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Abstract—Expression of v-ras® in NCI-H82 human small cell lung cancer (SCLC) cells results in a line
(NCI-H82ras") with a non-small cell phenotype (Mabry et al., Proc Natl Acad Sci USA 85: 6523-6527, 1988).
This v-ras™-associated phenotypic change is prevented by treatment with trans-retinoic acid (tRA) (Kalemkarian
et al., Cell Growth Differ 5: 55-60, 1994). The present studies were performed to examine changes in drug
sensitivity that accompanied these phenotypic changes. v-ras™ expression was associated with increased met-
allothionein-1la (MT-Ila) mRNA and decreased levels of nonprotein sulfhydryls in NCI-H82ras™ cells compared
with -H82 cells. These changes were accompanied by the development of CdCl, resistanceg without any change
in cisplatin sensitivity. In contrast, growth of parental NCI-H82 cells in 1 uM tRa resuited in increased MT-1la
mRNA without any change in nonprotein sulfhydryls. In these cells, a 3.3-fold increase in cisplatin 1Cs, was
observed. Examination of the action of topoisomerase (topo) poisons revealed that NCI-H82 and -H82ras™ cells
had indistinguishable levels of topo II polypeptides and indistinguishable sensitivities to etoposide, an agent that
is often combined with cisplatin clinically. On the other hand, v-ras™ expression was accompanied by a 2-fold
increase in topo I activity and a 1.7-fold decrease in ICs, for the topo I-directed agent camptothecin. These
changes resulted in 30-fold lower survival of NCI-H82ras™ cells compared with -H82 cells at camptothecin
concentrations as low as 10 nM. In summary, these studies demonstrate that chronic tRA treatment is accom-
panied by decreased cisplatin sensitivity in NCI-H82 human SCLC cells. In contrast, v-ras” expression is not
associated with any change in cisplatin or etoposide sensitivity, but is accompanied by increased camptothecin

sensitivity.
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Mutated ras oncogenes appear to play an important role
in the pathogenesis of human neoplasms (reviewed in
Refs. 1 and 2). In NSCLCS§, for example, mutated ras
oncogenes have been detected in tumor-derived cell
lines [3, 4] and in as many as 30% of clinical specimens
[2, 5, 6]. Subsequent studies have indicated that expres-
sion of mutated ras oncogenes has an adverse impact on
survival of NSCLC patients [6-8]. The etiology of this
adverse effect remains unclear.

A number of observations suggest that expression of
mutated ras oncogenes affects the efficacy of cisplatin,
an agent that is widely utilized to treat lung cancer.
Murine fibroblasts transformed with the v-ras™ onco-
gene contain elevated levels of MT-II mRNA and pro-
tein relative to nontransformed cells [9-11]. This ras-
associated change in MT-II expression is accompanied
by 8- to 12-fold increases in the I1Cy, for cisplatin in some
cell types [11-13], although much smaller changes have
been observed in other cells [14-16].

Expression of ras oncogenes also causes changes that
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could affect sensitivity to etoposide, a topo II-directed
agent that is often combined with cisplatin to treat
NSCLC (17, 18]. In 3T3 murine fibroblasts, expression
of C-H-ras enhances expression from the promoter of
the MDR1 gene [19], a gene that has been implicated in
etoposide resistance. On the other hand, transfection of
murine fibroblasts with mutated ras oncogenes also re-
sults in increased levels of topo Ila [20, 21], a change
that would be expected to increase etoposide sensitivity
(reviewed in Refs. 22-24).

Finally, transfection of rat fibroblasts with the c-ras™
oncogene has been reported to cause a decrease in ac-
tivity of topo I [25], a change that would be expected to
decrease sensitivity to camptothecin analogues (re-
viewed in Refs. 22, 26, and 27). In contrast, transforma-
tion of murine fibroblasts with Moloney or Kirsten sar-
coma viruses or with simian virus 40 has been associated
with increased topo I activity [28].

