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ABSTRACT

Drug resistance Â¡sa major problem in cancer chemotherapy. Treatment
protocols generally include a number of different cytotoxic drugs given
in combination. Therefore, drug resistance in the tumor is likely to result
from the coexpression of several cellular activities able to prevent cell
killing by any of the drugs used. In this study we have measured several
potential drug resistance mechanisms consisting of the multidrug resist
ance gene product P-glycoprotein, glutathione, glutathione-transferase
and -peroxidase, and the DNA repair enzyme O6-alkylguanine-DNA-

alkyltransferase in samples of colon carcinoma and normal adjacent
mucosa from 23 untreated patients. All of these, with the exception of P-
glycoprotein, showed significant increases in tumor tissue levels when
compared with normal tissue from the same patient. The significance was
highest for glutathione peroxidase (/' â€¢0.0005). Individual patients,

however, showed very different patterns, with none, several, or all moni
tored resistance mechanisms elevated in the tumor. The implications both
in the choice of drugs and in the use of resistance modifying agents to
improve therapy for the individual patient are discussed.

INTRODUCTION

Drug resistance is a major problem in cancer chemotherapy.
It may be present before exposure to any cytotoxic drugs, as in
colon cancer, non-small cell lung cancer, and malignant mela
noma. Here, environmental, including dietary factors, may have
selected for several phenotypic alterations during tumor devel
opment, leading to a highly resistant tumor which responds
poorly to any chemotherapy. Alternatively, resistance may be
acquired, as in breast and ovarian cancer, where resistant cells
arise from a previously drug-sensitive tumor, following expo
sure to cytotoxic drugs. In vitro studies using cells selected for
resistance to a single cytotoxic drug have documented the
biochemical changes accompanying resistance, including
changes in glutathione levels, in the enzymes which synthesize
or use glutathione, and in cytochrome P-450-dependent en
zymes (1). In many cell systems, resistance to natural product
cytotoxic drugs is acquired by the amplification and/or over-
expression of an mdr (multidrug resistance) gene which codes
for P-glycoprotein (2, 3; reviewed in Refs. 4-6). This M,
170,000 glycoprotein is thought to act as an ATP-dependent
drug efflux pump (7, 8), and as the name suggests, causes
simultaneous resistance to a wide range of structurally unrelated
natural product cytotoxic drugs (4-6).

In order to improve chemotherapy for individual patients, it
is essential to identify which factors in their tumor cells may
contribute to resistance to the anti-cancer drugs commonly
used. This should lead to more rational tailor-made therapy for
each patient, focusing on strategies to combat known resistance
mechanisms, and avoiding the toxic side effects of drugs which
would be ineffective. Screening for P-glycoprotein as a predic-
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live resistance marker has already been used in multiple mye
loma (9). Resistance modulators which inhibit P-glycoprotein-
induced drug efflux have been used with partial success to try
to overcome clinical resistance (10).

As an initial step toward understanding which of the several
possible resistance mechanisms may be relevant to particular
types of cancer, we have examined a set of colon tumors with a
series of assays, designed to cover resistance to a range of
cytotoxic drugs. These include (a) monitoring of P-glycoprotein
expression to predict resistance to natural product cytotoxic
drugs, including the anthracyclines, Vinca alkaloids, and po-
dophyllotoxins (4, 9-12). (b) Measurement of the level of the
tripeptide GSH2 and its associated enzymes GST and GPx.

These form part of the detoxifying machinery of the cell, acting
against alkylating agents such as nitrogen mustards (GSH,
GST) (13-16) or the toxic oxygen groups and radicals induced
by anthracyclines and radiation (GSH, GPx) (16-19). In vitro
models have demonstrated elevated levels of GSH, GST, and
GPx in a wide variety of drug-resistant cell lines (17-23).
Elevated GSH is also involved in resistance to c/s-platinum
(22-24). (c) Activity of the DNA repair enzyme ATase. This
enzyme specifically repairs the damage at guanine residues in
DNA caused by chlorinated nitrosoureas and methylating
agents such as 5-methyl-(3,3-dimethyl-l-ltriazeno)-imidazole-
4-carboxamide (DTIC) which are used to treat gastrointestinal
tumors as well as malignant lymphomas, melanomas, and brain
tumors. In cells transfected with a bacterial gene (25, 26) or the
human gene1 encoding this enzyme activity the level of ATase

can be correlated to the resistance to cell killing by methylating
and chloroethylating agents. Three- to 5-fold increases in ATase
are sufficient to render transplantable sarcomas grown in mice
resistant to alkylating agents (27).

