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ABSTRACT

Murine thymoma cell lines expressing mutated forms of the mdrib
P-glycoprotein were isolated using a novel taxane-based P-gly-
coprotein inhibitor tRA-96023 (SB-RA-31012). The selection strat-
egy required resistance to a combination of tRA-96023 and col-
chicine. Five mutations were identified (N350I, 1862F, L865F,
L868W, and A933T) that reduce the capacity of tRA-96023 to
inhibit P-glycoprotein-dependent drug resistance. These muta-
tions also result in a loss of paclitaxel resistance ranging from 47
to 100%. Four mutations are located in the second half of the
protein, within or near the proposed transmembrane segment
(TMS) 10-11 regions. The fifth mutation (N350I) is within the first
half of the protein, proximal (cytoplasmic) to TMS 6. The variant
cell line expressing the L868W mutation was subjected to a sec-

ond round of selection involving tRA-96023 and the toxic drug
puromycin. This resulted in the isolation of a cell line expressing a
P-glycoprotein with a double mutation. The additional mutation
(N988D) is located within TMS 12 and conveys further decreases
in resistance to paclitaxel and the capacity of tRA-96023 to inhibit
drug resistance. Taken together, the results indicate a significant
contribution by the TMS 10-12 portion of the protein to the
recognition and transport of taxanes and give evidence that the
cytoplasmic region proximal to TMS 6 also plays a role in taxane
interactions with P-glycoproteins. Interestingly, mutations within
TMS 6 and 12 were found to cause a partial loss of PSC-833
inhibitor activity, suggesting that these regions participate in the
interactions with cyclosporin and its derivatives.

P-glycoprotein expression conveys multidrug resistance
through the ability of the protein to interact with hydropho-
bic drugs and to cause their efflux out of cells (Kane, 1996;
Bradshaw and Arceci, 1998; Ambudkar et al., 1999). This
behavior is likely to involve a capacity to intercept hydropho-
bic compounds as they diffuse across/within the plasma
membrane (Shapiro et al., 1997; Eytan and Kuchel, 1999)
and to transfer them into the external aqueous milieu. The
prevailing model of P-glycoprotein structure predicts 12
TMS, six within each half of the protein. These sections make
up approximately 20% of the molecule. Electron microscopic
studies have indicated that the protein has an overall toroi-
dal shape, closed in the center at the cytoplasmic interface,
with a central aqueous region facing the external environ-
ment (Rosenberg et al., 1997). The relationship of the 12 TMS
to the rest of the structure has not been defined, but Loo and
Clarke (1999, 2000), using cysteine-scanning mutagenesis
and thiol-modification techniques, found evidence that the
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TMS 4 to 6 interact with TMS 12, whereas TMS 10 to 12
interact with TMS 6. The exit pathway for the transported
drugs is also not well delineated. Substrates may be “flipped”
from the inner to the outer membrane leaflet (Higgins and
Gottesman, 1992), moved into an intermediate pore-like
structure before subsequent release (Ashida et al., 1998), or
transferred directly out into the aqueous compartment. The
latter two scenarios represent versions of what has been
termed the “vacuum cleaner” model (Raviv et al., 1990).
The TMS 4 to 6 and TMS 10 to 12 regions have been
implicated in the binding of drugs. Much of the evidence for
this view was developed through photoaffinity labeling of the
protein (Bruggemann et al., 1989, 1992; Greenberger et al.,
1990, 1993; Morris et al., 1995; Zhang et al., 1995). More
recently, a derivative of daunomycin was shown to selectively
cross-link with a peptide from the first half of a hamster
P-glycoprotein spanning the inner part of TMS 4, the second
cytoplasmic loop, and the inner part of the TMS 5 region
(Demmer et al., 1997). Similarly, photoactive derivatives of
paclitaxel implicated the TMS 7 to 8 and 11 to 12 in the
binding of taxanes to the second half of the murine mdrlb

ABBREVIATIONS: TMS, transmembrane segment; 5pPodo, 53-pregnane-170l-3,20-dione; PCR, polymerase chain reaction; Pgp, P-glycopro-

tein.
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protein (Wu et al., 1998). Thus, depending upon the drug,
there may be separate sites on each half of the protein or sites
composed of TMS from both halves of the protein. This type
of combinatorial diversity could help to explain the capacity
of these proteins to transport such a large number of unre-
lated compounds.

