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SUMMARY

The steady state expression of glutathione S-transferases
(GSTs) at both the protein and mRNA level is reported for the 60
tumor cell lines that are used for the National Cancer Institute
Drug Screening Program. Individual GST isozymes were sepa-
rated, identified, and quantified (with reverse-phase calibration
curves) through a novel high performance liquid chromato-
graphic procedure. GSTP1 was the predominant isozyme and
was found at quantifiable levels in all but two of the cell lines.
This isozyme ranged from 0.03% to 2.7% of the total cytosolic
protein. For the u family, 90% of the lines had GSTM2, 68%
had GSTM3, but only 28% were positive for the M1 phenotype.
The M1 proportion is lower than would be expected from the
standard M1 null phenotype for human populations. Isozymes
of the a family were detected only at very low levels in 35% of
the lines. Significant quantitative correlations among enzyme
activity, total enzyme protein, and mRNA were shown for
GSTP1. However, such relationships were not apparent for the
p or a families. Levels of glutathione (GSH), and the transcript
levels of other enzymes involved in GSH homeostasis were
determined. y-Glutamyl cysteine synthetase (y-GCS) was

present in all cell lines, but did not correlate with levels of
intracellular GSH. Glyoxalase-l and y-glutamyl transpeptidase,
both involved in GSH salvage, were found in 100% and 70% of
the cell lines, respectively. Using a pattern-matching computer
program, COMPARE, we compared and correlated the arrays
of mRNA and protein levels with the pattern of chemosensitivity
or chemoresistance of the 60 cell lines with 175 agents consti-
tuting a standard agent database. This database is composed
of compounds to which a putative mechanism of action has
been assigned. Although Pearson correlation coefficients relat-
ing the target and drug patterns were generally modest, when
the patterns for the enzyme protein and mRNA levels for GST#
were correlated to drug sensitivity patterns, the list of 30 agents
most closely matching (for which p < 0.05) was enriched with
alkylating agents. y-GCS also showed an enrichment of alky-
lating agents in the COMPARE correlations, indicating that high
levels of »-GCS may be an important determinant of resistance.
In contrast, none of the other enzymes or GSH had pattens of
expression that resulted in an obvious correlation to the sensi-
tivity or resistance of alkylating agents.

The thiol-dependent enzyme systems of cultured tumor
cells are critical for maintaining cellular redox homeostasis
and for the detoxification of electrophilic xenobiotics. In par-
ticular, GSH biosynthetic enzymes such as y-GCS and
isozymes of the GST family have been directly implicated in
resistance to a number of anticancer drugs (1). The strongest
correlative association at the molecular level exists for alky-
lating agents and GSTa. Substrate specificity data have
shown that both the rate and extent of nitrogen mustard
conjugation to GSH are catalytically enhanced by GSTa and,
to a lesser degree, by GST# (2, 3). Both the steady state levels
and the inducibility of GSTs have been found to be important
in determining cellular resistance. Some of the regulatory
elements of human GST genes have recently been character-

ized (4, 5) and can be influenced by drugs that alter thiol
homeostasis.

Both interindividual variability and organ-specific expres-
sion of GST isozymes are prevalent in humans. For example,
a null phenotype for GSTM1 has been reported for ~40% of
the human population (6). Significantly, other u family
isozymes can frequently be expressed in M1-deficient indi-
viduals. Substrate specificity patterns for all GSTs are char-
acterized by overlap and redundancy. In human tumor biop-
sies, GSTP1 is frequently overexpressed compared with
adjacent normal tissue. In fact, this isozyme has been con-
sidered to be a marker for malignancy in tissues such as colon
(7), liver (8), lung (9), kidney (10), stomach (11), and cervix
(12). Only in carcinoma of the prostate is there a deficient

ABBREVIATIONS: GSH, glutathione; GST, glutathione S-transferase; y-GCS, y-glutamy! cysteine synthetase; ¥GT, y-glutamyi transpeptidase;
SDS, sodium dodecy! sulfate; HPLC, high performance liquid chromatography; PSL, photostimulated luminescence; DDH, dihydrodiol dehy-

drogenase.
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expression of GSTP1 in malignant tissue (13). Such findings
have suggested that GSTP1 may be a marker of cellular
proliferation. Indeed, the relative prevalence of GSTP1 in
immortalized tumor cell lines also seems to support this
contention.

Because many studies of drug resistance use human cell
lines as model systems and because the National Cancer
Institute has focused considerable effort on designing a cell
line panel to assist in identifying novel cancer drugs, a sys-
tematic analysis of thiol-dependent enzyme expression
seemed warranted. The data in this report should assist
researchers in identifying cell lines with specific patterns of
expression of detoxification enzymes. In addition, a pattern
recognition program, COMPARE, was used to examine the
hypothesis that levels of GSH-related enzymes may be re-
sponsible for determining resistance to alkylating agents in
unselected cell lines. Furthermore, some significant observa-
tions relating drug response and patterns of enzyme expres-
sion have been included.

Experimental Procedures

Materials. The protease inhibitors Pefabloc and leupeptin were
obtained from Centerchem (Stamford, CT) and Sigma Chemical Co.
(St. Louis, MO), respectively. Other materials were of the highest
purity available, or their source has been reported (14). The drugs in
the standard database were obtained from the Drug Synthesis and
Chemistry Branch, Developmental Therapeutics Program, Division
of Cancer Treatment, National Cancer Institute (Bethesda, MD).

