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INDUCTION OF RESISTANCE TO GEMCITABINE IN A2780 CELLS

Tween 20]. The blots were incubated overnight with an affinity-purified
polyclonal antibody (rabbit anti-human dCK) (26) in blocking buffer, followed
by an incubation of 2 h with 'I-protein A (0.3 .Ci/ml blocking buffer). After
thorough rinsing, the blots were placed in a cassette with a Kodak film. The
films were developed after 2448 h.

dCK-mRNA Analysis by PCR

Based on the human dCK-cDNA sequence, published by Chottiner et al.
(27), 20-mer oligonucleotide primers A and B were chosen within the open
reading frame of the sequence, at positions 218237 (sense: 5'-CGCATCAA-
GAAAATCTCCCAT-3') and at positions 898-917 (antisense: 5'-CTTTCA-
GACCAACTTTTCCA-3'), respectively. The two primers span 89% (701 base
pairs) of the coding region, including both the nucleotide- and nucleoside-
binding domains. These primers were originally designed to study dCK from
rat and human origin (28). Since the sequence in these two species is very
similar, except for the 5’ and 3’ ends, these terminal sequences were not
included in the primers’ range. Total RNA was isolated from each of the cell
lines (at least 1 X 107 cells/sample), by the method described by Chomczynski
et al. (29) and reverse transcribed to yield cDNA. A polymerase chain reaction
was then carried out in a reaction mixture containing 50 mM KCl, 10 mm
Tris-HCI (pH 8.4), 25 mm MgCl,, 0.2 mg bovine serum albumin, 0.25 mm
concentrations of each of the four deoxyribonucleoside triphosphates, S0 pmol
of each primer, and 1 unit of Taq polymerase (Perkin Elmer Cetus, Norwalk,
CT). The amplification protocol consisted of denaturation for 5 min at 95°C
followed by 33 cycles of 0.8 min at 95°C, 0.8 min at 55°C, and 1.0 min at
72°C. As a control an amplification protocol for human B-actin was used, as
described before (30).

In Vivo Chemosensitivity

Female nude mice (Hsd: athymic nu/nu) were purchased from Harlan Cpb,
Zeist, the Netherlands, at the age of 6 weeks. The animals were maintained and
handled under sterile conditions. Tumorigenicity of the resistant cells was
determined by injection of 1 X 10" AG6000 cells s.c. into both flanks of two
mice, as described previously for A2780 (31). Tumors appeared in all 4 flanks.
These tumors were transplanted s.c. as fragments with a diameter of 2-3 mm.
Upon growth, the tumors were measured and the volume was calculated by the
equation length X width X thickness X 0.5, and expressed in mm?> (3, 32). At
the start of treatment (day 0), groups of 5-8 tumor-bearing mice were formed
to provide a mean tumor volume between 50 and 150 mm? in each group.
dFdCyd was dissolved in 0.9% w/v NaCl and administered i.p. in the schedule
120 mg/kg, every 3 days for 4 doses (3). As a control the tumor growth of
untreated tumors was followed. For comparison a group of 6 mice bearing
A2780 tumors was treated.

RESULTS

Resistance to dFdCyd was successfully induced in the human
ovarian carcinoma cell line A2780 by a careful stepwise increase of
the dFdCyd concentration to prevent the loss of intermediate variants.
The first resistant variant was established after 6 weeks and was
termed AG6. This variant grew logarithmically (doubling time, 29 h)
under continuous exposure to 6 nm dFdCyd, which is 10 times the
IC,, upon 48 h drug exposure in the parental A2780 cells. The next
variant AG12 was established after an additional 6 weeks by doubling
the dFdCyd concentration to 12 nM. The increased dFdCyd concen-
trations did not affect the growth rate of this variant or the next three
variants. In AG96 cells the IC,, for dFdCyd was 5 uM at 24 h drug
exposure. Subsequently AG96 cells were exposed to approximately
the 25% inhibitory concentration, 2 um dFdCyd, which resulted in the
AG2000 variant of A2780 after 4 weeks and subsequently in the most
resistant variant AG6000 after exposure to 6 uM for another 3 weeks
(ICs, of dFdCyd at 24 h exposure, 145 uM). Microscopically the
parental cell line A2780 and the highly resistant AG6000 variant were
clearly different. A2780 cells tended to stretch, while AG6000 cells
tended to grow in clumps. In Table 1 some characteristics of both cell
lines are summarized. The cell diameter decreased from 13.30 wm for

A2780 cells to 11.95 pum for AG6000 cells. The doubling time
increased from 26 h for the parental A2780 cells to 43 h for the
AG6000 variant. The chromosome spreads showed two identical and
remarkably normal karyotypes; both the parental and the resistant cell
lines were diploid and only 3 aberrant chromosomes were observed
(Table 1). AG6000 was found to be 150,000-fold resistant to dFdCyd,
when compared to A2780 (Fig. 1; Table 2). Cross-resistance was
observed for the two deoxycytidine analogues ara-C and aza-dCyd
and for the deoxyadenosine analogue CdAdo. Unexpectedly, cross-
resistance was also observed for cisplatin and the two multidrug
resistance drugs doxorubicin and vincristine (Table 2), although the
resistance factors were much lower (2-8-fold) than those for the
antimetabolites (>10,000-150,000-fold). We also observed cross-re-
sistance to dFdUrd of >2270-fold.