In this pilot study, colon tumors were chosen because they
are highly drug resistant and may, therefore, express high levels
of the resistance markers described above. Tumor tissue was
always compared with adjacent normal mucosa to obtain a
profile of biochemical changes in the tumor relevant to that
patient.

MATERIALS AND METHODS

Tissue Samples. We obtained samples from 23 untreated nonselected
patients from Berne. Switzerland, with colon carcinoma. 14 males and
9 females. The mean patient age was 69 Â±9.5 years. In the operating
theater, samples of nonnecrotic tumor tissue and normal mucosa from
5 cm away were taken. The normal mucosal layer was dissected away
as far as possible from the underlying submucosa, and away from the
underlying muscularis propria. Tissue samples were frozen and main
tained at -70Â°C. Directly adjacent samples of both were sent for

: The abbreviations used are: GSH. glutathione: GST. glutathione-5-transfer-
ase; GPx. glutathione peroxidase; ATase, O'-alkylguanine-DNA-alkyltransferase;
gplVO, glvcoprotein with a molecular weight of 170.000.

3G. Margison. unpublished work.

2092

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/8/2092/2447042/cr0510082092.pdf by guest on 19 M

ay 2023
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pathological examination. All but one sample had less than 20% focal
necrosis (this one sample had 20-30%). There were 12 cases with
Dukes' stage C, 9 with stage B, and 1 each with stages A and D (tumors

7 and 8, respectively).
Tissue Preparation. Samples were homogenized in 5 volumes of ice-

cold buffer containing 40 mM Tris-HCl, pH 7.5, 5% glycerol, and 1
mM i-aminocaproic acid, using a Poly Iron homogenizer at 30,000 rpm.
Equal aliquots were removed and processed for the various assays. All
manipulations were done on ice or at 4Â°C.

For GSH, an equal volume of 4% salicyclic acid was added, the
sample was microcentrifuged at 13,000 rpm for 2 min. and the super
natant was stored at -70Â°C(28).

For GST and GPx the aliquot was first centrifuged at 1500 rpm for
10 min, then the supernatant was further centrifuged at 100,000 x g
for 30 min to yield a cytoplasmic fraction and plasma membrane-
enriched microsomal pellet. The cytoplasmic fraction was stored at
â€”70Â°Cuntil assayed, as this was found not to decrease the enzyme

activities measured.
For mdr, the crude membrane pellet from above was taken up in

Laemmli gel sample buffer containing 2% sodium dodecyl sulfate (29)
and stored at â€”70Â°C.The amount of protein was estimated by using

amido black staining according to the method of Schaffner and Weiss-

man (30).
For ATase the aliquot was mixed with 1.5 volumes of a buffer

containing 50 mM Tris, pH 8.3, 1 mM EDTA, and 3 mM dithiothreitol.
sonicated twice for 10 s each at 100 W and 300 W, respectively, using
a Braun Labsonic 1510 sonicator, with cooling on ice in between. An
aliquot (10-90 p\) of the sonicate was taken for measurement of DNA
content by using Hoechst dye 33258 (31), with 30 n\ of 5- to 150-^g/
ml calf thymus DNA as standard. To the rest phenylmethylsulfonyl
fluoride was added (0.01 volume of 8.7 mg/ml in ethanol), followed by
microcentrifugation at 10,000 rpm for 10 min at 4Â°C;the supernatant

was removed onto ice and assayed immediately. The protein content of
the cytoplasmic fraction and the sonicated extract was estimated by
using Bradford reagent (32), with bovine serum albumin as standard.