The broad range of compounds that function as P-glycop-
rotein substrates and/or inhibitors also raises the question if
there are distinct individual binding sites or binding zones
that provide overlapping recognition of a spectrum of unre-
lated molecules. The physical relationship between any one
binding site to another remains unknown. A wide variety of
mutations, often obtained by site-directed mutagenesis (Cur-
rier et al., 1989; Dhir et al., 1993; Kajiji et al., 1993; Loo and
Clarke, 1993; Hanna et al., 1996; Loo and Clarke, 1996;
Bakos et al., 1997; Loo and Clarke, 1997; Taguchi et al., 1997;
Hafkemeyer et al., 1998; Kwan and Gros, 1998), have been
shown to alter the “specificity” of P-glycoprotein-dependent
drug resistance profiles. That is, depending upon the given
mutation, the individual resistances to a set of drugs can be
altered in a variety of different ways involving increases,
decreases, and no change. Moreover, changing a single amino
acid to alternative forms can also produce a spectrum of drug
resistance profiles (Loo and Clarke, 1993). This variable be-
havior and the dispersed location of the mutations has made
it difficult to conclude that specific drugs interact with de-
fined portions of P-glycoproteins. Part of this difficulty is
likely to reside in the fact that resistance/drug transport is
dependent not only upon drug binding, but also upon activa-
tion of ATPase activity and translocation of the drug out of
the membrane. Mutations affecting any one of these steps
could differentially alter the transport of a subset of drugs,
thus introducing changes in the specificity. In an attempt to
focus upon the drug binding step, efforts have been made to
identify mutations that reflect an altered capacity of inhibi-
tors to block transport. Chen et al. (1997) used a combination
of doxorubicin and the inhibitor PSC 833 to isolate a human
sarcoma line (Dxp) expressing a mutated human MDR1 P-
glycoprotein. The mutation was a deletion that resulted in
the loss of Phe335, which is located in the TMS 6 portion of
the protein. Vo and Gruol (1999) also employed the combina-
tion of inhibitor and toxic drug to isolate murine thymoma
cell lines expressing mutated P-glycoproteins. In this in-
stance, the combination of a steroid inhibitor, 53-pregnane-
17a-0l1-3,20-dione (5BPodo), was used with puromycin to
identify five point mutations. These mutations resulted in a
loss of dexamethasone resistance and increased steroid accu-
mulation in the variant cell lines. All five of the mutations
are clustered within the inner leaflet portion of the TMS 4 to
6 region of the protein, thus, providing evidence that steroids
initially interact with the first half of the murine mdr1lb Pgp.
The results presented below describe an extension of the
combination selection approach to ask which portion(s) of the
murine mdrlb protein interacts with taxanes.

Materials and Methods

Cell Culture. MDA/LCC6 is a human breast carcinoma line and
LCC6-MDR is a variant that expresses a transfected hMDR1 P-
glycoprotein gene. Both lines were generously provided by Dr. R.
Clarke, Lombardi Cancer Center, Georgetown University School of
Medicine (Washington, DC). These two cell lines were propagated as
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monolayers in RPMI-1640 medium containing 5% fetal bovine se-
rum, 5% NuSerum IV, 20 mM HEPES, and 2 mM L-glutamine. The
incubator was maintained at 5% CO, and 95% air.