Cell preparation. Cells (1 X 10’-5 X 107) were suspended in 1 ml
of buffer homogenized on ice with three pulses of 10-sec duration
using an OMNI stator generator homogenizer (Marietta, GA). Cy-
tosol was prepared by ultracentrifugation at 135,000 X g for 35 min
at 4° in a Beckman Optima TL-100 tabletop ultracentrifuge (Fuller-
ton, CA). Cytosol was aliquoted and stored frozen at —80° until
analyzed for GSTs. The homogenization buffer, pH 7.0, consisted of
10 mM potassium phosphate, 160 mM potassium chloride, 1 mM
EDTA, 2 mM dithiothreitol, 0.1 mM Pefabloc, and 1 mM leupeptin.
Unused homogenization buffer was discarded after 8 hr. Protein
concentration determinations and GST enzymatic activity determi-
nations with 1-chloro-2,4-dinitrobenzene were performed as de-
scribed previously (14).

Chromatography. The design of a coupled affinity/reverse-phase
HPLC system for the analysis of the GSTs has been described pre-
viously (15). This consists of an affinity column specific for GSTs
coupled via automated valves to a reverse-phase HPLC column. The
GSTs are separated from cytosol on the affinity column and after
elution from the affinity column are analyzed on the reverse-phase
column.

Identification and quantification. The GST subunits in cells
were identified through comparison of their retention times with
those of recombinant GSTs. Variations in retention time were mea-
sured from repeated injections of a mixture of human recombinants
P1-1, Mla-1a, M2-2, Al1-1, and A2-2. Statistical envelopes derived
from these measurements indicate that identities can be confidently
made with the gradient described above. After system calibration,
the mixture of recombinant isoenzymes was run on a daily basis to
note any shift in retention times. The elution of M1b had been found
to occur 2 min after that of Mla (14), and therefore, M1b was
identified by its retention in comparison with M1a. No recombinant
standard could be obtained for the M3 isoenzyme. This subunit,
which had been found to elute 3 min after A1, was identified by its
retention in comparison with that of Al (16).

Reverse-phase calibration curves were established. The recombi-
nant GSTs (P1-1, Mla-1a, M2-2, Al-1, and A2-2) were isolated
through affinity chromatography with a 0.21 X 3 cm column (14, 17).

The concentrations of these purified proteins were determined from
amino acid analysis. Calibration curves allowed quantification of
each subunit down to a peak area that corresponds to 0.15 ug of
protein. For chromatographic peaks exhibiting areas that correspond
to <0.15 ug but are larger than a signal-to-noise ratio of 3, presence
of the subunit is denoted by a plus sign (Table 1). To determine the
maximum amount of GST/mg of cytosolic protein for a GST denoted
by a plus sign, the following formula can be used: maximum pg
GST/mg cytosolic protein = (0.15X50)¥mg cytosolic protein/ml. If a
peak area is less than a signal-to-noise ratio of 3, a GST subunit is
denoted by a negative sign. We estimate that the lower limit of
detection based on this criterion is 0.10 ug. Based on these calibra-
tion curves, the amount of each GST subunit in a human tissue
sample was calculated from its peak area. Absorption at 214 nm is
quite sensitive for protein detection, and the extinction coefficients
are little affected by the specific amino acid composition (18, 19). For
proteins, such as the GSTs, that show a high degree of sequence
homology within a gene class (20), extinction coefficients are ex-
pected to be quite similar. For example, the extinction coefficients
determined for M1a and M2 vary by <2%. Thus, the calibration
curve for M1a was used to determine the amount of M1b and M3 in
a tissue sample. Similarly, the calibration curve for A1 was used to
determine the amount of Ax (a novel « form; Ref. 14). In addition, a
calibration curve for bovine serum albumin was established by in-
jecting weighed amounts of this protein onto the reverse-phase col-
umn. The extinction coefficients (ug/peak area) of the GSTs fell
within 13% of the extinction coefficient for bovine serum albumin.

A series of 10 chromatographic runs of the same liver tissue were
analyzed to determine the reproducibility in peak area. This average
percentage error was found to be 5%. Protein concentrations were
determined in triplicate at three concentrations, and the average
percentage error was 9%. From these values, we estimated that the
maximum differential error of the derived result (ug GST/mg cyto-
solic protein) listed in Table 1 was 14%.

RNA and Northern blot analysis. Approximately 5 X 107 cells
in log phase were flash-frozen in liquid nitrogen and used to isolate
cellular RNA through a modification of the one-step guanidinium/
phenol/chloroform extraction procedure of Chomczynski and Sacchi
(21). Twenty micrograms of RNA were denatured in 50% formamide
containing 7.4% formaldehyde. The denatured RNA was electropho-
resed through a 1% agarose/2.2 M formaldehyde gel to separate the
RNA. The RNA gels were stained with ethidium bromide to ensure
equivalent loading of the RNA (by comparing the intensities of the
18S and 28S bands). The RNAs from all of the cell lines were run on
a single gel and transferred onto Magna NT membranes (Micron
Separations, Westborough, MA) through capillary action. After
transfer, the membrane was cut in half to yield two blots, each with
30 cell lines. cDNA probes GSTa (22), GST (23), GSTu (24), ¥GT
(25), YGCS (26), glyoxalase-I (27), DDH (28), and 36B4, the estradiol-
independent human acidic ribosomal phosphoprotein PO (29, 30)
were labeled with [3?PJdCTP through random prime labeling. We
used 2 X 10° cpm of labeled probe/ml of hybridization solution, and
membranes were hybridized for 16 hr. The two membranes with all
of the cell lines were hybridized in the same container for each
individual probe to reduce variability. Hybridization solution con-
tained 50% formamide and 10% dextran sulfate. Membranes were
washed twice at 65° for 30 minutes each in 2X standard saline
citrate (0.3 M NaCl, 0.03 M citric acid), 0.5% SDS, and 0.1% sodium
pyrophosphate, followed by two washes at 55° for 30 min each in 0.2
X standard saline citrate, 0.5% SDS, and 0.1% sodium pyrophos-
phate. Blots were exposed to a phosphor-imaging screen and quan-
tified using MacBAS software (Fuji Photo and Kohshin Graphic
Systems). The PSL density of the signal for each cell line for each
probe was measured using the Quant Mode in the MacBAS software
and was corrected by subtracting the image background. Blots were
stripped and reprobed sequentially with each cDNA. No problems
were encountered with carryover or background. Multiple blots were
imaged. The probe 36B4 is commonly used as a housekeeping gene



(30) and was used to normalize the loading of the RNA. The final
quantified and normalized values were determined by dividing the
GSTa, GSTw, GSTu, ¥GT, YGCS, glyoxalase-I, and DDH PSL den-
sity values by the 36B4 PSL density value.