Enzyme Assays. GSH content was measured by using Tietze's recy

cling assay (33). GST was measured according to the method of Habig
et al. (34), with l-chloro-2,4-dinitrobenzene as substrate. GPx was
assayed with the improved method of Gunzler el al. (35). All these
assays were performed on a Schimadzu UV-160 spectrophotometer

with a temperature-controlled cell. ATPase was measured according to
the method of Morten and Margison (36). For all the enzyme assays
enough data points were obtained to ensure that only values in the
linear response range were used in calculating enzyme activity.

Western Blotting. Fifty /jg protein from normal and tumor tissue
were loaded per track on a 7.5% sodium dodecyl sulfate-polyacrylamide
gel. Positive and negative controls were crude membrane pellets pre
pared as above from the doxorubicin-resistant lung cancer cell line
SW15731R500-0 and its drug-sensitive parent SW 1573 (37,38). These
cells were generously provided by Dr. H. Joenje, Amsterdam. All gels
included internal standards which consisted of 2-3 different amounts
of membrane protein from the positive control. After electrophoresis,
the gel was blotted onto nitrocellulose and probed according to the
method of Towbin et al. (39), using i:5I-protein A to visualize antibody

binding. The antibody used was a polyclonal rabbit antiserum raised
against a sequence common to all mdr genes (40), amino acids
1205-1224 of the human mdr protein. This peptide (ALDTE-
SEKVVQEALDKAREG) was made for us by Multiple Peptide Sys
tems, Inc., San Diego, CA.

RESULTS

The aim of this study was to set up a system applicable to
small human tumor biopsies which could simultaneously mon
itor several relevant drug resistance mechanisms.

The degree of variation within a single tumor was ascertained
for 4 patients by collecting 3-4 samples from maximally distant
sites in the tumor, as well as nearby normal tissue. These were
processed and assayed in parallel. Different regions of the same
tumor showed small variations in values, the smallest in tumor
8 and the largest in tumor 12 (Table 1). In the worst case (GPx
for tumor 12) there was a 2-fold variation between tumor pieces
A and C. All the tumor 12 samples had the same percentage of
tumor cell content, and there were no obvious morphological
differences. However, all these samples exhibited chronic in
flammation, with the highest number of plasma cells in piece
A. This could conceivably increase the protein content without
a corresponding increase in enzyme activity, thus resulting in

Table 1 ( ariation in resistance factor values in different samples from the same tumor
Samples were taken from maximally distant regions of the tumors listed below, together with a piece of normal tissue. The data show the resistance factor values

for the individual tumor samples (Tl. T2, T3). the normal tissue value (N) together with the mean tumor value Â±SD.

Tumor8

N
TI
12riATase

(fmol/^gDNA)3.397.57

6.95
6.83GSH(nmol/mg

protein)23.12

27.16
31.1228.84GST

(nmol/min/mg
protein)142.2

171.7
165.7
171.3GPx(milliunits/mg

protein)7.42

12.22
11.44
10.03

Mean T value

12

Mean T value

15

Mean T value

19

Mean T value

N
TI
12
T3

N
Tl
T2
T3

N
TI
T2
T3

7.17 Â±0.32

4.23
7.41
9.49
7.95

8.28 Â±0.88

4.68
3.51
2.34
2.33

2.73 Â±0.55

6.89
8.80

12.67
11.24

10.90 Â±1.60

29.04 Â±1.62

32.69
26.65
27.40
38.52

30.86 Â±5.43

29.23
31.97
46.22
29.97

15.84
35.34
30.18
33.63

33.05 Â±2.15

169.6Â± 2.74

85.2
96.2

126.8
149.6

124.2 Â±21.88

125.5
232.7
284.0
227.9

248.2 Â±25.3

38.0
66.6
68.5
87.4

74.2 Â±9.39

11.23 Â±0.91

6.43
6.17
8.95

12.85

9.32 Â±2.74

8.23
11.12
13.62
11.85

12.20Â± 1.05

2.95
9.50
9.12
7.88

8.83 Â±0.69
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lower values per mg protein for this sample. On average there
was a 12% variation about the mean value between maximally
distant pieces of tumor tissue. We have since examined normal
mucosa taken at a distance on all sides of a tumor mass (data
not shown). These samples showed a 14% variation. Therefore
the variation between tumor pieces is not on average greater
than that between normal mucosa samples, and can be regarded
as due to intrinsic heterogeneity. These results indicate that
wherever possible the tumor should be sampled at several sites,
or a large maximally representative piece should be taken in
order to obtain the best possible average tumor value.