WEHI-7 is a thymoma cell line obtained from a female BALB/c
mouse after exposure to X-irradiation (Harris et al., 1973). It is
sensitive to killing by corticosteroids. The W7TB cell line is a deriv-
ative of WEHI-7 that is resistant to bromodeoxyuridine. Bromode-
oxyuridine resistance is unrelated to steroid or multidrug resistance.
MS23 is a variant of W7TB selected through prolonged growth in low
levels of dexamethasone and expresses the murine mdrlb P-glycop-
rotein (Bourgeois et al., 1993) from a single copy of the gene (Vo and
Gruol, 1999). All the murine cell lines were grown in suspension in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum. The incubator was maintained at 37°C and had a humidified
atmosphere of 13% CO, and 87% air.

Selection of MS23 Variants. Independent selections were initi-
ated by the mutagenesis of MS23 cells with N-methyl-N'-nitro-N-
nitrosoguanidine, obtained from Sigma-Aldrich (St. Louis, MO). This
compound is an alkylating agent that predominantly causes point
mutations. After allowing sufficient time for the cells to recover and
express the mutated genes (usually 4-5 days), the cells were dis-
pensed into multiwell dishes (1 X 10° cells/well) in medium contain-
ing a toxic drug and the taxane-based P-glycoprotein inhibitor tRA-
96023 (Ojima et al., 1998). Three independent mutagenesis/selection
experiments have been carried out. In the first two, the MSTC-n
variants were isolated from MS23 cells in 40 ng/ml colchicine and
250 nM tRA-96023. In the third selection, variants were isolated
from the MSTC-24 variant using the combination of 5 M puromycin
and 1.5 uM tRA-96023. Resistant colonies typically appeared be-
tween 12 and 18 days. Each of the variant lines was initially screened
for changes in growth in the presence of paclitaxel relative to MS23 cells
or MSTC-24 cells. The results of these evaluations identified those
variants that had lost significant paclitaxel resistance.

Quantification of Drug Effects on Cellular Proliferation.
Assessment of cell growth inhibition in the human MDA-435/LCC6
cells was determined according to the methods of Skehan et al.
(1990). Paclitaxel, doxorubicin, vinblastine, and the taxane reversing
agent tRA-96023 were solubilized in DMSO and further diluted in
RPMI-1640 medium containing 10 mM HEPES. Each cell line was
treated with 10 concentrations of the toxic drug (5 log range) *=
tRA-96023. After a 72-h incubation, the cells were fixed with trichlo-
roacetic acid and stained with a 0.4% solution of sulforhodamine B.
Absorbance was measured at 570 nm. IC,, values were calculated
relative to cells that were not exposed to the toxic drug.

The effect of drugs on the murine thymoma cell proliferation was
measured as follows: cell cultures were set up (5 X 10* cells/ml) in
varied concentrations of drugs and incubated for 7 days. The amount
of accumulated cellular material was assayed by measuring the
turbidity of the cultures (660 nm) and by expressing the values as
normalized to those from cultures grown in the absence of drug.
These relative turbidity values reflect the amount of cellular mate-
rial synthesized during the period of incubation and provide a sen-
sitive measure of the capacity of the cells to proliferate, even if a
large portion of them are killed. Typically, relative turbidity values
<5% represent situations in which all of the cells have lost viability.
The IC;, value is defined as the concentration of drug that produces
a relative turbidity value of 50%.

The relative ability of nontoxic inhibitors to reverse P-glycopro-
tein-dependent drug resistance in cells was evaluated as follows: A
series of cultures (5 X 10* cells/ml) were grown with a fixed concen-
tration of a toxic drug to which that cell line is normally resistant
based upon its P-glycoprotein expression. Increasing concentrations
of the inhibitor were included in the culture medium and the relative
turbidity values of the cultures evaluated after 7 days. The inhibi-
tory efficiency of the inhibitor is expressed by an EC;, value defined
as the concentration of chemosensitizer which reduces the relative
turbidity value to 50%. The steroid 5B-pregnane-17a-0l-3,20-dione
was obtained from Steraloids Inc. (Newport, RI). PSC-833 was a gift
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provided by Novartis Pharmaceuticals Corp (Basel, Switzerland,;
formerly Sandoz).

