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Modulation of drug and radiation resistance in small cell

lung cancer cells by paclitaxel

Vicki L. Locke?, Ross A. Davey® and Mary W. Davey?

Small cell lung cancer (SCLC) responds to treatment with
cisplatin and etoposide, but relapse is rapid and survival
rates are low. Our aims were to determine the mechanisms
of resistance and the potential for paclitaxel (Taxol) to
overcome any drug or radiation resistance. To mimic
clinical treatment, H69 SCLC cells, representative of the
classic form of the disease, and H82 cells, with the
phenotype of the more resistant variant disease, were
treated intermittently with 100 ng/ml cisplatin or 500 ng/ml
etoposide (approximate ICso drug doses) to produce
stable sublines. Drug and radiation resistance were
determined using the MTT assay. Protein expression was
determined by Western blot. The effect of paclitaxel on
drug resistance was determined by cytotoxicity assays.
Intermittent 4-day treatment with 100 ng/ml cisplatin
caused 2- to 3-fold resistance to cisplatin (n=>5; p<0.05),
and 2- to 5-fold cross resistance to etoposide, alkylating
drugs, the Vinca drugs and radiation. Resistance was
mediated primarily by changes in glutathione metabolism
and was not associated with changes in MRP2 transport
protein. Treatment with etoposide (500 ng/ml) produced
cells with 2-fold resistance to etoposide (n=5; p<0.05).

Introduction

Lung cancer is a leading cause of cancer-related
deaths and remains a world-wide public health problem.
Small cell lung cancer (SCLC) accounts for 20-25%
of lung cancer and is one of the most aggressive forms of
the disease. The principal treatment for all stages of
SCLC is combination chemotherapy with high response
rates and improved survival, although patients with
the classic form of SCLC respond to treatment better
than those with the variant form of the disease [1].
However, relapse and disease progression occurs in the
majority of patients. With the introduction of radio-
therapy and new drug combinations, the 5-year survival
for limited-stage disease has improved in recent years to
24% [2]. However, the 5-year survival for all patients is
still only about 5% with little improvement since the
introduction of combination chemotherapy in the early
1970s [3,4]. The most significant reason for the failure
of drug therapy is the development of drug resistance.
In vitro studies have identified several resistance
mechanisms involved in multidrug resistance (MDR),
the most commonly described mechanisms being the
expression of drug resistance proteins, P-glycoprotein,
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Cross-resistance was limited and mediated by decreased
topoisomerase lla. Treatment of both drug-resistant
sublines with a maximal non-cytotoxic dose of paclitaxel
sensitized them to other drugs and to radiation, although
this treatment had no effect on the parental H69 or H82
cells. We conclude that paclitaxel may play an important
role in the treatment of refractory SCLC. Anti-Cancer Drugs
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multidrug resistance-associated protein (MRP1) and
breast cancer resistance protein (BCRP). These proteins
are members of the ATP-binding cassette superfamily
of transport proteins which confer resistance to a wide
range of natural product drugs including anthracy-
clines and etoposide, commonly used in the treatment
of SCLC [5].

The failure of chemotherapy in SCLC has led to the
introduction of new drugs in combination with the
standard treatment with anthracyclines, etoposide and/
or cisplatin, in an attempt to improve treatment out-
comes [3]. Paclitaxel, an antimitotic drug, has been
successful in the treatment of many drug-resistant
cancers [6] and shows improved response in combination
with cisplatin/etoposide treatment [7]. While the cyto-
toxic activity of paclitaxel is associated with enhanced
assembly and stability of microtubules, paclitaxel has
many effects on cellular metabolism [8-10]. To exploit
the success of paclitaxel and improve the survival rate of
lung cancer patients requires an understanding of the
action of these drugs so that treatment protocols may be
optimized for drug dose and timing,.
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Pre-clinical testing of drugs in cultured cells provides a
simple method to determine potential drug interactions
or synergies as these  wvitro models retain many
properties of the tumor from which they were derived
[11]. However, many studies on cellular resistance use
drug doses far above those able to be achieved clinically
and their relevance must be questioned. In contrast,
treatment of SCLC cells with low doses of an anthracy-
cline showed drug resistance developed to a wide range of
drugs, not simply to the MDR, natural product drugs
[12,13]. Although the drug-resistant SCL.C cells were 2-
to 10-fold resistant to most drugs, treatment with
paclitaxel reversed the resistance and sensitized the cells
to many drugs including cisplatin and etoposide [12,13].
As cisplatin and etoposide are the most commonly used
drugs to treat SCLC [4], we have extended our studies to
examine the development of drug resistance to cisplatin
and etoposide in SCLC cells, and the ability of paclitaxel
to modulate this resistance.

