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We established multidrug-resistant human gastric and colon xenograft lines by means of intratumoral
injections of four agents, doxorubicin (DXR), cisplatin (CDDP), 5-fluorouracil (5-FU) and mitomycin
C (MMC), into subcutaneous SCINU and SW480 tumors once a week or less. Such intermittent drug
exposure is commonly used in clinical chemotherapeutic protocols. All xenograft lines acquired
resistance to the injected drugs as evaluated by in vivo drug-resistance tests, Many of the drug-
resistant lines showed various patterns of cross resistance to other drugs. In order to analyze the
mechanism of resistance in vive, we investigated the expression of drug resistance gene, which has
been extensively studied in vitro. We used four complementary DNAs (cDNAs) for multidrug
resistance (MDRI1), glutathione S-transferase-w (GST-x), thymidylate synthase (TS) and dehydro-
folate reductase (DHFR), as probes. We observed GST-z, DHFR and TS mRNA expression at
various levels, but MDR1 mRNA expression was found only in SW480/DXR by the method of poly
(A™) RNA selection. Four resistant SW480 lines had higher TS mRNA expressions. Six resistant
lines had stronger GST-z mRNA expression. Five resistant lines had higher DHFR mRNA expres-
sion. Drug resistance genes related to the treated drug were also expressed in this in vivo model;
MDR1 in SW480/DXR, GST-x in SW480/CDDP and in SCINU/CDDP and TS in SW480/5-FU.
In contrast to ir vitro resistant lines which have been reported as models of drug resistance, the
expression of drug resistance genes in vivo was not always correlated to the acquisition of cross
resistance. These resistant xenograft lines and the methods developed to induce drug resistance in vivo

should be useful for studies on the mechanism of drug resistance in the clinical setting.
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The development of resistance to chemotherapy is a
major problem in the treatment of cancer. Tumors which
are initially responsive to chemotherapy can develop
resistance during treatment with cytotoxic agents. Clini-
cally, this is characterized by short periods of remission
and failure to respond to subsequent therapy. For many
drugs, the mechanism of drug resistance is unknown, and
it may depend on the origin of the cells, the degree of
resistance, and the method by which resistant clones were
selected. A number of investigators have selected sublines
of murine and human tumors which were resistant to
various drugs in vitro by repeated exposure of the target
cells to a sublethal concentration of drugs.” Many in
vitro drug resistanice mechanisms have been elucidated:
multidrug resistance to DXR,* actinomycin D and vinca
alkaloids,”® GST-z to CDDP”* and DXR,*'? DHFR
to methotrexate,'* ' TS to 5-FU,"*'® and so on. But,
there are only a few studies of the development of
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* Abbreviations used are: DXR, doxorubicin; CDDP, cisplatin;
5-FU, 3-fluorouracil; MMC, mitomycin C; MDR, multidrug
resistance; GST-7, glutathione S-transferase-n; DHFR,
dehydrofolate reductase; TS, thymidylate synthase.

Drug resistance — Xenograft line — GST-r — DHFR — MDRI

resistance during in vivo treatment.” '** Repeated treat-
ments at high doses in vivo mimic the clinical situation
better and may prove more applicable for investigation of
the mechanisms of resistance.” In the present study,
therefore, we have investigated the development of resis-
tance to high doses of DXR, CDDP, 5-FU and MMC in
human gastric and colon carcinoma lines, growing as
xenografts in nude mice, These four agents are com-
monly administered to treat progressive gastrointestinal
cancers in Japan. We also examined the expression of
genes related to drug resistance, and tried to identify the
mechanisms of acquisition of in vivo drug resistance.

MATERIALS AND METHODS

Nude mice KSN{nu/nu) male mice, 5-7 weeks old, were
purchased from the Shizuoka Laboratory Animal Center
(Shizuoka), and maintained in the Institute of Labora-
tory Animal Research, Nagoya University. The mice
were maintained by conventional methods in a specific
pathogen-free environment.

Tumor SCINU was established directly as a xenograft
in KSN(nu/nu) mice from the metastatic paragastric
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lymph nodes of a 35-year-old female patient in May,
1982 in Nagoya University Hospital. This tumor was
diagnosed as poorly differentiated adenocarcinoma with
areas of signet-ring cell carcinoma.” The human colon
carcinoma xenograft line, SW480, was transplanted from
the cell line SW480 which was donated by Memorial
Sloan Kettering Cancer Center, New York. KB and
KB-CH'™-24 were donated by Dr. Kawano, Oita Medical
College, Japan. KB-CH'-24 was maintained in 560 ng/ml
of colchicine and showed about 20-fold greater resistance
to DXR than the parental KB. CC2NU was established
in our University from colon carcinoma in 1988.
Chemicals DXR, 5-FU and MMC were obtained from
Kyowa Hakko, Tokyo. CDDP was purchased from
Nippon Kayaku, Tokyo.