Evaluation of mdrl P-Glycoprotein Mutations Expressed in
the MS23 Variants. Reverse transcription-PCR was used to gener-
ate a series of overlapping cDNA fragments encompassing the entire
coding sequence of the mdrl gene expressed in MS23 and the variant
cell lines (Vo and Gruol, 1999). Five larger primary fragments were
initially produced, and a series of subfragments were generated
using a set of nested primers. The individual PCR products were
purified by agarose gel electrophoresis and evaluated by direct DNA
sequencing using the appropriate primers (fmol DNA Sequencing
System; Promega, Madison, WI) that had been end-labeled with 3?P.
All primers were obtained from Invitrogen (Carlsbad, CA).

Results

Figure 1 shows the structures of paclitaxel and a taxane-
based compound, tRA-96023 (SB-RA-31012). The tRA-96023
molecule contains a core portion of paclitaxel to which a
benzoyl-dihydrocinnamoyl group has been esterified at the
7-carbon atom (Ojima et al., 1998). This compound lacks the
(2R, 3S)-N-bensoylphenylisoserine group and has no toxicity
in vitro up to a solubility-limiting concentration of 30 uM
(data not shown). tRA-96023 was developed as a potential
inhibitor of P-glycoprotein function based upon the drug’s
similarity to paclitaxel, which is a substrate for the trans-
porter. Table 1 lists the results of studies evaluating the
ability of tRA-96023 to reverse drug resistance in a human
breast tumor cell line (MDA 435/LCC6™%) that over-ex-
presses the MDR1 P-glycoprotein. Three toxic drugs were
employed: paclitaxel, doxorubicin, and vinblastine. In each
case, the IC;, was determined for the parental cell line (MDA
435/LCC6™") and compared with the IC,, values of the P-
glycoprotein-expressing line in the absence and presence of
tRA-96023. Most of the P-glycoprotein-dependent paclitaxel
resistance was reversed by tRA-96023, and there was a 92
and 99% reversal of resistance to doxorubicin and vinblas-
tine, respectively. tRA-96023, by itself, had no effect on the
growth of these cell lines (not shown).

The rationale for developing a taxane-derived P-glycopro-
tein inhibitor is based upon the concept that P-glycoproteins
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96023 — SB-RA-31012

Fig. 1. Structures of paclitaxel and a taxane-based P-glycoprotein inhib-
itor tRA-96023 (SB-RA-31012).

interact with specific structural features of a drug to produce
a mechanistically relevant binding complex. This specificity
should represent drug-protein interactions that promote re-
tention/transport of the drug. A similar logic lies behind the
approach taken by Wu et al. (1998), who used compounds
structurally related to tRA-96023 as photoaffinity labeling
probes. Their goal was to identify the region(s) of the protein
that preferentially interact with taxanes. We have chosen to
investigate the location of taxane P-glycoprotein interactions
through a different but complementary approach: identifying
mutations that alter the inhibitory activity of the tRA-96023
molecule. To accomplish this goal, we have employed a strat-
egy that has proven to be successful at identifying sites that
are important in steroid interactions with the Pgp (Vo and
Gruol, 1999). The first step in the process is to isolate, based
on a decreased ability to be blocked by the inhibitor, cell lines
expressing mutated Pgp. This is greatly facilitated by the use
of the murine thymoma cell line MS23, which expresses the
mdrlb Pgp from a single copy of the gene. Therefore, when a
mutated Pgp is expressed in a variant of these cells, the
monoploid expression of the protein provides for unambigu-
ous phenotypic changes, uncomplicated by the presence of
normal protein. Variants of the MS23 line can be selected
using a combination of an inhibitor and a toxic drug. In the
initial selections described below, colchicine was employed as
the toxic drug. Under these circumstances, the cells are usu-
ally killed because the P-glycoprotein cannot function. How-
ever, variants can be isolated that survive the challenge.
There are several possible phenotypes, related to changes in
P-glycoprotein function, that can be expected: a decreased
responsiveness to the inhibitor, an increased resistance to
colchicine, or a combination of both traits. Other, non—-Pgp-
dependent mechanisms are possible, but these can be recog-
nized and eliminated from further consideration.