The dCK activities of the parental cell line and three dFdCyd-
resistant A2780 variants are summarized in Table 3. At 2 um dCyd the
dCK activity in the resistant cell lines was about 10-fold lower than
that in the parental cell line A2780. Addition of dThd to the reaction
mixture to block the TK activity had no effect on the dCK activity in
A2780 cells in contrast to the resistant variants. In AG6 and AG96
dCK activity was approximately 10-fold lower in the presence of
dThd than without dThd, and in AG6000 no significant dCyd-phos-
phorylating activity could be detected in the presence of dThd. At 230
uM dCyd the dCK activity was 5-10-fold lower in the resistant
variants when compared to the parental A2780 cells. Addition of dThd
decreased the dCyd-phosphorylating activity in A2780 cells to ap-
proximately 75%. In AG6 hardly a difference was observed with and
without dThd, whereas in AG96 and AG6000 the dCyd-phosphory-
lating activity in the presence of dThd was approximately 4-fold lower
than in the absence of dThd. In Table 4 the TK activities of A2780 and
its two variants AG6 and AG6000 are summarized. No important
difference was observed in the total TK activity between the three cell
lines. TK 1 activities, however, were somewhat lower in the two

Table 1 Characteristics of the A2780 and AG6000 human ovarian cancer cell lines

Characteristic A2780 AG6000
Doubling time (h) 26 43
Cell diameter (um)® 13.30 11.95
S-phase fraction (%)® 26 30
Modal chromosome no. 46 46
Chromosomal markers dup(1)(q23q42) dup(1Xq23q42)
t(x;3Xq22;p13) t(x;3Xq22;p13)

? Measured with the Elzone 80xy (Particle Data, Inc., Elmhurst, IL).
® Fluorescence-activated cell sorter analysis as described in Ref. 19.
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Fig. 1. Growth inhibition of the A2780 (@) and AG6000 (A) cell lines by dFdCyd at
72 h exp One rep ive experiment of 6 is shown. Points, means of triplicate
cultures; SEM was within the range of the symbols.
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INDUCTION OF RESISTANCE TO GEMCITABINE IN A2780 CELLS

Table 2 ICps of several anticancer drugs as determined in A2780 and AG6000 cells
ICsg is measured after 72 h continuous exposure. Values are means + SEM of at least
3 separate experiments.

A2780 (nMm) AG6000 (M) Fold resistance
dFdCyd 0.6 0.1 92+ 46 150,000
dFdUrd 2200 * 200 >5000” >2270
ara-C 14+4 135 + 44 10,000
CdAdo 8*6 260 * 49 3,500
aza-dCyd 5000 * 1600 >50° >10
DOX°® 28+6 0.051 = 0.01 2
VCR 02=00 0.0015 * 0.01 8
CDDP 620 *+ 100 4.68 0.9 7

“ dFdUrd was not tested at a higher concentration than 5 mm.
b Aza-dCyd could not be solubilized reliably at a higher concentration.
€ DOX, doxorubicin; VCR, vincristine; CDDP, cisplatin.

Table 3 dCK activities in the sensitive cell line A2780 and the resistant variants AG6,
AG96, and AG6000

Activities are exp d as nmol product fi d/h/10° cells and are means + SEM.
2 pM dCyd 230 pum dCyd

Cell line dCyd dCyd + dThd dCyd dCyd + dThd

A2780 0.088 £0.028  0.097 * 0.020 1.92 £ 0.55 1.42 * 0.63

AG6 0.010 = 0.001 0.001 + 0.001 0.15 = 0.02 0.11 = 0.01

AG9% 0.014 = 0.001 0.001 £0.000 0.32 +0.07 0.09 = 0.01

AG6000 0.009 + 0.001 0.001 £ 0.000 0.40 * 0.15 0.16 + 0.03

Table 4 Thymidine kinase and deoxycytidine deaminase activities in the sensitive cell
line A2780 and the resistant cell lines AG6 and AG6000
TK1 activity was determined by adding the feedback TK 2 inhibitor dCTP to the
reaction mixture, as described in “Materials and Methods.” Activities are expressed as
nmol product formed/h/10° cells and are means + SEM of 3-6 separate experiments.