The present studies were undertaken to examine the
effect of v-ras™ expression on the sensitivity of NCI-
HB82 human lung cancer cells to cisplatin, etoposide and
CPT. The parental NCI-H82 cells display phenotypic
characteristics commonly seen in SCLC cells including
growth as floating aggregates in tissue culture, expres-
sion of neuroendocrine markers, and retention of exqui-
site sensitivity to the cytotoxic effects of the omnithine
decarboxylase inhibitor difluoromethylornithine [29].
Introduction of the v-ras* oncogene results in a cell line
(NCI-H82ras™) that displays multiple NSCLC charac-
teristics including growth as a monolayer in tissue cul-
ture, decreased expression of neuroendocrine markers,
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increased expression of intermediate filament proteins,
and acquisition of resistance to difluoromethylomithine
[29]). The drug sensitivities of this pair of cell lines were
examined to assess the role of mutated ras"™ in modu-
lating the responsiveness of human lung cancer cells to
chemotherapy.

MATERIALS AND METHODS

Materials

Escherichia coli containing an insert for human ge-
nomic MT-IIa [30], the MT-II isoform most often asso-
ciated with cisplatin resistance [31], were purchased
from the American Type Culture Collection (Rockville,
MD). Etoposide was a gift from Bristol-Myers Squibb
(Wallingford, CT). CdCl,, CPT, glutathione, bromobi-
mane, tRA, and MTT were obtained from the Sigma
Chemical Co. (St. Louis, MO). CPT was prepared as a
10 mM stock in DMSO and stored at —20° until used.
Multiple aliquots of a 1 mM stock of tRA in ethanol
were stored at -20° in foil-wrapped containers until
used.

Tissue culture

Retrovirus-mediated insertion of v-ras® was per-
formed as described [29]. The introduction of v-ras™ by
this technique avoids position effects that can be ob-
served when foreign genes are inserted by plasmid-me-
diated transfection and subsequent selection. The result-
ing NCI-H82ras" cells, like the parental -H82 cells,
were propagated routinely in RPMI 1640 medium con-
taining 10% heat-inactivated fetal bovine serum, 100
U/mL penicillin G, 100 pg/mL streptomycin, and 2 mM
glutamine.

The retinoic acid receptor status of these cell lines has
been reported previously [32, 33]. Prior to tRA treat-
ment, cells were adapted to RPMI 1640 medium con-
taining 10 nM hydrocortisone, 15 ug/mL insulin, 100
pg/mL transferrin, 10 nM 178-estradiol, and 30 nM se-
lenium (RPMI-HITES) for 2 weeks, Cells were then
propagated in RPMI-HITES in the absence or presence
of 1 pM tRA for at least 2 more weeks prior to the
initiation of any experiments.

Colony-forming assays

Drug sensitivity of NCI-H82 and -H82ras" cells was
assessed simultaneously using a continuous exposure
protocol. Cell lines harvested in log phase were triturated
to single cell suspensions by passage up and down a
pipette (generally 50 passages for NCI-H82 and 20 pas-
sages for -H82ras™ cells). Aliquots containing 10® — 10*
cells were plated in 1 mL of 0.3% (w/v) agar containing
various concentrations of CdCl,, cisplatin, etoposide, or
CPT in the medium described by Pike and Robinson
{34]. Control plates received an equivalent volume of the
drug diluent DMSO, which never exceeded 0.1% (v/v).
After plates were incubated for 10-14 days at 37° in an
atmosphere containing 7.5% (v:v) CO,, colonies con-
taining >32 cells were counted on an inverted phase
contrast microscope. This continuous exposure schedule
was chosen to mimic prolonged exposure protocols of
topo-directed agents that are being tested clinically [35,
36]. Continuous exposure would also be expected to
minimize any effect of differences in cell cycle distribu-
tion that arise as a consequence of v-ras™-induced short-
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ening of the population doubling time from -24 hr in
NCI-H82 cells to -18 hr in -H82ras™ cells [29].

MTT dye reduction assay

Because NCI-H82 cells do not form colonies under
serum-free conditions, the effect of tRA on cisplatin sen-
sitivity was assessed using MTT assays. Cells were gent-
ly triturated 10 times in a 5-mL pipette to break up large
clumps. Triplicate 0.5-mL aliquots containing 12,500
cells in RPMI 1640-HITES + 1 uM tRA were placed in
24-well dishes containing the indicated final concentra-
tion of cisplatin. After a 6-day incubation, MTT (167 pg
in 100 pL. RPMI-HITES) was added to each well for the
final 12 hr. Cells were then washed in serum-free RPMI
1640 and extracted with DMSO containing 1% (w/v)
thiodiglycol. The absorbance of the reduced formazan at
540 nm was determined spectrophotometrically as pre-
viously described [37].