Materials and methods

Cell cultures

The H69 and H82 human SCLC cells were from ATCC
(Rockville, MD). Cells and sublines were grown in
RPMI1640 (Trace Biosciences, Sydney, Australia) con-
taining 10% fetal bovine serum (Trace Biosciences),
20mM HEPES and 10mM NaHCOj; in a 5% CO,
atmosphere at 37°C. All cells and sublines were free of
Mycoplasma and exponentially growing cells were used for
all experiments.

To mimic clinical treatment, the H69-CP and H82-CP
sublines were developed by treating either the H69 or
H82 cells with 100 ng/ml of cisplatin for 4 days with a
recovery period of 2 weeks, for a total of six treatments.
The H69-VP and H82-VP sublines were similarly devel-
oped using 500ng/ml of etoposide. The etoposide-
resistant cells were then exposed to 1pg/ml for further
six treatments to develop the H69-VP1 and H82-VP1.
The resistance of these sublines was constant for over 3
months in the absence of drug treatment. However, to
ensure the stability of the sublines, cells were treated
with the appropriate drug dose every 8-10 weeks.

Cytotoxicity assays

Etoposide, genistein, chlorambucil and paclitaxel (Taxol)
were purchased from Sigma (St Louis, MO). Epirubicin
and daunorubicin were from Pharmacia (Sydney, Austra-
lia), vinblastine, navelbine and cisplatin were from David
Bull Laboratories (Sydney, Australia), and amsacrine was
kindly provided by Professor Bruce Baguley (University of
Auckland Medical School, New Zealand).

Sensitivity to drugs was determined using the MTT
(Sigma) cell viability assay. Cells (6 x 10*well for H69
cells and sublines and 5 x 10%well for H82 cells and

sublines) were incubated in triplicate in 96-well plates
with 2-fold serial drug dilutions for 5 days [14]. The 50%
inhibitory concentration (ICsy) was determined as the
drug concentration resulting in a 50% reduction in cell
viability. Relative resistance was calculated by dividing
the ICsy obtained for the resistant subline by the ICs
obtained for the parental cell line. For modulation of
resistance by paclitaxel, cells (5 x 10°/ml) were exposed
to the drug (10ng/ml) for 1h. The cells were resus-
pended in fresh media and incubated for 24 h before drug
resistance was tested using the MT'T assay.

Radiation sensitivity was determined by the MT'T assay,
similar to the drug sensitivity. Cells were exposed to a
linear gradient of X-radiation using a 6-MV X-ray linear
accelerator treatment machine fitted with a linear field
lead wedge. Control wells were not irradiated. Plates
were incubated for 5 days and cell viability determined as
above.

Western blot analysis

Cells (5 x 10°) were washed in phosphate buffered saline
(pH 7.2), and resuspended in 100 pl lysis buffer (50 mM
Tris, 1 mM PMSF), sonicated and 20 pg total protein was
subjected to electrophoresis on Tris—glycine 4-20%
gradient gel (Gradipore, Sydney, Australia). Blots were
developed using antibodies to topoisomerase (Topo) Ila,
Topo 1 (TopoGEN, Columbus, OH), glutathione-S-
transferase m (GSTm; Sigma), at a 1:500 dilution.
Membranes were re-developed using anti-B-actin (Sig-
ma), and protein was quantitated using the Microtek
ScanMaker III and the Molecular Analyst program (Bio-
Rad, Hercules, CA). For MRP1 and P-glycoprotein
expression, membrane fractions were prepared [13] and
subjected to electrophoresis as above. Blots were devel-
oped for P-glycoprotein, using G219 antibody (Centacore,
Malvern, PA) at a dilution of 1:500 and MRP1, using B5
antibody (kindly provided by Dr D Keppler, Heidelberg,
Germany) at a 1:1000 dilution.