Two independent selections, involving colchicine and tRA-
96023, were carried out that yielded a total of 38 variants for
a combined frequency of 5 X 10 7. These variants were
subjected to a preliminary screen for changes in resistance to
paclitaxel, colchicine, and actinomycin D. None exhibited
increased resistance to actinomycin D, which would have
signaled the onset of mdrla (mdr3) expression. All of the
variants displayed increased colchicine resistance, whereas
21 had reduced resistance to paclitaxel. Thus, it seems that
increased colchicine resistance contributed to the survival of
the variants. This phenomenon is not unique. We (Vo and

TABLE 1
Modulation of sensitivity to chemotherapeutic agents by the taxane
reversal agent tRA 96023

The measurements of cell sensitivities to the toxic drugs is described under Materials
and Methods.

Condition Cell Line® IC5o IC5, Ratio®

Paclitaxel LCC6-WT 3.3 nM

Paclitaxel LCC6-MDR 348 nM 105
Paclitaxel + tRA 96023 LCC6-MDR 3.8 nM 1.2
Doxorubicin LCC6-WT 0.2 uM

Doxorubicin LCC6-MDR 3.9 uM 20
Doxorubicin + tRA 96023 LCC6-MDR 0.5 uM 2.5
Vinblastine LCC6-WT 1.9 nM

Vinblastine LCC6-MDR 86 nM 85
Vinblastine + tRA 96023 LCC6-MDR 2.5 nM 1.3

¢ MDA435/LLCC6 a human breast carcinoma: WT, wild type; MDR, transfected
with the human MDR1 gene.
> 1C5o RATIO = IC5,LCC6-MDR/IC5,LCC6-WT.



Gruol, 1999) and other researchers (Choi et al., 1988) have
identified Pgp mutations that convey increased colchicine
resistance. It should be noted that, analysis of the period of
recovery after mutagenesis allowed us to derive sets of vari-
ants from common progenitors. Accordingly, we have identi-
fied six different mutations in 21 (of 21) variant cell lines.
Figure 2 shows a comparison of paclitaxel sensitivities in
five cell lines. They are MS23 and its parental cell line,
WT7TB (no P-glycoprotein expression), and three variants iso-
lated from a selection with colchicine and tRA-96023:
MSTC-8, -14, and -24. Each of the variant cell lines displays
a loss in paclitaxel resistance relative to MS23. The greatest
loss of resistance is evident with the MSTC-14 line, amount-
ing to a reversal of more than 90%. RNA was isolated from
MS23 along with each of the variant cell lines and subjected
to reverse transcription-PCR to generate a series of overlap-
ping DNA fragments spanning the entire coding sequence of
the mdrlb gene. These fragments were used for direct DNA
sequencing, and a single point mutation was found in the
samples of each of the variant cell lines. A list of the amino
acid changes that are caused by the mutations is presented
as part of Table 2. Table 2 also provides a summary of the
changes in drug resistance profiles for six MSTC variants of
MS23. (The 24TCTP-6 line was selected by sequential selec-
tions and will be described later in the text.) All of the MSTC
variants display a significant increase in colchicine resis-
tance that undoubtedly contributed to their survival in the
selections. P-glycoprotein inhibitors can reverse all of this
resistance (described below). Only the mutation in the
MSTC-20 cells (LL338F) fails to exhibit a significant decrease
in paclitaxel resistance. The three mutations in MSTC-8, -14,
and -21.10 have a virtually complete loss: 84, 94, and 100%,
respectively. Table 3 lists the quantitative changes in pacli-
taxel resistance for all seven of the variant cell lines. With
the exception of the MSTC-2 cell line, none of the variants
had a significant change in puromycin resistance. Three
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closely spaced mutations (I862F, L865F, and L868W) in the
MSTC-14, -24, and -2 lines show an increased resistance to
dexamethasone. All of these mutations are within the TMS
10 portion of the protein. On the other hand, the loss of
dexamethasone resistance (85%) observed in the MSTC-20
cells is consistent with other mutations reported previously
to be located within the first half of the protein (TMS 4-6).
Figure 3 illustrates the location of the amino acid changes
relative to the proposed relationship between the protein and
the plasma membrane. Four of the mutations affecting pac-
litaxel resistance are located in the second half of the mole-
cule, three of which reside in the transmembrane domain 10
segment. The fourth is located just within the cytoplasmic
compartment, proximal to transmembrane domain 11. A fifth
mutation affecting paclitaxel resistance (N350I), is located
just within the proposed cytoplasmic domain, proximal to
TMS 6. The sixth mutation (L338F), expressed in the
MSTC-20 cell line, is located at the middle of transmembrane
domain 6.