Cell line Total TK TK 1 dCDA
A2780 32+03 19+0.2 09 +0.6
AG6 29*0.2 1.0 = 0.04 ND*
AG6000 28*0.2 1.6 £ 0.09 0.05 = 0.03

“ ND, not determined.

resistant variants than in the parental A2780 cells. In AG6 cells TK 1
activity was almost one-half of the activity measured in A2780 cells.
In AG6000 an about 25% lower TK 1 activity was found than that in
A2780 cells. Unexpectedly, dCDA activity was approximately 10-
fold lower in the highly dFdCyd-resistant AG6000 cells, when com-
pared to the sensitive A2780 cells (Table 4). Fig. 2 shows that in
AG6000 cells no accumulation of dFdCTP, the active metabolite of
dFdCyd, could be detected, in contrast to the parental A2780 cells.

Fig. 3 shows the results of the immunodetection of the M, 30,500
subunits of the dCK protein. A2780 cells and the 7 variant cell lines
were screened for the protein. dCK could be detected in the parental
cell line A2780 and the resistant variant AG6 (resistant to 6 nM
continuous exposure). In other variants, resistant to higher concentra-
tions of dFdCyd, no dCK protein could be detected. In all cell lines an
additional band of M, 20,000 was observed. The M, 30,500 band
consisted of the M, 30,500 subunits of the M, 60,000 dCK protein.
The M, 20,000 protein is most likely a dCK-related protein; when the
blots were stained with a non-dCK polyclonal antibody the band could
not be detected; neither could the dCK protein. Furthermore, when the
staining was done in the presence of an excess of highly purified dCK,
the band was again not detected and neither was the dCK band,
indicating that the M, 20,000 protein has dCK epitope(s) (data not
shown). Preliminary experiments with cell extracts prepared with and
without 7 different protease inhibitors revealed no difference in the
level of the M, 20,000 protein.

In Fig. 4 the results of the PCR dCK-mRNA experiments are
presented. In the parental cell line A2780 a normal length dCK-
mRNA amplification product of 701 base pairs could be detected, as
well as in the AG6 variant. In the more resistant variants, in which no

dCK protein could be found, an additional amplification product of
approximately 500 base pairs was detected besides the normal sized
dCK-mRNA. B-Actin was expressed in all cells tested similarly as for
A2780 cells (data not shown).

In vivo AG6000 retained the same tumorigenicity as the parental
A2780 cells. Corresponding to the in vitro results the AG6000 tumors
were insensitive to dFdCyd treatment (Fig. 5). This is in contrast to
the A2780 tumors which were very sensitive to dFdCyd. Analogous to
the in vitro results in AG6000 tumors no dFACTP could be detected,
in contrast to the A2780 tumors (Fig. 2).

DISCUSSION

This is the first report on the development of a human tumor cell
line, resistant to dFdCyd, derived from a solid tumor type. The
AG6000 variant of the widely used human ovarian carcinoma cell line
A2780 is highly resistant to dFdCyd. Cytogenetically the parental cell
line and the resistant variant are identical; i.e., the two cell lines show
the same chromosomal markers. The observed markers are compara-
ble to those observed for A2780 cells by Behrens et al. (33). This
implicates that the A2780 cell line is a cytogenetically stable cell line.

Because of the observed cross-resistance to ara-C, aza-dCyd, and
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Fig. 2. dFdCTP accumulation in A2780 and AG6000 cells and tumors. The cells were
exposed to 10 um dFdCyd for 24 h. Values shown are means + SEM (bars) of 3 separate
experiments. The animals bearing the ovarian carcinoma xenografts were treated with a
single i.p. injection of 120 mg/kg dFdCyd and tumors were excised 6 h after dFdCyd
administration. Points, means of 3 separate tumors; bars, SEM. n.d., not detectable.

Fig. 3. Western blot of cell extracts of the A2780 cell line and its dFdCyd-resistant
variants stained with dCK-specific polyclonal antibody. As a standard purified dCK
was used. The M, 30,000 band represents the dCK subunits. kD, molecular weight in
thousands.
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Fig. 4. Electrophoresis of the PCR products of
the dCK mRNA detection on a 1% agarose gel. All
samples expressed B-actin comparable to A2780.
The normal dCK mRNA amplicon is 701 base

pairs (bp).