Topo Il activity assay

The etoposide-dependent formation of cleavable com-
plexes was determined as the amount of radioactivity co-
precipitated by K*/SDS as previously described [15].

Cellular glutathione
Total intracellular glutathione was determined by the
colorimetric method using glutathione reductase [16].

Statistical analysis

All experiments were repeated at least twice and
significance determined on at least two independent
experiments using the Student’s z-test. Most analysis
used three to five replicates and numbers are indicated in
the results.
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Results

Development of drug resistance

"To examine cisplatin resistance, H69 cells, representative
of the ‘classic’ form of SCLC, and H82 cells, representa-
tive of the more drug-resistant ‘variant’ form of SCLC,
were treated for 4 days with 100 ng/ml cisplatin. This
dose was chosen since the ICsq for cisplatin in a 4-day
cytotoxicity assay is 140 = 1 ng/ml (#=3) for both the
H69 and H82 cells. After six treatments with a 2-week
recovery between treatments, the growth kinetics of the
cells were unaffected by drug exposure. Treatment
produced the H69-CP with 3-fold resistance to cisplatin
(n=135; p<0.05) and the H82-CP with 2-fold resistance
to cisplatin (#=15; p <0.05). Both sublines showed a
similar cross-resistance profile (Fig. 1) with highest
resistance to the alkylating agents (2- to 5-fold) and
low, but significant resistance (2-fold; p <0.05) to the
tubulin inhibitors vinblastine and vinorelbine, and to the
Topo inhibitor etoposide. However, while the H69-CP
cells were 3.8-fold resistant to the antimetabolite
gemcitabine (p <0.05), the H82-CP were 2-fold sensi-
tized to gemcitabine (p < 0.05). The sublines retained
this resistance for more than 3 months (longer times were
not tested).

Figure 2 shows that treatment with etoposide (500 ng/ml)
resulted in the H69-VP with 2-fold resistance to the
selecting drug (#=15; p <0.05) and the H82-VP which
were 3-fold resistant to etoposide (z =5; p < 0.05). Both
sublines were resistant to mitoxantrone (2- to 3-fold). In
addition, the H69-VP cells were resistant to the Topo 11
activity inhibitor novobiocin (1.5-fold; p < 0.05), but were
significantly sensitized to the tubulin inhibitors vinblas-
tine (2.6-fold; p<0.05) and vinorelbine (2-fold;
» <0.05). In contrast, the H82-VP also showed significant
resistance to the anthracyclines, epirubicin and idarubi-
cin, and the other Topo inhibitors amsacrine and
genistein (Fig. 2). As the resistance in these sublines
was low, they were subsequently treated with 1pg/ml
etoposide as described in the methods, to produce the
H69-VP1 and the H82-VP1 sublines. This treatment had
little effect on cell growth, but the H69-VP1 subline
showed increased resistance to etoposide (10-fold;
» <0.05), epirubicin (3.5-fold; p <0.05) and cisplatin
(5-fold; p < 0.05). However, cells were no longer sensitive
to the Vinca drugs. There was little increase in resistance
for the H82-VP1 subline.

As current treatment protocols for SCLC usually include
radiation, the response to radiation was determined in the
drug-resistant sublines. The H69-CP showed increased
resistance to radiation (Fig. 3), while no resistance to
radiation developed in the H69-VP cells. The radiation
resistance of the H82 cells was significantly higher than
the H69 cells and there was no significant change in the
drug-resistant sublines (not shown).
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Drug resistance profile of the H69-CP and H82-CP sublines. Drug
resistance was determined by exposing cells to drug for 5 days after
which the cell viability was determined by the MTT assay and fold
resistance was calculated. The stippled area (bordered by a line)
indicates the relative resistance of 1 for the parental cells. Error bars
represent SDs of the IG5y determined in three or more independent
experiments and an asterisk indicates a significant change (p < 0.05)
compared to the parental cells using Student'’s t-test.