The original assumption made in selecting the variant cell
lines was that the mutations would cause a loss in the rec-
ognition of tRA-96023 that would be reflected in a diminished
inhibitory activity of the compound. Table 2 showed that the
mdrlb mutations in the MSTC-8, -12, -14, -20, -21.10, and -24
lines did not significantly affect their puromycin resistance.
Thus, we were able to compare the relative abilities of the
inhibitors to reverse a comparable degree of puromycin re-
sistance in these cell lines relative to MS23. The results are
shown in Fig. 4. In each instance, 5 uM puromycin was added
to the cultures as the concentration of one of three inhibitors
was varied. This puromycin concentration is toxic to these
cells when approximately 60% of the resistance is reversed.
Figure 4A depicts the relative concentrations of the tRA
compound needed to reverse puromycin resistance in the
variants relative to MS23. The greatest shifts were seen with
the MSTC-14, -21.10, and -24 cell lines where 2-fold, or more,
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of the inhibitor (compared with MS23) was needed to produce
inhibition. Only the MSTC-20 cells were unaffected, inhib-
ited at the same concentration as MS23 cells. This result
indicates an unaltered recognition of tRA-96023 in the
MSTC-20 cells and suggests that their increase in colchicine
resistance was the sole reason for their survival during the
selection of the variants. In Fig. 4B, the pregnane inhibitor
5B8Podo was used. Its structure is illustrated in Fig. 4D. Five
of the mutations did not cause a decrease in this inhibitor’s
ability to reverse drug resistance. Only the mutation found in
the MSTC-20 (L338F), located in transmembrane domain 6,
resulted in a significant increased concentration of inhibitor
(~10-fold) being needed to reverse the puromycin resistance.
This behavior is consistent with previous results indicating
the existence of a steroid interaction domain within the
transmembrane sections of the first half of the protein (Vo
and Gruol, 1999). Figure 4C depicts the concentrations of the
inhibitor PSC 833 needed to reverse puromycin resistance in
the variants. The results are similar to those obtained with
5B8Podo. Only the MSTC-20 cell line shows evidence of a
decrease in the potency of the inhibitor. This result is con-
sistent with previous experiments (Chen et al., 1997; Ma et
al., 1997) demonstrating that mutations in the TMS 6 of the
human MDR 1 and hamster Pgpl proteins caused a de-
creased PSC 833 activity. Taken together, the results suggest
that steroids and taxanes interact with the P-glycoprotein at
separate sites and support a role for TMS 6 in the interaction
with PSC 833.

All of the isolated MSTC cell lines are capable of survival
and growth under the conditions (40 ng/ml of colchicine, 250
nM tRA-96023) that were used in the selections (data not
shown). Moreover, as demonstrated in Table 2, the MSTC cell
lines exhibit substantial increased resistance to colchicine.
This phenomenon is not unique for the MSTC variants. It
was also observed with the MSPP-1 line, one of the variants
that were obtained from MS23 using the combination of a
steroid inhibitor along with puromycin as the toxic drug (Vo
and Gruol, 1999). However, because colchicine was the toxic
agent used to select the MSTC lines, it is feasible that a
portion of their colchicine resistance could be caused by a
mechanism not involving P-glycoproteins. To evaluate this
possibility, we have tested several P-glycoprotein inhibitors
for their abilities to completely reverse colchicine resistance
in the MSTC cell lines. Both verapamil and PSC-833 re-
versed colchicine resistance in these cell lines, producing IC;,
values comparable with that of cells (W7TB) that do not
express P-glycoproteins (data not shown). Figure 5 illus-
trates similar results using the 58Podo inhibitor, but with an