Development of drug resistance In order to develop drug
resistance, drugs were directly injected into the subcuta-
neous tumor twice a week. The initial dosages were 0.5
mg/kg of DXR, 0.5 mg/kg of CDDP, 5 mg/kg of 5-FU
and 0.5 mg/kg of MMC. After three weeks, we injected
dosages equal to twice the initial dosages. The passages
were performed 6-8 weeks after inoculation. The
amounts of agents in the second passage were 4-8 times
the initial dosages. Finally, the dosages of drugs after the
third passage were increased up to 10 times the initial
dosages, and injection was done once a week or less. It
took about three months and two passages to reach the
maximum dose. We kept the resistant lines in vive by
injection of the maximum dose of drugs once a week or
less. At nine months after the start of administration at
the maximum dose, we started these analyses,

Tumor growth rate The tumor growth was followed by
measuring the diameters of tumors three times a week
with calipers. The tumor weight was calculated by using
the formula (a® X b)/2 where b was the largest diameter
and a was the diameter perpendicular to 5" Growth
curves were plotted and the time taken for the tumor to
double in volume was obtained. This measurement was
done without injection of drugs.

In vivo drug resistance test The tumor (4060 mg) was
transplanted subcutaneously into 4-6 KSN nude mice,
" An antitumor agent (DXR, CDDP, 5-FU or MMC) was
injected directly into the tumor at day O, 4, and 7 after
inoculation of the tumor. The amounts of the injection
were 5 mg/kg for DXR, CDDP, MMC and 50 mg/kg
for 5-FU. The efficacy trial was done as described below.
Tumor weights were calculated by the method described
in connection with tumor growth rate. In order to assess
antitumor activity, percent growth in drug-treated
tumors was calculated by using the formula; (T/CX
100), on days 7, 14 and 21 after the inoculation. T and C
are median tumor burden for the treatment group and
the control group, respectively. We calculated tumor
growth delay (T—C in days), where T and C are the
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median times required to reach a predetermined size
(1000 mg} for the treatment group and the control group
tumors, respectively.”'"?¥

Northern blot analysis Total cellular RNA was ex-
tracted from samples which were frozen at —80°C. For
MDRI1 mRNA detection, poly (A*) RNA was selected
through an oligo (dT) cellulose column. The total RNA
(20 ug) and poly (A*) RNA (10 ug) were electro-
phoresed on a 3-(N-merpholino)propanesulfonic acid
buffer (MOPS) formaldehyde agarose gel and trans-
ferred to a Hybond N nylon filter (Amersham Inter-
national). The detection of MDRI1, GS8T-n, TS and
DHFR mRNAs was carried out by northern blot hybrid-
ization using cDNA as a probe. A pMDR1 ¢cDNA was
donated by Dr. Kuwano, Oita Medical College, a GST-z
cDNA was provided by Dr. Muramatsu,” Tokyo Uni-
versity, and a TS ¢cDNA was donated by Dr. Seno.'¥

RESULTS

In vivo drug resistance test Fig. 1 shows growth
curves of the treated and control groups of SW480 and
SW480/CDDP. Control groups showed almost -equal
growth rates, but the CDDP-treated group of SW480/
CDDP grew faster than that of SW480, We obtained the
growth curves of all the other resistant lines (data not
shown). From these figures we calculated T/C and T—C
values. Table I shows the calculated values of T/C and
T—C of parent and resistant lines to the drugs used to
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Fig. 1. Tumor growth curve. The tumor growth was mea-

sured as described in “Materials and Methods.” Drug was
injected directly into the subcutaneous tumor on dyas 0, 4, and
7 (about 0.25 ml/mouse). The dosage of CDDP was 0.5 mg/
kg. O; SW480, @; CDDP-treated SW480, & ; SW480/CDDP,
A ; CDDP-treated SW480/CDDP. The bars show the standard
deviation.