Northern blotting

Inserts containing cDNA sequences complementary to
MT-IIa [30], phosphoglyceraldehyde dehydrogenase
[37}, c-myc or v-ras™ [33] were excised from plasmids
with appropriate restriction enzymes, purified by agarose
gel electrophoresis, electroeluted, and labeled by the ran-
dom primer method. Aliquots of oligo-dT-selected RNA
(20 pg) were subjected to electrophoresis, transferred to
nylon, and probed as previously described {33, 37].

Western blotting

Log phase cells were washed once in serum-free me-
dium and solubilized by sonication in 6 M guanidine
hydrochloride containing 250 mM Tris-HCI (pH 8.5 at
21°), 10 mM EDTA, 1% (v/v) B-mercaptoethanol, and 1
mM freshly added PMSF. Samples were prepared for
SDS-PAGE as previously described [38, 39]. Western
blotting was performed using the following antibodies:
rabbit serum IID, which recognizes the 170 kDa isoform
of topo II [38], affinity-purified rabbit anti-human topo I
([40], provided by Dr. Leroy Liu, Robert Wood Johnson
Medical School, Piscataway, NJ), and murine monoclo-
nal anti-histone H1 (provided by Dr. James Sorace, Vet-
erans Administration Hospital, Baltimore, MD). The re-
sulting autoradiographs were scanned as recently de-
scribed [38, 39].

Topo I activity assay

Nuclear extracts were prepared from logarithmically
growing cells and assayed for topo I activity as previ-
ously described [37, 39]). In brief, NCI-H82 or
trypsinized -H82ras" cells were sedimented at 200 g for
10 min. All further steps were performed at 4° unless
indicated. Cells were washed twice in RPMI 1640 con-
taining 10 mM HEPES (pH 7.4); incubated for 20 min in
nuclear isolation buffer consisting of 10 mM NaCl, 10
mM Tris-HCI (pH 7.4 at 4°), 3 mM MgS0,, 0.5 mM
EDTA, 1 mM dithiothreitol, 100 U/mL aprotinin, and 1
mM freshly added PMSF; and lysed with 25 strokes of a
tight-fitting Dounce homogenizer. Nuclei were sedi-
mented at 800 g for 10 min; washed once with fresh
nuclear isolation buffer; and incubated for 15 min with
extraction buffer consisting of 0.6 M KCI, 1060 mM so-
dium phosphate (pH 7.4 at 4°), 1 mM EDTA, 0.1 mM
dithiothreitol, and 1 mM freshly added PMSF. One-half
volume of 13% (w/v) PEG8000 polyethylene glycol was
then added. After an additional 15-min incubation, sam-
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ples were sedimented at 16,000 g for 5 min. The super-
natant was saved for determination of protein content
[41] and topo I activity.

To assay topo I activity, 2-pL aliquots containing the
indicated amount of protein were added to samples (20
uL final volume) containing 450 ng of supercoiled plas-
mid 067 [37], 100 mM NaCl, 50 mM Tris-HC] (pH 7.5
at room temperature), 2.5 mM MgCl,, 0.5 mM EDTA,
0.5 mM dithiothreitol, and 50 pg/mL bovine serum al-
bumin. After a 30-min incubation at 37°, the reaction
was terminated by adding 1 pL of 10% (w/v) SDS and
1 pL of 10 mg/mL proteinase K. Samples were incu-
baied at 37° for an additional 15 min and subjected to
agarose gel electrophoresis in the presence of chloro-
quine as previously described [37].

Estimation of nonprotein sulfhydryl groups

Logarithmically growing cells were washed once with
ice-cold serum-free RPMI 1640 medium, extracted for
15 min at 4° with nitrogen-sparged 5% (w/v) TCA, and
sedimented at 1600 g for 15 min. The supernatant was
assayed for content of nonprotein sulfhydryl groups us-
ing bromobimane [42]. In brief, 400-uL aliquots were
neutralized with 800 pL of 0.4 M Tris-HClI (pH 8.9)
containing 15 uM bromobimane. After a 30-min incu-
bation at 21°, samples were examined in a Farrand Mark
I fluorometer using an excitation wavelength of 366 nm
and an emission wavelength of 477 nm. Samples con-
taining 0-60 nmol of glutathione in 400 pL of 5% TCA
were utilized to construct a standard curve. Protein in the
cell pellet was solubilized by heating at 70° for 30 min
in 0.5 M NaOH, neutralized, and assayed by the bicin-
choninic acid method [43].