Measurement of total cellular GSH, GSSG, and GST activ-
ity. Total GSH and GSSG were measured in ~1 X 108 cells of each
logarithmically growing cell culture. Cells were scraped, washed,
pelletted, resuspended, and sonicated, and aliquots were removed for
protein measurement (Coomassie Plus protein assay, Pierce Chem-
ical Co., Indianapolis, IN). Protein was then precipitated from the
samples with 30% salicylic acid, and the GSH and GSSG were
measured according to the standard Teitze assay (31). Levels of
protein and GSH/GSSG were calculated from standard curves, and
data were expressed as nmol GSH/mg protein. Data in Table 1 are
the average of four different cell collections and measurements.
Spectrophotometric measurements of GST activity were assessed as
described previously (2).

Drug screening and COMPARE analysis. Drug screening data
for COMPARE were accessed from the existing cancer screen data-
base, which was generated as described previously (32). The sulfor-
hodamine-B assay (33) was used to test for cytotoxicity/growth inhi-
bition against the 60 human tumor cell lines composing the drug
screening cell line panel. Thus, for each drug in the standard agent
database, an average “mean-graph” (>nine) representing the pat-
tern of response at the 50% growth inhibition level was generated
from the 60 cell lines (34). In this “molecular-target” application of
COMPARE (35-37), the seed that is entered for correlation (PCC)
with the mean-graph pattern of standard drugs in the database is
constructed from the values measured in the 60 cell lines for each of
the GSH-related enzymes. The cell lines with higher enzyme levels
are represented as relatively more resistant, based on the assump-
tion that an increased level of GSH-related enzyme would be ex-
pected to confer resistance to certain drugs. When the pattern-
recognition program COMPARE is run using molecular target levels
as the seed, a list of compounds ranked by the highest positive PCC
is produced. The highest positive PCC represents compounds for
which cell lines exhibiting the most resistance have the closest
relationship with the highest level of the particular enzyme used as
the COMPARE seed, and vice versa, with low levels of target being
correlated with drug sensitivity. COMPARE always produces a list of
drugs and correlations, the significance of which must be decided
based on one or all of the following: knowledge of the target and its
relationship to known drug mechanisms of action, PCCs with their
associated p values, and, most importantly, laboratory confirmation
of a direct interaction.

Results

Table 1 lists the amounts of GSTs in the various cell lines.
The cell lines are grouped according to the tissue of origin,
and within this grouping the cell lines are listed in order of
decreasing amounts of P1. Calibration curves permitted re-
liable quantification of each GST to 0.15 ug. For chromato-
graphic peaks exhibiting trace areas, which correspond to
<0.15 pg of a GST, the presence of the GST is denoted by a
plus sign. GSTs that did not exhibit peaks larger than a
signal-to-noise ratio of 3 are listed in Table 1 with a negative
sign indicating “not detected.”

All of the National Cancer Institute cell lines have detect-
able concentrations of GSTP1, and with the exception of the
breast cell line T-47D and the renal cell line TK-10, P1 is the
predominant isozyme. The range of P1 concentrations among
the cell lines originating from a particular tissue varies con-
siderably. Lung cell lines exhibit a 27-fold P1 concentration
range, whereas the smallest variation is seen for the ovarian
cell lines, which vary by a factor of 2.6. The expression of P1
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ranges from 0.03% (leukemia RPMI-8226) to 2.7% (lung
A549; American Type Culture Collection, Rockville, MD) of
the total cytosolic protein.

The occurrence of M1 is much less frequent than that of P1.
M1 is detected in only 28% (17 of 60) of the cell lines. In
contrast, M2 is detected in 90% (54 of 60) and M3 is detected
in 68% (41 of 60) of the cases. In addition to occurring at a
higher frequency, a greater number of cell lines have numer-
ically quantifiable amounts of M2 (21 of 60) and M3 (19 of 60)
than of M1 (4 of 60). In some cases, the amounts of M2 and/or
M3 are appreciable. For breast T-47D, M3 is the predomi-
nant GST with =6.5-fold higher concentration than P1. Ap-
preciable concentrations of M2 are found in leukemia HL-60
and melanoma SK-MEL-2, and appreciable concentrations of
M3 are found in central nervous system SNB 19 and colon
HCT 15. Both M2 and M3 occur in significant amounts in
ovarian IGROV-1 and renal UO-31.

Al is detected in 21 of the cell lines, but only four cell lines
have quantifiable amounts. Although the HPLC analytical
system used here can identify Ax and A2, only a few cell lines
have detectable quantities of these GST subunits. Ax is de-
tected in HOP-62 and LOX IMVI, whereas A2 is detected in
T-47D. In all three cases, the amounts of these GSTs fell
below the quantification level described above.