The results for each patient are shown in Table 2 and graph
ically represented in Fig. 1. The tumors are numbered according
to their location in the colon (Table 2). In all of the assays there

was a lot of variation between different individuals as in earlier
reports (41-43).

We did not consider tumor:normal differences of up to 20%
in either direction to be important, in order to allow for exper
imental error. Individual patients had higher tumor than normal
tissue values in none (1 case, tumor 1), in only one (4 cases,
tumors 2, 9, 20, and 21), in several (16 cases), or in all of the
assays (2 cases, tumors 5 and 7). For most of the patients,
therefore, at least one drug resistance system was not elevated
in the tumor.

GST and GPx were elevated by at least 1.5- and up to 3.5-
fold in 9 of 23 and 11 of 23 tumors, respectively. GSH was
elevated 1.5- to 5-fold in 7 of 23 tumors. In the samples where

the tumor had less GSH, GST, or GPx than the normal tissue,

Table 2 Summary of biochemical results for 23 patients with colon cancer
Patient samples are numbered according to the tumor site, which is indicated as R (rectum), S (sigmoid colon), T (transverse colon), A (ascending colon), and C

(cecum). Values for normal (N) and tumor tissue (T) are shown. Units are as follows: ATase, fmol/ng DNA; GSH, nmol/mg protein; GST, nmol/min/mg protein;
GPx, milliunits/mg protein.

Patient Age

ATase GSH GST

Site

GPx

12345678910111213141516171819202122236462696267567975647082497465818276687962776551RRRRRRRRSSSSTTTTAAAA/CCCC4.774.033.687.414.704.685.793.394.285.575.594.233.695.064.682.384.252.966.893.913.192.632.023.594.806.223.3110.439.6712.407.176.584.695.218.284.176.972.731.592.386.8310.904.119.413.694.4133.9162.8248.7245.1326.2234.7234.0023.1285.8547.2653.0532.6931.0731.1129.3368.2540.3022.8615.8464.2290.6063.8121.4635.6459.0755.8649.9250.8142.9253.6629.0476.7166.9847.3630.8647.1441.4536.0560.81109.00111.8133.0567.8794.6688.0433.13147.6217.9206.0227.9194.2224.3168.3142.2214.5139.8161.685.2105.3161.2125.5204.4213.5121.438.0188.9306.6180.9127.9158.1214.9357.2274.3312.8366.4209.3169.6243.2152.0211.4124.2188.8165.9248.3219.9494.5424.074.2176.4215.8160.5307.85.4911.808.9313.348.747.066.427.4211.407.714.636.435.855.328.239.627.244.962.959.0812.4910.013.944.5614.8619.1420.6710.576.539.6911.2310.9114.8811.689.3213.907.1512.2013.6018.0716.768.8312.5013.1213.607.10

Fig. I. Summary of enzyme data from
paired samples of normal and tumor colontissue samples. Normal (AO and tumor (7")

tissue values for ATase, GSH, GPx, and GST
for 23 colon carcinoma samples. Left, cases
where the tumor value is greater than or equal
to the normal value; right, tumors with lower
values than their neighboring normal tissue.
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DRUG RESISTANCE MECHANISMS IN HUMAN COLON CANCER

Table 3 Mean values and slatistical significance of biochemical data
Table shows the mean value Â±SE for all the normal colon mucosa and colon tumors analyzed, 95'Ã¯confidence limits are shown in parentheses. The range of

values observed for each is also indicated. The level of significance (P) of the difference between normal and tumor tissue was determined by the paired / test; the
paired r value itself is also indicated.