RESULTS

Effect of v-ras” expression on cisplatin sensitivity

The following experiments were undertaken to deter-
mine whether the v-ras*-induced change from SCLC to
NSCLC phenotype in the NCI-H82 cell line [29] was
accompanied by changes in drug sensitivity. Northern
blotting confirmed that the NCI-H82 and -H82ras" cell
lines both expressed high levels of the c-myc oncogene
(Fig. 1A, lanes 1 and 2). As expected, the v-ras" onco-
gene was expressed only in the v-ras™ transfected cell
line (Fig. 1B, lane 2). The NCI-H82ras" cells also con-
tained higher levels of MT-II mRNA (Fig. 1C, cf. lanes
1 and 2). Consistent with this result, MTT dye reduction
assays (not shown) and clonogenic assays (Fig. 2A) re-
vealed that the NCI-H82ras™ cells were less sensitive to
the metallothionein-detoxified heavy metal Cd?*. In four
independent experiments, a 2.7 = 1.0-fold (mean + SD)
increase in CdCl, IC5, was observed.

When cisplatin cytotoxicity was assessed by MTT and
clonogenic assays, the increased MT-II expression in the
NCI-H82-ras™ cells was not accompanied by major
changes in cisplatin sensitivity (Fig. 2B). In twelve sep-
arate assays utilizing cell lines obtained from two inde-
pendent v-ras™ transfections, the 1Cs,, for cisplatin in the
NCI-H82ras" cells was an average of 1.3 (SD =+ 0.8)
times the ICs5, determined simultaneously in parental
NCI-H82 cells. This change in cisplatin sensitivity was
much smaller than the change expected based on results
observed when murine fibroblast lines were transfected
with v-ras® [10~13].
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Fig. 1. Effect of v-ras™ or tRA on expression of MT-2. Oligo-
(dT)-selected RNA (20 pg) from NCI-HS82 cells grown in the
absence of tRA (lane 1), -H82ras" cells grown in the absence of
tRA (lane 2) or -H82 cells grown in the presence of 1 pM tRA
(lane 3) was subjected to agarose gel electrophoresis in the
presence of formaldehyde, transferred to nylon, and probed
with cDNA that was complementary to c-myc (A), v-ras™ (B),
MT-2 (C), or the housckeeping gene phosphoglyceraldehyde
dehydrogenase (D). Results are representative of 2 independent
experiments.

Effect of tRA on cisplatin sensitivity

Treatment of NCI-HS82 cells with tRA also resulted in
increased MT-II mRNA (Fig. 1C, lane 3). In this case,
however, the increase in MT-II expression was accom-
panied by a 3.3-fold increase (SD * 0.4-fold, N = 3) in
cisplatin ICs,, (Fig. 2C, squares). In an attempt to explain
the apparent discrepancy between results obtained after
v-ras™ transfection and tRA treatment, levels of nonpro-
tein sulfhydryl groups were assayed in lysates from these
cells. As shown in Fig. 3, nonprotein sulfhydry! groups
were diminished by 40% in NCI-H82ras"™ cells com-
pared with parental cells, but a similar decrease was not
observed in tRA-treated cells. In view of the role of
glutathione in cisplatin resistance [44, 45}, these obser-
vations suggest that a decrease in glutathione content
might have offset the effect of the increased MT-II ex-
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Fig. 2. Response of cell lines to drug treatment. Sensitivities of NCI-H82 (0) and -H82ras" cells (@) to cadmium

(A), cisplatin (B), etoposide (D), or CPT (E) were determined using clonogenic assays. Error bars, 1 SD. In

these assays, control samples generally had 200-300 colonies. To assess the effect of tRA on cisplatin sensitivity

(C), NCI-H82 cells grown in RPMI-HITES in the absence of tRA (O) or presence of 1 pM tRA (M) were assayed
for sensitivity using an MTT assay. All results are representative of = 3 independent experiments.

pression in the v-rasP-transfected cells but not in tRA-
treated cells.