In addition to GST subunits, this system has been found to
detect A% A3 enoyl CoA isomerase (16). All cell lines except
OVCAR-4, SF-268, and T-47D had detectable quantities of
this enzyme. An estimate of the quantity of isomerase is
obtained by assuming similar extinction coefficients at 214
nm for the isomerase and bovine serum albumin and using
the standard curve for BSA to convert isomerase peak areas
to micrograms. The average quantity for the cell lines con-
taining detectable levels of this enzyme was 0.9 + 0.5 ug/mg
(average *+ standard deviation) cytosolic protein.

A plot of GSTP1 versus GST transcript (Fig. 1) was con-
structed for 59 of the cell lines. This showed an overall linear
regression value of p = 0.006, suggesting a significant quan-
titative relationship between transcript and translated pro-
tein. It is interesting to note that three of the lung cancer cell
lines showed the least degree of association.

Table 2 details both intracellular GSH and quantitative
mRNA levels; the latter were calculated by comparing the
intensity of the enzyme transcript with that of the house-
keeping gene, 36B4. For the GSTs, the homology within
members of the u family and a family of isozymes prevented
any direct quantification of individual isozyme transcripts. It
was assumed that the cDNA probe would not differentiate
adequately. In two cell lines (TK10 and RPMI 8226), GSTn
transcript was below the level of detection. Such low values
were reflected for the protein (Table 1). Lung and ovarian cell
lines expressed the highest amounts of GST# mRNA, al-
though the 4.8-fold concentration range for ovarian was the
smallest. A positive GSTu result was found in all but six of
the cell lines. This emphasizes the high degree of homology
between members of the u. family. On the other hand, low but
detectable levels of GSTa mRNA were found in only 10 of the
cell lines.

The large subunit of yGCS was found at low levels in all
cell lines. The greatest range was found within the lung cell
lines, where NCI H322M possessed transcript levels =2-fold
higher than any other line. Similarly, glyoxalase-I was also
detectable in all lines, with the widest expression range also
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TABLE 1
Quantification of GSTs in cell lines
g GST/mg cytosolic protein®<
Cell line Protein®
Pi Mia Mib M2 M3 Al
Lung
A549 7.3 26.8 - + + - 0.5
NCI-H332M 4.6 14.9 - - - - -
NCI-H460 6.0 8.9 0.5 - + 0.7 -
EKVX 10.6 73 0.3 - - + -
NCI-H23 5.0 7.0 - - + + -
NCI-H226 9.0 2.9 - 0.5 + 0.5 -
NCI-H522 1.2 21 - - + + +
HOP-92 113 21 - - + - -
HOP-62¢ 156.2 1.0 - + 0.2 + -
Ovarian
OVCAR-4 115 7.2 - - 0.3 - 0.4
IGROV-1 9.8 6.6 - - 0.5 1.0 -
OVCAR-5 10.5 34 - - 0.3 + -
OVCAR-8 9.7 3.0 - - + 0.4 0.4
OVCAR-3 154 29 - - 0.2 0.4 +
SK-OV-3 5.8 28 - - + + 0.6
Central nervous system
SNB 19 5.9 21 - - + 0.9 -
SF-268 147 1.8 + - + 04 -
U 251 7.5 1.5 - - + + -
SF-295 6.4 1.1 - - + + -
SNB-75 9.3 0.9 - - + + +
SF-539 6.6 0.6 - - + - -
Leukemia
K562 6.5 4.3 - - - - .-
CCRF CEM 14 46 - - - - -
MOLT-4 3.6 34 - - + - -
SR 7.3 2.6 + + 0.5 - -
HL-80 6.3 24 - - 0.6 - -
RPMI-8226 9.6 0.3 - - 0.4 + +
Prostate
PC3 9.4 1.2 - - + 0.3 -
A DU-145 11.0 0.5 + - + + -
ACHN 2.6 4.7 - + + + +
A498 10.0 4.5 + + + 0.5 +
RXF-393 8.9 2.7 + - 0.3 + +
UO-31 8.7 24 - + 0.6 04 -
SN12C1 7.7 2.2 - - 0.5 - -
-1 104 1.9 - + + + +
786-0 9.2 0.5 - - + 0.4 -
TK-10 103 + - - 0.3 0.3 +
Melanoma
MALME-3M 9.4 3.8 + - 0.3 + -
M14 59 2.7 - - - - +
SK-MEL-28 13.6 2.7 - - 0.3 - +
UACC-257 9.1 21 - - 0.4 0.4 -
SK-MEL-5 13.8 1.8 - - 0.3 + -
SK-MEL-2 73 1.8 - - 0.7 + -
UACC-62 139 1.7 - - 0.3 0.3 -
LOX-IMVI® 72 1.3 - - + - -
Breast
MCF7/ADR-RES 13.1 27 - - + 0.3 -
MDA-N 7.0 25 - - 0.4 + +
MDA-MB-435 9.2 21 - - + + -
HS-578T 10.0 1.9 + - 0.3 0.3 -
BT-549 4.3 1.7 - - + + +
MDA-MB-231 8.6 15 + - + 0.9 +
F-7 29 1.0 - - + + -
T-47D° 8.0 + - - + 24 -
Colon
HCT 15 6.0 8.0 - 0.6 + 13 +
HT-29 5.8 6.2 - - + + -
HCC-2998 104 5.5 - - 0.3 - +
SW-620 74 4.6 - - + - -
HCT 116 3.4 3.5 - - + - -
COLO 205 6.0 3.2 - - + - +
KM12 3.0 13 - - - - -
. mglm' of cytosolic protein.
® Nomenciature: GST Pi is composed primarily of GSTP1. GSTy.fmﬂlyeonmm M1a, M1b, M2, and M3. GSTa family has GSTA1 as the major subunit (see also

® below). For in-depth discussion of GST nomenciature, see Ref. 62

°(+)Indicatoapeakdotoctodcomopondhgﬁo<015ugofptotdn (-), indicates not detected.
9 Ax detected only for HOP-62 and LOX IMV1.

