ents.



Effect of IFN- a on cell cycle

Alterations in cell cycle can enhance or reduce the sensitiv-
ity of cells to chemotherapeuti c agents. (32) Topo-II is more sen-
sitive to drug action in proliferating cells than in quiescent
cells.(3 3) Furthermore, recruitment of cells into S phase results
in a population of cells that is more susceptible to the cytotoxic

actions of VP-16.(32) This is independent of the drug-induced
DNA cleavage. Therefore, we next determined whether IFN-a
altered cell cycle kinetics so as to place the cells in a more drug-
susceptible cell cycle stage. When TE-85, MG-63, and SAOS-
2 cells were synchronized and then incubated with IFN- a , the
percentage of cells in S phase was not significantly different
from that in the control population (data not shown). Therefore,
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FIG. 2. Cytotoxic effects of IFN- a 1 VP-16 (A) or IFN-a 1 ADR (B) on MG-63, SAOS-2, and TE-85 cells. Cytotoxicity was
determined using the colony-formation  assay. Target cells were harvested and seeded into wells and then treated with single or
combination agents for 24 h. After washing, the cultures were incubated for 11�14 days. The numbers of colonies were counted
and survival rate was calculated. Triplicate wells were used for each group. Each point and bar represent the mean 6 SD from
one of at least three independent experim ents.