2-CdAdo, all dependent on dCK for activation, dCK deficiency was
expected to be a major cause for the resistance. The dCK activity
assays showed indeed that the dCyd-phosphorylating activity was at
least 10-fold lower in the resistant variants AG6, AG96, and AG6000
when compared to the parental cell line A2780. We determined dCK
activity at two dCyd concentrations because of the biphasic kinetics of
this enzyme (34). At the low, near physiological dCyd concentration
addition of dThd had no effect on the dCyd-phosphorylating activity
in A2780 cells, indicating that dCyd was phosphorylated predomi-
nantly by dCK. In the resistant variants addition of dThd markedly
impaired dCyd phosphorylation, indicating that these cell lines de-
pended on TK 2 for dCyd activation. At high dCyd concentrations TK
2 contributed to the dCyd phosphorylation, which was most pro-
nounced in the resistant AG96 and AG6000 cells. Considering the
similarity of enzyme activities, protein levels, and aberrant dCK-
mRNA between AG96 and AG6000 and the relatively small differ-
ence in sensitivity to dFdCyd, retrospectively, selection might have
been possible more rapidly.

For the resistant variants the main resistance mechanism is proba-
bly dCK deficiency, as confirmed by immunodetection of the dCK
protein. The immunoblots of dCK showed two proteins specifically
stained with the purified polyclonal antibody against dCK: the M,
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Fig. 5. Antitumor effect of dFdCyd against well-established A2780 and AG6000
xenografts. @, untreated control tumors; A, treated AG6000 tumors; M, treated A2780
tumors. Values are calculated relative to those of the day of first treatment and are
means * SEM (bars) of at least 6 separate tumors. Treatment was given i.p. at 120 mg
dFdCyd/kg every 3 days for 4 doses. Control A2780 and AG6000 tumors grew at the same
rate.

— 701 bp (normal amplicon)
+ 500 bp

30,500 subunit of the M, 60,000 dCK protein and a M, 20,000 protein,
of which the origin is not yet clear. In an extensive study of extracts
from several human tissues and tumors, the M, 20,000 band was
observed only in a few cases of human colon tumors and a human
colon carcinoma cell line (38).* Thus, the occurrence of this band is
most likely cell type dependent and could be due to selective degra-
dation or translation of a truncated form of the dCK protein. In this
study we observed that the M, 20,000 band was present in all the
resistant cell lines lacking intact dCK protein, indicating that this
protein does not play a role in the resistance of these cell lines. Since
protease inhibitors did not affect the occurrence of this band, it is not
likely that this protein is a degradation product of the M, 30,000 dCK
protein.

An unexpected pattern was observed in the dCK mRNA detection
assay. Two amplicons were found from AG12 onwards, a normal
701-base pair and a *500-base pair amplicon, although no dCK
protein could be detected. Although the mRNA signals were not
quantified, it is possible that the highly resistant variants express
considerably less dCK-mRNA than expressed by A2780 and AG6
cells. However, it can be concluded from the PCR experiments that
the cause of dCK deficiency is not likely to be due to a lack of
transcription of the dCK gene but may be related to mutations, leading
to impaired translation or enhanced degradation of the polypeptide.
The additional 500-base pair amplicon could be related to a mutant
form of the dCK gene. It is not clear whether this message is
translated. If so, the resultant protein would possibly have been
recognized by the polyclonal antibody. However, we did not detect an
additional protein in the cell lines expressing the 500-base pair
mRNA. Another possibility would be that the translation of this
aberrant mRNA would result in a protein not recognizable for the
polyclonal antibody. Such a protein would, however, exhibit no en-
zyme activity. A more detailed analysis of the transcription and
translation of the dCK gene in AG6000 is in progress.

Besides cross-resistance to antimetabolites known to depend on
dCK, we also observed cross-resistance against dFdUrd. Additionally,
resistance against cisplatin and against doxorubicin and vincristine
was observed. Grant et al. (35) recently reported that K562 human
leukemia cells, selected for multidrug resistance, showed a 10-15-
fold resistance to ara-C, when compared to the wild-type cell line. The
resistance to the multidrug resistance drugs doxorubicin and vincris-
tine in our AG6000 cell line was 2- and 8-fold, respectively, when
compared to A2780. A RNase protection assay (36), screening for the

4 Unpublished results.
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mdrl gene, which codes for the multidrug resistance efflux pump
P-glycoprotein, showed no induction of P-glycoprotein (data not
shown). The presence of cross-resistance between at least three
classes of anticancer drugs may have implications for the combination
of dFdCyd with, e.g., multidrug resistance drugs in the treatment of
cancer.

In vivo, AG6000 maintained its tumorigenicity and its resistance to
dFdCyd. This opens possibilities for the study of dFdCyd resistance in
solid tumors in vivo. It will be of interest to examine whether AG6000
tumors in nude mice are also resistant to cisplatin or multidrug
resistance-associated drugs. This could have implications for the
treatment of patients that might acquire resistance to dFdCyd. Since
ara-C resistance has been associated with dCK deficiency (37), it is
likely that this mechanism of resistance against dFdCyd may appear in
the clinical setting. Therefore, the dFdCyd-resistant ovarian carci-
noma cell line AG6000 is valuable in order to understand dFdCyd
resistance. This cell line will also be of interest for determining the
mechanism of cell type specific regulation of dCK expression.
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