® A2 detected only for T-47D.
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Fig. 1. Correlation between GSTP1 pro-
tein and mRNA. Three lung cancer cell lines
(A549, H322M, and H460) deviate signifi-
cantly from the median. Line, linear regres-
sion analysis with a value of p = 0.006. B,
central nervous system; A, breast; V¥, co-
lon; ¢, leukemia; @, lung; (J, melanoma; 4,
ovarian; V, prostate; <, renal.

GSTn mRNA

6in the lung. Transcript for ¥GT, an enzyme involved in
recycling the amino acid constituents of GSH, was found in
48% of the cell lines, being most prevalent in renal and lung.
The glutathione levels (GSH-GSSG) (nmol/mg protein) from
log phase cultures (Table 2) cover a 50-fold range of values.
The renal cell lines are uniformly low in GSH, but no other
such expression related to tissue of origin is apparent. There
is no correlation of these GSH levels with the thiol enzymes
measured, except y-GT, where the PCC is —0.34 and the
linear regression value is < 0.01. Levels of transcript for the
phase II oxidoreductase DDH were found in >60% of the
cells, with lung having a >400-fold variation.

The COMPARE program converts target enzyme levels
into a seed pattern similar to a drug-response mean-graph
(34). With the use of pattern-matching algorithms, COM-
PARE produces a list of drugs in order of best correlation
with the seed pattern. For each seed, a list of 175 standard
agents (37, 38) was produced, with the first agents being
those for which the chemoresistant cell lines correlate to the
highest level of the target, and cell lines most sensitive cor-
relate to the lowest level of the target. Thus, the initial
compounds on the COMPARE list showing a positive corre-
lation with the seed target represent the agents for which
high levels of the target enzyme seem to confer resistance to
the agent. Similarly, the bottom of the list, showing the most
negative correlations to the seed target, represent the agents
for which high levels of the target enzyme seem to confer
sensitivity to the agent.

Table 3 shows the COMPARE output of the first 30 com-
pounds that correlate with the pattern of y-GCS expression.

The first 27 have PCCs that when transformed to Z values
according to the Fisher Z transformation (39) and converted
to probability (p) values based on statistical tables (40) have
values of p < 0.05, a commonly used level for significant
correlation. In this case, from a database of 175 agents,
simply by chance one would expect 5%, or 9, of these to
correlate p < 0.05. Many more compounds with p < 0.05
indicate that these may be associated as a result of a rela-
tionship between the biochemical target and the compound.
COMPARE cannot be used to predict absolutes, but we have
found that when the pattern of response of an unknown
compound is most closely correlated with a group of stan-
dards having a similar mechanism of action, this compound
has a reasonable chance of being confirmed as having the
same mechanism of action (43—48). It is this premise that led
us to use COMPARE to evaluate the association of GSH-
related enzymes with standard agents and, in particular,
alkylating agents.

Fig. 2 shows the relative enrichment of alkylating agents
in the first 30 correlated compounds with each of eight GSH-
related targets and compares them with the predicted enrich-
ment of alkylating agents if there were no association. Fig. 2
also distinguishes between alkylating agents associated with
p < 0.05 (ALK#**) and those with p > 0.05 (ALK). Based on
this type of analysis of the data, we concluded that levels of
¥GCS, the protein levels of GSTP1, the mRNA levels of
GSTP1, and the protein and mRNA levels of the sum of all
GSTs are positively associated with resistance to alkylating
agents and as such are important determinants in resistance
to alkylating agents. However, from these data, GSH, vGT,
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TABLE 2
Quantification of normalized mRNA values in cell lines
Cell line GSTw GSTp GSTa +¥GCS ¥GT Gly-1 DDH GSH
nmol/mg protein

Lung
A549 243 0.7 1.0 25 53 2.7 216.3 36
NCI-H332M 74.6 - 2.7 109 - 6.7 36.9 247
NCI-H460 144 35 - 1.6 1.2 3.2 66.3 4.8
EKVX 99.9 1.1 0.7 0.9 - 29 78.6 6.7
NCI-H23 68.7 7.7 - 0.6 - 5.5 19 25.8
NCI-H226 14.6 - - 1.1 - 24 8.2 6.6
NCI-H522 22.1 1.7 - 0.9 - 45.2 - 19.5
HOP-92 143 3.8 - 0.8 2.2 5.1 0.5 8.3
HOP-62 114 2.6 - 0.7 1.2 6.8 - 6.9

Ovarian
OVCAR-4 104.4 3.6 0.5 1.7 - 126 0.4 13.2
IGROV-1 23.9 1.7 - 0.4 2.2 3.5 18 9.8
OVCAR-5 49.8 0.8 - 1.1 1.1 5.2 2.1 4.8
OVCAR-8 27.6 2.1 - 15 - 7.7 0.2 15.2
OVCAR-3 21.7 3.0 - 0.7 - 71 0.6 9.3
SK-OV-3 26.9 1.0 - 43 - 7.0 74.2 134

Central nervous system
SNB 19 345 9.9 - 0.8 28 4.7 6.8 8.7
SF-268 15.8 7.0 - 1.8 - 3.0 - 12.2
U 251 a4 5.0 - 0.5 3.8 2.6 - 7.7
SF-295 12.2 3.1 - 2.8 - 1.2 124 136
SNB-75 15.1 23 13 0.9 - 10.1 0.2
SF-539 75 22 - 3.1 - 8.6 - 13.7