TABLE 2

illustrative distinction. A concentration of 10 uM is sufficient
to completely reverse colchicine resistance in all of the cell
lines except MSTC-20, where the reversal was 81%. The
incomplete reversal by the pregnane compound in the
MSTC-20 cell line, however, highlights the reduced effec-
tiveness of the steroid inhibitor compared with the L338F
mutation that was depicted in Fig. 4B. At higher concen-
trations (20 uM) the reversal of colchicine resistance in the
MSTC-20 cell line was greater than 95% (data not shown).
Thus, the results strongly support the likelihood that the
increase in colchicine resistance in the MSTC cell lines is
caused entirely by a change in P-glycoprotein, not micro-
tubule function.

Although most of the mutations cause a significant reduc-
tion in paclitaxel resistance, their effects upon the inhibitory
activity of the tRA-96023 compound are relatively modest,
particularly compared with those seen with steroid inhibitors
(Fig. 4B). This behavior is not totally unexpected because
tRA-96023 is a larger and more potent inhibitor that has a
potentially complex interaction with the protein. A single
point mutation may not be as disruptive to tRA-96023 bind-
ing compared with steroid binding. However, this situation
offers an opportunity to seek second mutations that cause an
additional effect upon paclitaxel resistance. For instance, the
MSTC-24 cell line expresses a Pgp mutation (L868W) that
conveys a partial (55%) loss of paclitaxel resistance and a
2.4-fold increase in the dose (ECj,) of tRA-96023 needed to
reverse drug resistance. The strategy of paired drug selection
can be reiterated with this cell line using a combination of the
tRA-96023 and a different drug, such as puromycin. One
such selection was carried out and resulted in the identifica-
tion of variants expressing the double mutation L868W,
N988D. The location of the second mutation is within the
TMS 12. The changes in the drug resistance profiles of one of
these variants are illustrated in Table 2 for the 24TCTP-6
cell line. There were four significant phenotypic changes that
resulted from the second mutation: 1) there was a change in
paclitaxel resistance from —55% for MSTC-24 to —98% for
24TCTP-6; 2) the increase in colchicine resistance (220%)
that was gained through the first mutation was completely
reversed as a result of the second mutation; 3) there was a
coincident increase in both dexamethasone and puromycin
resistance (IC5, > twice that of MS23 cells); 4) there was a
further decrease in the effectiveness of the tRA-96023 inhib-
itor. The latter property is illustrated in Fig. 6. This experi-
ment takes advantage of the fact that there was no signifi-
cant change in daunomycin resistance between MSTC-24
and 24TCTP-6. Therefore, a constant concentration of dauno-

Summaries of changes in the drug resistance profiles of the MSTC variants

Changes in drug resistance were evaluated by measuring the ICs, values for the individual drugs in the W7TB, MS23, and variant cell lines. The change in drug resistance
was calculated according to the equation: Change = (Y¥IC;, — MS2IC;0)/(MS?IC;5, — V™PIC;), where Change =0.5 = +, =1.0 = ++, =1.5 = +++, =2.0 ++++, =—0.33 =
V,=-0.67 = ¥Y¥,and =—1.0 = YVYV. NC indicates no change, or changes smaller than those indicated above, in the drug resistance.