Drug-resistant Xenograft Lines

Table I.  In vivo Resistance Test of Parents and Resistant Lines
Dru P Tumor growth
Line Dosagge"] T/C (%)" on day delay (gays)”
(mg/kg) 7 14 21 (T-C)

SW4R0 DXR 37t5 16+4 g+3 25
SW480/DXR 3 83+15 94115 53£13 12
SW480 CDDP 46111 19+10 12+7 15
SW480/CDDP 5 7712 36%7 2318 8
SW480 5-FU 517 10x2 62 25
SW430/5-FU 50 72+6 43+ 10 25x7 13
SW480 MMC 40E6 7t1.5 1£0.5 ND
SW480/MMC 5 37+7 348 5%0.5 15
SCINU DXR 1313 1 0.1 ND
SCINU/DXR 5 g6 14 13£2.1 3t1s ND
SCINU CDDP 5+1 2+0.5 1+0.5 28
SCINU/CDDP 5 133£25 15+0.7 6102 26
SCINU 5-FU 4+1 1 0.3 33
SCINU/5-FU 50 87+14 2916 12+3 17
SCINU . MMC 3405 0.2 0.1 ND
SCINU/MMC 5 34+1.5 62 1£0.5 ND

MeantSE. ND: not determined.

a) Drug was injected directly into the subcutaneous tumor on days 0, 4, and 7 (about 0.25 ml/mouse).

The dosages per injection are listed.

b) T, Median tumer burden for the treatment group; C, median tumor burden for the control group. T/C

(%) is percent growth in drug-treated tumor.

¢) Tumor growth delay (T —C in days) where T and C are the median times required for the treatment
group and the control group tumors, respectively, to reach a predetermined size (1000 mg).

establish resistance. In all resistant lines the T/C value on
day 7, 14 or 21 was higher than that of the parental lines
with the sole exception of T/C on day 7 in SW480/
MMC, All the SCINU sublines had much higher T/C
values than the parental lines. Although some of the SW-
480 sublines showed no great difference in T/C values,
the growth delays were almost half those of the parental
SW480 for DXR, CDDP and 3-FU. From these experi-
ments we confirmed the establishment of resistance in
these treated xenograft lines.

Collateral sensitivity SW480/DXR had acquired 6-fold-
increased resistance to DXR (T/C value of SW480/
DXR divided by that of SW480), 1.3-fold to CDDP and
3-fold to 5-FU. SW480/CDDP had 2- to 3-fold-increased
resistance to all drugs. SW480/5-FU had moderate resis-
tance to 5-FU and little to DXR, but it did not show
resistance to CDDP and MMC. SW430/MMC had ac-
quired 5-fold-increased resistance to 5-FU and MMC,
and 1.5- to 2.5-fold to DXR and CDDP. SCINU/DXR
had 13-fold -increased resistance to DXR, 2- to 4-fold to
CDDP and 5-FU, and 10-fold to MMC. SCINU/CDDP
had 7-fold-increased resistance to CDDP, 6-fold to 5-FU
and 8-fold to MMC, but showed no increase of resistance
to DXR. SCINU/5-FU had 10- to 30-fold-increased

resistance to DXR, CDDP, 5-FU and MMC. SCINU/
MMC had high resistance to all the drugs. Most of the
resistant lines had acquired cross resistance to various
degrees, with some exceptions (Table II).

Tumor growth rate Although the drug-resistant tumors
grew continuously in nude mice, some drug-resistant
lines grew more slowly than the original tumors. The
drug-resistant lines SW480/CDDP, SW480/5-FU and
SW430/MMC had almost the same doubling time (days)
as the original SW480 line. However, SW480/DXR and
all the drug-resistant lines of SCINU (SCINU/DXR,
SCINU/CDDP, SCINU/5-FU and SCINU/MMC)
grew more slowly than the original SW480 or SCINU
line (Table III).

Northern blot analysis Parental strains (SCINU and
SW480) had no detectable MDR1 mRNA expression.
All the resistant xenograft lines had no detectable MDR 1
mRNA expression by normal northern blot analysis
using total RNA. But poly (A™) RNA selection enabled
us to detect MDR1 mRNA in SW480/DXR, On the
other hand, SCINU and SW480 had moderate levels of
GST-r mRNA expression. We found that some drug-
resistant xenograft lines (SW480/DXR, SW480/CDDP,
SW480/5-FU, SW480/MMC, SCINU/CDDP and
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Table II.  In vivo Collateral Sensitivity
T/CY (%) on day 14

DXR” CPDP? 5FU? MMCY
SW480 1644 1910 10£2 7+1.5
SW480/DXR 94115 24+8 28%38 NT
SW480/CDDP 30£5 367 29+4 25%5
SW480/5-FU 29+1.5 2047 48110 2+1
SW480/MMC 3910 29+5 4611 34=L8
SCINU 1 2405 1 0.2
SCINU/DXR 1321 4+1 4*1.35 2x05
SCINU/CDDP 1202 15207 6.5+3.6 1.6x0.7
SCINU/S5-FU 21+3 214 29%6 2+2
SCINU/MMC 12147 8.6+4.5 30%25 6t2

Mean =SE. NT: not tested.