Leukemia
K562 26.5 0.9 - 0.3 3.8 39 34 25.6
CCRF CEM 24.7 0.8 - 0.7 13 4.2 1.6 24.3
MOLT-4 8.0 4.0 - 0.8 - 25 - 33.0
SR 75 3.2 - 0.8 - 1.7 - 24.2
HL-60 9.2 04 - 0.5 - 3.2 - 7
RPMI-8226 - 04 - 0.6 1.8 14 0.7 25

Prostate
PC3 5.9 1.8 - 0.6 - 2.1 - 15.6
DU-145 4.2 3.1 - 3.2 - 3.6 3.6 24

Renal
ACHN 20.6 14 - 0.4 38 2.6 - 24
A498 9.0 8.6 0.3 24 3.6 6.0 67.5 123
RXF-393 23.7 3.7 - 0.6 3.1 5.7 5.5 1.8
Uo-31 23.7 2.6 - 0.3 - 3.2 1.6 10.3
SN12C1 115 33 - 0.2 - 4.0 - 3.1
CAKI-1 334 38 - 0.3 3.1 34 149 5.1
786-0 21 23 0.5 0.5 3.1 5.6 - 0.8
TK-10 - - - 0.6 3.8 45 10.0 14

Melanoma
MALME-3M 30.4 7.2 - 0.9 - 6.9 - 10.8
M14 48.0 35 - 1.2 - 6.0 - 39.6
SK-MEL-28 30.2 6.8 - 0.9 - 9.2 0.7 135
UACC-257 10.2 25 - 0.3 - 3.1 - 12.7
SK-MEL-5 18.9 4.2 0.4 0.9 25 9.3 - 339
SK-MEL-2 12.0 5.1 - 0.7 - 125 0.9 18.6
UACC-62 16.3 3.9 0.4 0.5 - 2.7 0.8 15.8
LOX IMVI 9.0 0.4 - 0.9 - 9.8 - 139

Breast
MCF7/ADR-RES 16.8 - - 0.3 1.0 2.2 - 5.1
MDA-N 9.8 1.6 . 0.9 - 5.0 - 26.1
MDA-MB-435 30.9 4.7 - 1.1 - 6.1 25 29.8
HS-578T 224 8.9 - 1.8 2.2 119 222 10.3
BT-549 184 45 - 14 - 9.9 38 21
MDA-MB-231 19 74 - 0.8 - 12.7 29 6.8
MCF-7 1.8 0.6 - 0.4 1.0 1.3 - 23.6
T-47D 1.8 23 - 1.2 1.0 8.1 - 144

Colon
HCT 15 50.0 19 - 0.5 13 3.0 - 6.7
HT-29 26.0 - - 5.1 14 2.8 3.0 71
HCC-2998 345 0.7 - 19 13 38 29.7 13.6
SW-620 31.2 0.6 - 15 1.1 3.8 8.3 17.3
HCT 116 37.6 0.5 - 0.6 1.2 2.2 - 9.4
COLO 205 37.1 1.1 0.5 33 1.2 5.8 29.1 39.5
KM12 2.0 - - 0.8 - 1.8 - 224




TABLE 3

Compare-generated standard drug correlations (p < 0.05) using
¥GCS as the seed pattemn

Rank No. of
order repeated tests PCC Chemical
1 15 0.371°  Methyl CCNU*
2 9 0.357°  Anguidine
3 15 0.343°  Asaley”
4 125 0.341° BCNU*
5 15 0.309° L-cysteine analogue
6 15 0.292 Fludarabinphosphate
7 14 0.288 Caracemide
8 60 0.287 Melphalan®
9 11 0.281 Fluorodopan®
10 56 0.281 AZQ®
" 15 0.280 Glyoxalic alkylating derivative®
12 123 0.280 Chlorambucil®
13 16 0.279 Cyclocytidine®
14 13 0.276 Merbarone
15 60 0.259 Uracil nitrogen mustard®
16 14 0.258 Diglycoaldehyde
17 122 0.243 Cytosine arabinoside
18 15 0.242 Pyrimidine-5-glycodialdehyde
19 15 0.237 Piperazine alkylator®
20 59 0.235 CCNU*
21 56 0.235 Procarbazine®
22 13 0.233 4-lpomeanol
23 45 0.227 VP-16
24 15 0.222 Cytembena
25 15 0.221 Cammethizole®
26 13 0.220 Tetraplatin®
27 59 0.217 CBDCA (Carboplatin)®
28 16 0.213 Carboxyphthalato platinum®
29 125 0.208 Thioguanine
30 15 0.208 Chloroquinoxaline sulfonamide
2 Alkylating agents.
® Platinum compounds.
°p < 0.01.

and glyoxalase levels do not, by themselves, seem to be im-
portant in determining response to alkylating agents. Simi-
larly, the GSTa data, which were very limited, led to a weak
association with alkylating agents, but this may well be a
result of the lack of expression of GSTa in many of these cell
lines. The seed pattern for DDH was dominated by high
levels (>20) found in 9 of the 60 cell lines (4 within the lung
panel), whereas the remaining lines exhibited a smaller
range. COMPARE correlations with this pattern did not in-
dicate any enrichment of specific drug types.

Glyoxalase I and GSTw (mRNA) patterns were also found
to be unrelated to resistance to alkylating agents. However,
predominantly low levels of both enzymes were measured in
the colon and leukemia cell panels, which make them appear
on the sensitive side of the pattern for COMPARE purposes,
and the sensitivity of these two groups of cell lines is gener-
ally a marker for a correlation with antimetabolites. Indeed,
of the 36 compounds positively correlated (p < 0.05) to the
GSTpu pattern, 53% are antimetabolites in contrast to 19% of
the standard database designated as antimetabolites (data
not shown). Likewise, of the 15 compounds associated with
the glyoxalase pattern (p < 0.05), 10 are antimetabolites.