Effect of v-ras” expression on etoposide sensitivity

To determine whether v-ras" expression altered the
sensitivity to other agents utilized to treat SCLC, the
topo II-directed agent etoposide was evaluated. Exami-
nation of the NCI-H82 and -H82ras" cell lines by west-
em blotting revealed that the amount of topo Ila poly-
peptide was indistinguishable (Fig. 4C, lanes 1 and 4).
Similar results were obtained using an antiserum that
recognized both topo II isoforms (data not shown). Con-
sistent with this result, clonogenic assays failed to reveal
any difference in sensitivities of the NCI-H82 and
-H82ras™ cell lines to etoposide (Fig. 2D).

Increased sensitivity of NCI-H82ras™ to camptothecin

In addition to cisplatin and etoposide, the topo I-di-
rected CPT analogues have shown clinical activity in
SCLC and NSCLC (reviewed in Refs. 26 and 27). In
view of these results, the cytotoxicity of the prototypic
agent CPT was examined in the NCI-H82 and -H82ras"
cells. NCI-H82ras" cells displayed decreased survival at
all cytotoxic drug concentrations when compared with
simultaneously exposed -H82 cells (Fig. 2E). At 10 nM
CPT, survival of NCI-H82ras" cells was 1/30th that of
NCI-H82 cells. Expressed in different terms, the NCI-
H82ras* cells exhibited an ICs, that was 0.6 times the

ICso simultaneously determined for parental -H82 cells
(SD £0.2,N = 4).

Experiments undertaken to assess the mechanism of
this enhanced CPT sensitivity revealed that topo I activ-
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Fig. 3. Effect of v-ras™ transfection and (RA treatment on levels

of nonprotein sulfhydryl groups in NCI-H82 cells. Cells grown

in RPMI-HITES medium in the absence (left and middle bars)

or presence of 1 uM tRA (right bar) were assayed as described

in Materials and Methods. Results are representative of 3 inde-
pendent experiments.
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ity was 2-fold higher in nuclear extracts from NCI-
H82ras™ cells compared with -H82 cells (cf. Fig. 5A,
lane 4, and Fig. 5B, lane 5). This increase was similar in
magnitude to the increase in topo I activity observed in
murine fibroblasts transformed by a variety of viruses
[28] but appears to be slightly out of proportion to the
30% increase in immunoreactive topo I polypeptide ob-
served on western blots (Fig. 4B, cf. lanes | and 4).

DISCUSSION

Differences in response of SCLC and NSCLC to the
same therapeutic regimen are striking. Up to 80% of
tumors in patients with limited-stage SCLC respond to
therapy with cisplatin and etoposide [46, 47]. In contrast,
the same regimen has a 20-30% response rate in patients
with NSCLC [18, 48, 49]. In an attempt to investigate
the causes of the decreased response rate in NSCLC, we
examined a unique series of human lung cancer cell lines
derived from NCI-H82 SCLC cells. In this model sys-
tem, expression of mutated v-ras™ is accompanied by
profound biochemical and morphological changes that
result in cells with NSCLC phenotype [29]. Despite
these phenotypic changes, we observed that expression
of v-rast was accompanied by minimal changes in cis-
platin and etoposide sensitivity. Thus, the phenotypic
change from SCLC to NSCLC per se is not sufficient to
account for the decreased sensitivity of NSCLC to these
agents.

Although the present results might be construed as a
negative study, several findings should be noted. First,
introduction of v-ras™ in the NCI-H82 SCLC line was
accompanied by increased MT-II expression (Fig. 1C)
and development of resistance to cadmium (Fig. 2A)
without a major change in cisplatin sensitivity (Fig. 2B).
At first glance these results appear to contradict previous
observations that transfection of v-ras™ into murine fi-
broblasts results in an 8- to 12-foid change in cisplatin
ICsq [11, 13]. Several factors including differences in the
cell type and species from which the cell lines originated
might contribute to these disparate results, but the de-
creased levels of nonprotein sulfhydryl groups in the
NCI-H82ras" cells compared with -H82 cells (Fig. 3)
very likely play a major role.