@) Drug was injected directly into the subcutaneous tumor on
days 0, 4, and 7 (about 0.25 ml/mouse). The dosages per
injection are listed.

5) T, Median tumor burden for the treatment group; C,
median tumor burden for the control group. T/C (%) is
percent growth in drug-treated tumor.

Table III.  [n vivo Growth Rate
SW480 4.61-0.14
SW480/DXR 93x1.3
SW480/CDDP 5.3+0.5
SW480/5-FU 5.7+0.6
SW4R80/MMC 5.210.46
SCINU 291032
SCINU/DXR 421032
SCINU/CDDP 4.5+0.27
SCINU/5-FU 43101
SCINU/MMC 47£0.12

Mean £ SE. The tumor growth was measured as doubling time
{days} by the method described in “Materials and Methods.™

SCINU/5-FU) had stronger GST-7 mRNA. expression
than that of the parental lines. But SCINU/DXR and
SCINU/MMC had weaker GST-r mRNA expression
than the parental lines. Although parental SW480 had
almost no detectable level of TS mRNA expression,
SW480/DXR and SW430/MMC had acquired low-
grade TS mRNA expression. SW480/CDDP and
SW480/5-FU had higher levels of TS mRNA expression.
SCINU/MMC had the same level of TS mRNA expres-
sion as SCINU. SCINU/CDDP and SCINU/5-FU had
less TS mRNA expression than SCINU, while SCINU/
DXR had almost lost the TS mRNA expression. Five
sublines (SW480/CDDP, SW480/5-FU, SW480/MMC,
SCINU/DXR, SCINU/CDDP) had higher DHFR
mRNA expression, and three other sublines (SW480/
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Fig. 2. Northern blot analysis of parents and resistant lines.
A: KB-CH’-24 was used as the positive control of MDR1, being
20-fold more resistant than KB (donated by Dr. Kuwano, Oita
Medical College). CC2NU was used as the positive control of
TS, GST-7 and DHFR. It was established in our University
from colon carcinoma in 1988. B: As a negative control of
MDRI1, TS, GST-z and DHFR, KB was used. It is a renal
carcinoma cell line which was donated by Dr. Kuwano, OQita
Medical College. For the detection of MDR, poly (A™) RNA
selection was used while total RNA was used, in the cases of
TS, GST-z and DHFR.

DXR, SCINU/5-FU and SCINU/MMC) had decreased
DHFR mRNA expression (Fig. 2).

DISCUSSION

In the present study, we investigated the development
of resistance to four commonly used antitumor agents
(DXR, CDDP, 5-FU and MMC) at high doses in
chemosensitive human stomach and colon carcinoma
xenograft lines, All four drugs are normally given as
single agents or as components of multi-agent therapy
regimens to progressive cancer patients. For the estab-
lishment of resistance in vive, we first tried intra-
peritoneal drug administration. But we could not detect
any tumor growth difference between the treated and con-
trol groups, and the mice died of drug toxicity. Therefore,
we employed a direct injection method into subcutaneous
tumors at a high drug concentration. By this method,
we could obtain drug-resistant lines and the treated mice



all remained alive. We obtained in vive growth curves
to calculate the percent growth in drug-treated tumor
(T/C) and the tumor growth delay (T —C), as reported
by Mattern et al."'”’ We also used the MTT assay,”**”
directly transferring the tumor cells from in vive to in
vitro culture. The results showed the same tendencies
as the in vivo resistance assay (data not shown). But we
think the in vivo resistance assay is more reliable in this
case. The drug-resistant lines displayed different degrees
of cross resistance, and even loss of resistance in some
sublines. Similar results were reported by Mattern et
al"'” In order to elucidate the mechanism of this variety
of cross resistance, we checked the expression of genes
which were thought to be related to drug resistance.
MDR1 gene was shown to be expressed in cell lines resis-
tant to DXR, actinomycin-D and vinca alkaloids. In
this study we could detect MDR1 mRNA expression
only in SW480/DXR but not SCINU/DXR by northern
blot hybridization. We used verapamil and cyclosporin A
to reverse the DXR resistance. Cell line SW480/DXR
{which was derived from xenograft SW480/DXR, and
was about 10-fold more resistant to DXR than parental
SW480) reverted to a state sensitive to DXR in the pres-
ence of 10 M verapamil or 0.8 uM cyclosporin A, It
had also been reported that the DXR resistance was not
induced by MDR1 gene expression alone.”

It has been reported that GST-z elevation indicates
increased cellular detoxication potential >™'®2"%° We
found that all SW480 resistant lines, SCINU/CDDP and
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