The data also indicated several specific drug/target corre-
lations of interest. Melphalan is one of the alkylating agents
that appears on the yGCS COMPARE shown in Table 3 (8,
PCC = 0.287, p < .05); thus, these data support the concept
that YGCS may be an important determinant in melphalan
resistance. Furthermore, in the yGCS COMPARE (Table 3),
three of the four platinum compounds in the database are
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included in the list, indicating that yGCS in these cell lines
may be associated with resistance to platinum agents.

In the COMPARE results from GSTP1 mRNA levels, three
anthracyclines (rubidazone, PCC = 0.380; doxorubicin,
PCC = 0.374; and daunomycin, PCC = 0.37) were high on the
list (4, 5, and 7, respectively) and significantly correlated
(p < 0.01) with the mRNA levels. This association was also
apparent in the total 3 GST mRNA transcript levels, as these
data are dominated by GSTP1. In contrast, the GSTP1 pro-
tein seed pattern was dominated by chlorethylating agents,
with all eight from the standard database constituting the
majority of the associated alkylating agents (data not
shown).

The final association of interest is that of buthionine sul-
foximine, which is the most negatively correlated compound
(PCC = —-0.413, p < 0.001), with glyoxalase I as the seed
pattern. This indicates that high levels of glyoxalase I may be
associated with sensitivity to buthionine sulfoximine, al-
though the predominance of a high level of glyoxalase I in a
single NSCLC line, H522, may significantly influence the
correlation.!

Glutathione-Associated Enzymes in NCI Human Cell Lines

Discussion

Although multiple factors can influence cellular response
to drug treatment, one important consideration is the steady
state levels of mRNA and protein for enzymes that contribute
to detoxification reactions. Ultimately, the acquisition of re-
sistance after chronic exposure to a drug may be a function of
the ability to regulate transcription and translation of detox-
ifying enzymes. Indeed, the inducibility of certain GST
isozymes in rodents has been implicated in their role in
acquired resistance to nitrogen mustards and other electro-
philic anticancer drugs (1). There also is one example of gene
amplification of an a isozyme in the hamster (41), and more
recently, increased GST activity has been attained in drug-
treated cells through a prolongation of the enzyme and
mRNA half-lives (42). Even with these cellular adaptations,
the steady state levels of enzyme and transcript are critical to
the capacity of the cell to reduce the immediate toxic threat
of an acute drug exposure. For this reason, a systematic
analysis of the expression of some major detoxification en-
zymes in a human cell line panel was deemed relevant. In
addition, how expression of these enzymes may be related to
drug response was analyzed with the use of COMPARE, a
pattern-recognition program (34) that ranks database com-
pounds by the similarity of their biological response in the 60
cell line panel (ordered into a mean-graph) to a given mean
graph pattern (seed). COMPARE always produces a rank
order list of compounds, and experience has shown that clus-
tering of standard agents with a specific or related mecha-
nism of action from a standard agent COMPARE can be
predictive for the unknown seed. With this COMPARE ap-
proach, unique structures have been identified with tubulin
binding activity (43, 44), topoisomerase II activity (45, 46),
and antimetabolites (47, 48). In a new molecular target ap-
proach, the 60 cell lines of the screen are being analyzed for
their content of a wide range of molecular targets, including
p-glycoprotein, DT-diaphorase, p-53, Ras, BCL2, and MRP.
There is preliminary evidence that using these molecular

1 Specific COMPARE analyses are available upon request.
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Fig. 2. The relative enrichment of alkylating agents (ALK + ALK##) in the first 30 compounds from several COMPARES. A, Predicted number of
alkylating agents (ALK + ALK#+) and those predicted to have a probability value of p < 0.05 (ALK=#) in the first 30 compounds of a random sample
distribution. B-l, Each indicates the enrichment of alkylating agents (ALK + ALK=#) in the actual molecular target-related COMPARES indicated
and shows the distribution of those with p < 0.05 (ALK*#). B-F, Significant enrichment of alkylating agents. G-, Without significant enrichment
of alkylating agents. OTHER, all other mechanisms of action included in the first 30 compounds.

target measurements as COMPARE seeds may help identify
agents whose activity is selectively related to the expression
by a cell of a given target. This has been demonstrated with
the use of p-glycoprotein (35, 36) and DT-diaphorase (49). In
the context of the molecular target screen, the GSH-related
enzymes are important as it is necessary to understand any
possible influence of detoxification or resistance mechanisms
on COMPARE-generated correlations between specific mo-
lecular targets and chemical agents from the database.

The newly developed HPLC technique for analysis of hu-
man GST allows for accurate identification and quantifica-
tion of individual isozymes. Because GST expression is both
organ and tumor specific, the large variations in the GST
profiles of the cell lines were not unexpected. The most prev-
alent GST was P1 (found in 60 of 60 and predominant in 58
of 60 cell lines). This finding confirms and extends earlier
studies (50, 51) of nine tumor cell lines in which P1 was found
to be the dominant isozyme in six. Although a few cell lines
have been reported where P1 is not the prevalent GST, it
seems likely that P1 is the most common GST isozyme in the

majority of established tumor cell lines. The high expression
of GSTP1 suggests a link with immortalization and prolifer-
ative capacity. Although the variation in GSTP1 concentra-
tion was large (89-fold), GSTP1 concentrations correlated
well with the enzymatic activity (Fig. 1, p < 0.0001) and with
mRNA levels (Fig. 2, p = 0.0006), suggesting a coordinate or
linear relationship between transcription and translation.
The shape of the reverse-phase peak for GSTP1 from some
cell lines indicated that at least two species were present.
Analysis by SDS-polyacrylamide gel electrophoresis of the
collected peak resulted, however, in only one band corre-
sponding to the molecular weight of the recombinant P1 GST
(data not shown). We have observed distorted or, in some
cases, two partially resolved peaks for P1 in human tumor
biopsies of breast (16), as well as in kidney, liver, heart, colon,
and lung (15). This observation has not been fully resolved,
but it is possible that the cell line contains two types of P1,
one of which has a low chlorodinitrobenzene activity. Al-
though human P1 is normally thought to exist in only one
form, distinct allelic forms have been found in human muscle



and brain tumors (52, 53), and post-translationally modified
forms have been reported (54).