Resistance mechanisms

Since all the drug-resistant sublines were resistant to
etoposide, and Topo 11 is the target for this drug, Topo I1
expression was determined. Figure 4(A) shows that while
there was no change in Topo Ilo expression in the
cisplatin-resistant sublines, expression was significantly
reduced in the etoposide-treated sublines. This corre-
lated with a decrease in etoposide-dependent cleavable
complex formation (Fig. 4B), demonstrating that etopo-
side resistance in the H69-VP and H82-VP sublines was
mediated through changes in Topo Ila. As has been
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Drug resistance profile of the H69-VP and H82-VP sublines. Drug
resistance was determined as in Fig. 1. The stippled area (bordered by
a line) indicates the relative resistance of 1 for the parental cells. Error
bars represent SDs of the IC5o determined in three or more
independent experiments and an asterisk indicates a significant change
(p < 0.05) compared to parental cells using Student's ttest.

observed for other drug-resistant cells, the decrease in
Topo Ila expression correlated with increases in Topo [
expression in the H69-VP (1.7-fold; p < 0.01) and H82-
VP sublines (1.6-fold; p <0.01; Fig. 4C). This increase
could account for the increased sensitivity of these
sublines to the Topo I drug, camptothecin (Fig. 2; 2-fold
sensitized; p < 0.05).

Although changes in Topo Il would explain resistance to
Topo II inhibitors, this could not explain the cross-

the intracellular drug accumulation [16], there was no
change in expression of these proteins in any of the
sublines (not shown). Nor were there any changes in
MRP2, which confers resistance to cisplatin (not shown).
However, GSTr was significantly increased in the H69-
CP (1.8-fold; p <0.05) and H82-CP (1.3-fold; p < 0.05)
sublines, potentially accounting for their resistance to the
alkylating drugs (Fig. 5A). Correlating with the increased
GSTr was a significant increase in cellular glutathione
(Fig. 5B). Interestingly the H82-VP subline had a low, but
significant increase in cellular glutathione (120%; » = 3;
» <0.05), which could account for the increased cross-
resistance in these cells compared to the H69-VP subline
which showed no changes in glutathione.

Effect of paclitaxel treatment on drug-resistant cells

Previously we have found that treatment of epirubicin-
resistant cells (H69-EPR; H82/E8) with a non-cytotoxic
dose of paclitaxel for 1h (10 ng/ml) was able to sensitize
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Topoisomerase expression. (A and C) Total cell extracts were prepared and 40 pg protein was electrophoresed on 4-20% SDS polyacrylamide gels,
electrotransferred and membranes probed with anti-Topo llo antibody (A) or anti-Topo | antibody (C). Membranes were then probed with anti-p-actin
antibody. Results are presented as expression relative to -actin, determined using Molecular Analyst software, from three independent experiments.
An asterisk indicates significantly changed expression compared to the parental cells (p<0.01). (B) Cleavable complex formation was quantified by
the K*/SDS precipitation assay after 1 h incubation without etoposide (solid bars) or with 7.5 ng/ml etoposide (hatched bars) or 15 ng/ml etoposide
(open bars) as described in Materials and methods. The amount of co-precipitated [PHIDNA is expressed as percent of the total radioactivity in the
lysate. Results are the mean of three independent experiments, performed in duplicate, and error bars represent SD. An asterisk indicates

significantly reduced etoposide-induced cleavable complexes compared to the parental cells at the same drug concentration (p<0.05, Student's t-

test).

the cells to other drugs [12,13]. This treatment with
paclitaxel has no effect on viability of the parental or the
drug-resistant cells nor does it affect the distribution of
cells in the cell cycle [12]. Paclitaxel treatment of the
H69-CP and H69-VP cells (Fig. 6) was able to sensitize
both drug-resistant sublines to cisplatin or etoposide,
respectively, while this treatment had no effect on the
parental H69 cells. The H69-CP cells were also
sensitized to chlorambucil (2.4-fold; p < 0.05) and etopo-
side (1.6-fold; p <0.05). Importantly, paclitaxel treat-
ment was also able to sensitize the H69-CP cells to
radiation (Fig. 6). Paclitaxel treatment similarly enhanced
the sensitivity of the H82-CP (1.9-fold; p <0.05) and
H82-VP (1.7-fold; p <0.05) to cisplatin and etoposide,

respectively. The H82-CP cells were also sensitized to
chlorambucil (2.9-fold; p < 0.05) and etoposide (1.8-fold;
» <0.05), while the H82-VP subline was sensitized to
epirubicin (1.7-fold; p < 0.05).