Normal mucosa

RangeColon

tumors

Rangef>Paired

i valueATase

(fmol/^gDNA)4.34

Â±0.28
(3.76-4.92)
2.02-7.416.07

Â±0.62(4.78-7.35)

1.59-12.4sO.005

-2.872GSH(nmol/mg

protein)43.75

Â±4.28
(34.88-52.63)
15.84-90.6057.47

Â±5.06
(46.98-67.96)
29.94-111.81sO.005-2.876GST(nmol/min/mg

protein)169.7

Â±11.9
(145.0-194.4)
38.0-307237.8

Â±20.9
(194.4-281.2)

74.2-494<0.005

-3.465GPx(milliunits/mg

protein)7.79

Â±0.58
(6.58-8.99)

2.95-13.3412.21

Â±0.86
(10.44-13.99)

4.56-20.67<0.0005

-5.93

Fig. 2. Western blot analysis of P-glyco-
protein expression. A, amount of P-glycopro-
tein in 50 >igcrude membranes from normal
(i3) and tumor (â€¢)samples of 23 cases of colon
carcinoma. The values are semiquantitative es
timates from Western blot autoradiographs. in
comparison to internal standards from the pos
itive control cell line SW-1573 IR500-0. The
amount of P-glycoprotein in 1-10 /jg of mem
branes from these cells was set at 1-10 arbi
trary units (y axis). B, level of P-glycoprotein
(gp 170) detected in 50 ng of a crude membrane
fraction from the normal (A') and tumor (T)

tissue of cases 1. 5, 7, and 14. The positive
controls are 1-, 10-, and 50-/ig membranes
from the cell line SW-1573 1R500-0(1+. 10+,
and 50-K respectively).
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this was generally an insignificant decrease of only 10% (with
two exceptions of 20 and 30%, respectively). In contrast, ATase
levels were reduced by 15% or more in 6 of 23 tumors to a
minimum of 45% of the normal value, and elevated 1.5- to 3-
fold in 11 of 23 tumor samples. ATase was expressed relative
to the tissue DNA content rather than the protein content. This
gives a more reliable estimate of the ATase per cell, especially
where tumor and normal cells may differ in size and protein
content (31).4

Table 3 shows the mean tumor and normal activities, together
with the range of values observed. The statistical significance
of the difference between paired tumor and normal tissue sam
ples is also shown. No significance could be attached to the age
or sex of the patient, nor to the tumor staging, degree of
differentiation or vascularization, or location. We also per
formed a correlation analysis between the various enzyme ac
tivities. There was no correlation between ATase and GSH or
its enzymes. GSH, GST, and GPx had correlation coefficients
of 0.72 to 0.77 with each other in normal tissue but only 0.41
to 0.55 in tumor tissue. This may reflect a reduction in the

4 Unpublished results.

coordinate expression of these detoxifying enzymes in tumor
cells.

gpl70 was detected in the crude membrane fractions of all
23 of the colon cancer cases. The tumor level was markedly
higher than the normal tissue in 4 of 23 cases, and lower in 8
of 23 cases. Fig. 2 shows a typical Western blot to illustrate
this, and a graphical representation of the P-glycoprotein levels.

DISCUSSION

Colon cancer, one of the most common cancers in the western
world, is notoriously resistant to chemotherapy and so far only
5-FU has shown some consistent activity, albeit in a minority
of patients (44). In this study we were interested to see whether
tumor and normal tissue of colonie cancer patients display
phenotypic differences relevant to potential cytostatic drug
resistance and whether such differences are general or specific
to individuals. Even using a limited series of assays, it is clear
that each patient has an individual combination of tu
mornormal tissue differences and that each tumor had its own
resistance factor profile. This underlines the importance of
always considering several drug resistance mechanisms in par-
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allei. Resistance to a single drug can be manifested by several
phenotypic changes (45), and it is not unreasonable to expect
that resistance to the combinations of three different cytotoxic
agents commonly used in chemotherapy must be even more
complex (46).