In contrast to the v-ras™-associated changes, chronic
treatment of NCI-H82 cells with tRA resulted in in-
creased MT-II expression (Fig. 1C) in the absence of
changes in nonprotein sulfhydryl groups (Fig. 3). As a
consequence, tRA treatment of NCI-H82 cells was as-
sociated with decreased cisplatin sensitivity (Fig. 2C).
This result is in sharp contrast to recent reports indicat-
ing that tRA increases the cisplatin sensitivity of squa-
mous cell carcinoma [50] and some ovarian carcinoma
lines [51]. These disparate observations might reflect
differences in cell types or differences in the schedule of
administration of tRA and cisplatin. In view of current
interest in retinoids as agents to prevent second malig-
nancies after treatment for tumors of the upper aerodi-
gestive tract [52], the effect of tRA on cisplatin sensi-
tivity of a variety of cell types under a variety of con-
ditions clearly requires further investigation.

Likewise, the effect of v-ras™ on sensitivity to topo-
directed agents requires further study. Although studies
in murine fibroblasts raised the possibility that expres-
sion of mutated ras oncogenes might be accompanied by
increased topo Ila polypeptide content (see beginning of
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Fig. 4. Western blot of NCI-H82 and -H82ras" for relative
topoisomerase levels. Samples containing 30 ug (lanes 1 and 4),
15 pg (lanes 2 and 5), and 7.5 pg (lanes 3 and 6) of total protein
from NCI-H82 cells (lanes 1-3) or -H82ras" cells (lanes 4-6)
were subjected to SDS-PAGE followed by staining with
Coomassie blue (A) or transfer to nitrocellulose and reaction
with antibodies that recognize topo I (B) or topo II (C). To
confirm that samples were loaded with protein from an equiv-
alent number of cells, the blots were reprobed with a monoclo-
nal antibody that recognizes histone H1 (D), a polypeptide
whose level is closely linked to cellular DNA content. Numbers
on the left indicate the size of molecular weight standards in
kilodaltons. Results from this experiment are representative of
3 independent experiments.

paper), the NCI-H82 and -H82ras" lines had indistin-
guishable topo Il polypeptide levels (Fig. 4C) and in-
distinguishable sensitivities to the topo II-directed agent
etoposide (Fig. 2D). In contrast, introduction of v-ras™
was associated with increased CPT sensitivity (Fig. 2E).
This altered CPT sensitivity most likely reflects the
v-ras"-induced increase in topo I activity (Fig. S), al-
though a contribution of the v-ras™-associated change in
cellular growth kinetics [29] also cannot be excluded.
Collectively, these changes resulted in 30-fold lower sur-
vival of NCI-H82ras" cells compared with -H82 cells at
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Fig. 5. Titration assay for topo I activity. Nuclear extracts were
prepared simultaneously from NCI-H82 cells (A) and -H82ras™
cells (B). Samples containing the indicated amounts of extract
protein (in ng) were assayed for their ability to relax 450 ng of
supercoiled plasmid (SC, lane 1). Since 8 ng of nuclear extract
from NCI-H82 cells but only 4 ng of nuclear extract from
-H82ras™ cells is required to relax half of the substrate (cf. lane
4 in A and lane 5 in B), -H82ras" extracts contain approxi-
mately twice as much topo I activity as -H82 extracts. Lane 1
contains starting material consisting of supercoiled (SC) and
nicked (N) plasmid (panel A) or linearized (L) plasmid (panel
B). Results are representative of 2 independent assays.

CPT concentrations as low as 10 nM (Fig. 2E), concen-
trations that are readily surpassed in clinical trials (re-
viewed in Ref. 26). When expressed in terms of ICs,
values, introduction of v-ras’™ was accompanied by a
1.7-fold decrease in CPT 1Cs,. Even though this ICsq
decrease sounds small, it is important to realize that an
8-fold increase in CPT ICs, in murine P388 leukemia
cells is associated with conversion of a curable neoplasm
into one that is totally unresponsive to CPT in vivo [53].
Conversely, a decrease of topo I activity as small as
2-fold has been associated with a decrease in topotecan
response rate from 3/9 to 0/10 in human rhabdomyosar-
coma xenografts in vivo [39]. These considerations sug-
gest that the 1Cg, decrease observed in the present study
(Fig. 2E) should not be immediately dismissed. Instead,
the present observations raise the possibility that the
NSCLC patients responding to the CPT analogs irinote-
can or topotecan in clinical trials may be the subset of
patients whose tumors contain mutated ras oncogenes
[2, 6]. Further studies are required to assess this possi-
bility.
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