Discussion

Treatment of lung cancer presents a significant clinical
problem since the initial response to treatment is rapidly
followed by relapse and resistance to further treatment.
The results here demonstrate that drug resistance
develops readily in response to treatment with very low
doses of drugs used in the treatment of SCLC. In
contrast to the broad drug resistance, or an extended
MDR phenotype, induced in the H69 and H82 cells by
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Expression of GSTr and total intracellular glutathione. (A) Total cell extracts were prepared and electrophoresed on 4-20% SDS polyacrylamide
gels, electrotransferred and membranes probed with anti-GSTr. The expression of GSTr relative to B-actin was determined using Molecular Analyst
software and results are the mean of two independent experiments. An asterisk indicates significantly increased (p<0.05) expression compared to
the parental cells. (B) Exponentially growing cells were assayed for glutathione using a kinetic assay. Results are the mean of two independent

experiments in duplicate and are calculated as percent control; error bars are the SD. An asterisk indicates significantly increased cellular glutathione

levels compared to parental cells (p<0.05) using Student's t-test.

treatment with epirubicin [12,13], resistance induced by
cisplatin was mediated by changes in glutathione,
resulting in resistance to alkylating agents and Vinca
alkaloids. This resistance was reversed by treatment of
cells with buthionine sulfoximine, a specific inhibitor of
glutathione synthesis (data not shown), confirming the
requirement for glutathione synthesis for drug resistance
[16]. The development of resistance following treatment
with etoposide correlated with decreased Topo Ila
expression. Cross-resistance was significantly more lim-
ited than that resulting from treatment with cisplatin or
epirubicin, and this may account for the initial success of
etoposide in the treatment of SCLC [3]. However,
treatment with the higher dose of etoposide (1pM)
significantly increased the drug resistance of the more
sensitive  H69 cells, which could account for the
resistance of SCLC at relapse.

Although the HS82 cells have different molecular and
phenotypic characteristics compared to the classic H69
cells [17], the pattern of resistance induced by drug
treatment was similar in both cell types. Cisplatin
treatment produced sublines with resistance mediated
by increased glutathione and increased GSTr. Cellular

glutathione appears to be the rate-limiting step in
detoxification of cisplatin [18], although other resistance
mechanisms such as decreased drug accumulation result-
ing from decreased uptake or increased efflux or changes
in apoptotic response, may also be clinically important
[19]. Cisplatin resistance has also been associated with
increased MRP2 expression [20,21]. However, the
cisplatin-resistant lung cells did not have increased
MRP2, consistent with reports that in lung tissue from
patients treated with cisplatin, y-glutamylcysteine
synthase and GSTn were increased, but MRP2 was
unchanged [22,23]. The increased radiation resistance of
the H69-CP is also consistent with increased expression
of GSTm, since transfection studies have shown that
increased GST'w confers radiation resistance [24].

The HS82-CP also showed an increase in Topo Ila,
although this did not correlate with a significant increase
in the formation of etoposide-dependent cleavable
complexes or increased sensitivity to etoposide compared
to the H82 cells. Increased Topo Ila has been previously
demonstrated after cisplatin treatment [25,26] and this
may be a consequence of its role in increasing DNA repair
[27]. As no increase in Topo Ila occurred in the H69-CP

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Fig. 6
100 & " He9
& H69-CP
50
O v T T T T T
10! 102 108 104 10°
Cisplatin (ng/ml)
100 & m Hp9
§ =
= ® H69-VP
o
[&]
2
> 50
E
K
>
3
o
O T T v T
10! 10? 108 104 10°
Etoposide (ng/ml)
100 ® He9
¢ H69-CP
50 -
O T T T T
0 5 10 15 20 25

Gy

Effect of paclitaxel on resistant cells. H69 and H69 drug-resistant cells
were exposed to 10 ng/ml paclitaxel for 1 h, then incubated overnight in
drug-free media. The cytotoxicity of cisplatin or etoposide was then
assessed by exposure of cells to drug for 5 days (paclitaxel treated,
open symbols; control, closed symbols). Sensitivity to radiation was
determined after exposure to a linear radiation dose, followed by a
5-day incubation. The cell viability was determined by the MTT assay.
Points are means of triplicate wells; error bars indicate the SD.
Representative of three independent assays.

cells, increased Topo Ila is not a consistent outcome of
cisplatin treatment.