We detected P-glycoprotein in both normal and tumor tissue
in all 23 cases, with tumor levels markedly elevated in 4 cases.
This is in accordance with previous reports where mdr-l RNA
could be readily detected in 85% of colon carcinomas (47) and
17-63% of colonie tumors had elevated mdr mRNA levels

compared with normal colon (11, 48). However, these are all
average measurements and do not address the amount or loca
tion of gpl70 at the single cell level. In normal colonie epithe
lium P-glycoprotein is localized at the lumenal plasma mem
brane face (49); in tumor cells which may no longer be polarized
the gpl70 could have a more random distribution, and also be
expressed within the cell, where it may not function effectively
as a drug efflux pump. Elevations in gpl70 could be due to a
few highly expressing cells in a heterogeneous tissue sample.
These possibilities, some of which also apply to the other drug
resistance factors considered here, can be investigated by using
immunohistochemical methods.

Recognizing the problem of nonhomogeneous tissue samples,
we always assayed samples taken immediately adjacent to those
sent for pathology. This allowed the exclusion of tumor samples
with too high a content of normal cells, or too much necrosis.
Tumor heterogeneity, reflected in some of the multisample
tumors, will always be a problem in working with clinical
samples. Small areas of cells with elevated drug resistance
would not be detectable by our methods, although they could
result in clinical resistance.

The values we obtained for GSH, GST, and GPx are very
similar to those reported elsewhere (41-43). We observed sig
nificant increases in all of these in tumor tissue, like the results
of Mikhail-Ishak et al. (50), but unlike those of Siegers et al.
(41), where the only significant changes were a drop in GSH
and an increase in GST in tumors of the sigmoid colon. When
we analyzed our results according to the tumor location, then
tumors of the sigmoid colon showed a significant increase only
for GST, but tumors of the rectum or other parts of the colon
showed significant increases in all three GSH-associated param
eters. We found no consistent age-related decrease in GST or
the other enzyme levels in normal colonie tissue, either in the
individual regions of the colon, or overall. This had been
proposed by Peters et al. (43). Despite the smaller age range,
our population was larger (23 as opposed to 5 samples), and
more homogeneous than the above study.

P-glycoprotein and ATase were the only parameters to show
large decreases in tumor compared to normal tissue, in 8 and 4
cases, respectively. In such individual cases, lower tumor values
could be used to select for drugs which may have a greater
chance of efficacy.

Tumor samples could be classified not only in relation to
their respective normal tissue but also according to the absolute
level of each drug resistance mechanism that they expressed.
This level may be of predictive use in selecting which drugs
should be used for chemotherapy, avoiding drugs (together with
their side effects) which might be expected to be ineffective due
to the constitutive expression of high levels of resistance fac-
tor(s). Furthermore, prior knowledge of any resistance mecha
nisms would allow the inclusion of resistance-modifying agents
in combination with appropriate chemotherapeutic drugs,

rather than incorporating them after clinical resistance has
developed.

In general, the values we measured in both normal and tumor
tissue were high, and the tumornormal differences relatively
small. This may be expected since normal colonie tissue is
adapted to cope with naturally occurring dietary toxins and
thus needs high levels of resistance mechanisms; furthermore,
the tumors it gives rise to are notoriously resistant to nearly all
cytostatic drugs. Other organs such as bone marrow show much
lower activity levels for all the assays (31)4 and this may reflect

the fact that bone marrow is the tissue most susceptible to
toxicity, which limits the level at which many chemotherapeutic
agents can be used.

The present study shows the feasibility of simultaneously
assessing resistance-associated factors in small human tissue
samples. The results clearly demonstrate that each tumor has
its own unique potential resistance factor profile, and it might
be predicted that resistance factors not measured in the present
study will add to the complexity of this profile. None of the
colon patients studied here received chemotherapy, so we can
not relate tumor response to the levels of drug resistance factors.
One way to do this rapidly would be to compare results obtained
with the series of assays used in this paper to those from an in
vitro drug resistance assay (51). We are now extending our
studies to other tumor types where acquired drug resistance
occurs and where we already know the response to therapy in
order to see if the levels of one or more drug resistance factors
correlate with the outcome of therapy for the individual patient.
If this is the case we will be in a position to design better
treatment protocols, including resistance modifiers where nec
essary, to be of maximum benefit to the individual patient.
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