With the COMPARE-based correlations, there was an as-
sociation between patterns of GST P1 and alkylating agents
or anthracyclines. These data indicate that in these in vitro
cell lines, the naturally occurring levels of GST P1 in the
normal milieu of other intracellular enzymes are potentially
predictive for response to these agents. Although GSTP1 can
catalyze the conjugation of mustards with GSH, albeit with a
much lower catalytic constant than GSTa (2, 3), there is no
evidence for a similar reaction between anthracyclines and
GSH. In GSTP1 transfected cells, we previously reported low
levels of increased resistance to adriamycin (55). Alkylating
agents and anthracyclines can produce significant levels of
lipid peroxidation, the breakdown products of which (hy-
droxyalkenals) are substrates for GSTP1 (56). Thus, protec-
tion against these toxic products could account for the corre-
lation.

A positive correlation was also found for alkylating drugs
and transcript levels of yYGCS (Table 3). This suggests an
association between the capacity of a cell to synthesize GSH
de novo and resistance to alkylating agents. Such a correla-
tion would seem reasonable in light of the relationship be-
tween high levels of intracellular GSH and capacity to with-
stand electrophilic stress as well as the increased levels of
¥GCS in cell lines selected for resistance to alkylating agents
and platinum drugs (25, 26).

Only 28% of the cell lines expressed M1. This agrees with
a previous study in which M1 was detected in 22% (two of
nine) of tumor cell lines (50, 51) but is substantially lower
than the p null phenotype that is found in 40-50% of the
white population. Both M2 and M3 were expressed by the
majority of the National Cancer Institute panel. For the most
part, previous studies on tumor cell lines have been limited to
detecting M1 only, although M3 has been detected in Hep G2
cells (51). Quantification of GSTy mRNA is complicated by
the homology between the u family members. For example,
Mla and M1b differ by one amino acid, M2 shows 94%
nucleotide identity with M1, and M3 is 75% identical to M1
(57). Thus, under the stringency conditions used, the North-
ern blot data would not delineate the specific isozyme tran-
scripts; rather, the data in Table 2 represent a composite.

The « class isozymes were represented mainly by Al. Only
two cell lines exhibited Ax, and one cell line exhibited A2.
Even in those lines expressing two GSTA isozymes, the levels
were extremely low. This is potentially significant because
the a family has been shown to have significant specificity for
GSH conjugation of nitrogen mustards (1-3), primarily
through recognition of the aziridinium ion as a substrate
moiety (3). Due to the low levels of a expression, seed pattern
data were entered as either positive (presence of a protein or
mRNA detected) or negative (absence of a protein or mRNA).
With that seed pattern, there was a random assortment of
mechanisms of action in the COMPARE output, with only a
weak association with alkylating agents, indicating no sig-
nificant correlations. There are some potential explanations
for this observation. First, the majority of definitive links
between mustard resistance and high GSTa expression have
been made in rodents (rats and hamsters). In addition, there
is no indication that the regulatory domains of the human «
genes have any similarity to those of rodents (4). Even
though purified human GSTa isozymes have meaningful in
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vitro physiological k., values for drugs like chlorambucil, it
is possible that there are other endogenous roles that prede-
termine the unavailability of a isozymes during drug expo-
sure. Furthermore, GSTa isozymes have been reported at
high levels in a number of human tumor biopsies, including
ovarian, colon, and prostate tumors (58 -60). Indeed, in some
of these biopsies, a isozymes predominate (58). Apparently,
the establishment of such tumors as immortalized cell lines
causes a significant down-regulation of this isozyme, at both
the mRNA and protein level. Numerous factors could contrib-
ute to this; however, the end result is that the in vitro model
may not be a representative model of the in situ human
disease. Although this fact is frequently accepted as intui-
tive, the direct demonstration of changes in drug-metaboliz-
ing enzyme expression is of some consequence and may con-
found the interpretation of the drug-response data.

v-GT was the only enzyme for which the mRNA level was
found to have a statistically significant (p = 0.008, PCC =
—0.34038) relationship with intracellular glutathione. This
was an inverse relationship, indicating that higher levels of
v-GT correlated with low levels of GSH. The function of y-GT
is to cleave GSH into its constituent amino acid moieties,
frequently producing higher levels of cysteine, which in vivo
can be transported to other cells or organs for reutilization
(61). The kidney is usually the organ with the highest »-GT
activity, a fact supported by the high levels in renal carci-
noma cell lines. The negative correlation may thus be a
consequence of the catabolic activity of y-GT, clearing intra-
cellular GSH and recycling the resultant amino acids.

Despite the value of the extensive steady state enzyme
measurements for the human cell line panel, it remains
probable that cellular response to drug treatment will be
determined by both the endogenous detoxification potential
and the capacity of the cell to induce an early response to the
agent. Because most anticancer drugs can be catabolized by
more than one pathway, the importance of overlapping de-
toxification routes is likely to be of significance in determin-
ing drug-response criteria. However, the COMPARE analysis
indicates that in this in vitro model, both GSTP1 and y-GCS
are, by themselves, important determinants of cellular re-
sponse to alkylating agents, whereas the other GSH-related
enzymes are not.
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