In contrast to the H69-CP, the H69-VP showed decreased
Topo Ila expression and decreased ability to form
etoposide-dependent cleavable complexes (Fig. 4), and
this was associated with limited low-level resistance only
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to etoposide, mitoxantrone and novobiocin (Fig. 2). The
Topo Ila expression was further reduced in the H69-VP1
cells (not presented) correlating with increased resis-
tance to Topo Ila-targeting drugs. Changes in etoposide
accumulation have been associated with etoposide
resistance and Brock er /. [28] reported resistance in
etoposide-treated H69 cells was due to increased MRP1
expression. However, this was only detected after
treatment with 1.5uM etoposide, a higher dose than
used here. The development of atypical Topo II-
associated MDR appears to be an early event in response
to low levels of drug, since similar changes have been
described in several low-level drug-resistant cell lines
[29-32].

Increased sensitivity to the tubulin-inhibiting drugs, as in
the H69-VP subline (Fig. 2), is frequently associated with
resistance mediated by changes in Topo Ila, although no
specific mechanisms for this collateral sensitivity was
identified [33]. In contrast to the H69-VP cells, the H69-
VP1 cells (not shown) and H82-VP cells (Fig. 2) did not
show sensitivity to the tubulin-targeting drugs. Collateral
sensitivity to gemcitabine (2-fold) was evident in both
etoposide-treated sublines and this is frequently asso-
ciated with the development of an atypical MDR
phenotype, although the underlying mechanism for this
association is not known [34,35].

Although different drug resistance proteins were induced
in response to cisplatin or etoposide treatment, paclitaxel
was able to sensitize the drug-resistant cell lines to
the selecting drug and also to radiation (Fig. 6). Similar
to its effect on epirubicin-resistant cells [12,13],
paclitaxel treatment reversed resistance to cisplatin,
chlorambucil, epirubicin and etoposide. It is not surpris-
ing when reversal of resistance is achieved by specifically
targeting a resistance mechanism, such as glutathione
depletion or blocking drug transport pumps. However,
as multiple cellular changes have contributed to resis-
tance in these sublines, that paclitaxel was able to reverse
this wide range of resistance mechanisms holds great
promise for its clinical use. Further, the effect of
paclitaxel on drug and radiation sensitivity was specific
for the drug-resistant sublines, as paclitaxel had no effect
on the sensitivity of the parental H69 or H82 cells. This
was also true for the H69-EPR and HS82/E8 cells.
Paclitaxel also sensitized drug- and radiation-resistant
HL60 leukemia cells, showing the effect is not cell-type
specific [36]. This apparent specificity for drug-resistant
cells has important clinical implications for the treatment
of resistant disease.

Paclitaxel has multiple concentration-dependent effects
on cellular metabolism, and its ability to reverse such a
broad spectrum of resistance mechanisms suggests
paclitaxel is not directly interfering with each specific
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resistance mechanism in the H69 and H82 drug-resistant
sublines. Although several studies have shown that
microtubule inhibitors can alter the intracellular
transport and accumulation of etoposide, anthracyclines
and cisplatin [37-39], but this remains controversial
[40—-43]. As there is no resistance to paclitaxel in the
drug-resistant cells (Figs 1 and 2), this effect is not
simply due to changes in paclitaxel accumulation. Our
current studies aim to identify the protein changes in
response to low-dose paclitaxel in drug-resistant cells.

Studies with cell lines serve as an initial screen for agents
able to modulate drug resistance, and these studies reveal
potential mechanisms of resistance in SCLC and provide
models to test drug combinations. The results show that
multiple resistance mechanisms are readily induced in
SCLC cells in response to treatment with low drug doses.
Importantly, paclitaxel pretreatment was able to over-
come this induced resistance and sensitize the resistant
sublines. Understanding the mechanism involved in
paclitaxel sensitization of drug-resistant lung cancer cells
may lead to improved clinical treatment of refractory
cancer.
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