Cell Line Paclitaxel Vincristine Daunomycin Dexamethasone Puromycin Colchicine Mutation
MSTC-2 v NC ++ ++ + ++++ L865F
MSTC-8 \A4 v NC NC NC +++ A933T
MSTC-14 vy v NC ++ NC ++++ 1862F
MSTC-20 NC NC NC vy NC ++++++ L338F
MSTC-21.10 vvv v + NC NC ++++++ N3501
MSTC-24 v v NC + NC ++++ L868W
24TCTP-6 \A4 v NC ++++++ ++ NC L868W

N988D




mycin could be employed to test the relative effectiveness of
tRA-96023 in the two cell lines. In this instance, the EC;,
values have been normalized to that of MSTC-24. The figure
illustrates that nearly twice the amount of tRA-96023 was
needed to reverse daunomycin resistance in the 24TCTP-6
cells compared with MSTC-24. This behavior is indicative of
the N988D mutation causing a further loss in the ability of
the tRA-96023 compound to interact productively with the
protein. In contrast, when the 58Podo inhibitor was used, the
concentration needed to reverse resistance in 24TCTP-6 de-
creased by 50%. This observation suggests an increased ca-
pacity of the steroid to interact with the protein, which is also
consistent with the increased dexamethasone resistance ob-
served for this cell line (Table 2). Figure 6 also illustrates the
effect of the mutation on the PSC-833 inhibitor. The EC;,
valued increased to more than 4-fold, indicating that the
N988W mutation also interferes with this inhibitor’s ability
to interact with the protein. Thus, mutations in both halves

TABLE 3

Percentage loss in paclitaxel resistance for the variant cell lines listed
in Table 2

A portion of the data that was used to generate Table 2 was converted from fractional

loss to percentage loss of paclitaxel resistance. The values represent the mean = S.E.
for n measurements of a given cell line.
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of the protein (L338F, N988D) can alter the effectiveness of
PSC-833.

Discussion

There is limited information regarding the location of a
paclitaxel binding site within Pgp. Wu et al. (1998) mapped
the interaction domains of 2 photoreactive paclitaxel analogs
within the murine mdrlb Pgp. A C-3’ p-benzoyl dihydrocin-
namoyl-modified analog labeled a fragment (aa 985-1088)
that includes the inner half of TMS 12 and terminates after
the Walker A motif in the second half of the protein. In
contrast, a C-3' p-benzoyl dihydrocinnamoyl-modified analog
reacted with a fragment (amino acids 683-760) that includes
all of TMS 7, the outer half of TMS 8 and the included
extracellular loop. Thus, both probes labeled regions of the
protein that are within the second half of its primary struc-
ture. Before the studies presented here, mutational analysis
had been unable to provide a consistently localize the inter-
action of paclitaxel with the protein. To address this issue, we
have employed a system described by Vo and Gruol (1999) for
mapping a steroid interaction region within the TMS 4 to 6
portion of the mdrlb protein. The system involves the use of
a pair of murine thymoma cell lines, W7TB and MS23, that
are derivatives of the WEHI-7 line isolated by Harris et al.
(1973). Both cell lines are killed by glucocorticoids and MS23
was isolated from W7TB based on increased resistance to
dexamethasone. The MS23 line exhibits a multidrug resis-
tance phenotype and expresses the mdrlb, but not the
mdrla, gene. Of the five mutations reported by Vo and Gruol
to affect steroid-Pgp interactions, only one (S222T) causes a

Extracellular

Cell Line Paclitaxel
MSTC-2 —47% * 23% (n=4)
MSTC-8 —86% * 17% (n=5)
MSTC-14 —94% + 11% (n=5)
MSTC-20 —31% * 20% (n=4)
MSTC-21.10 —1.00 = 10% (n=3)
MSTC-24 —55% * 19% (n=4)
24TCTP-6 —-98% * 16% (n=2)

71 208 (GW), 213 315
(K)

O
Omu

COOH

Cytoplasmic

Fig. 3. The locations of taxane-derived P-glycoprotein mutations within the proposed relationship between the protein and the plasma membrane. The
filled circles represent the amino acids that are altered by the mutations found in the variant cell lines.
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reduction in paclitaxel resistance (D.G., unpublished obser-
vations). Loss of paclitaxel resistance in this case, however,
may be part of a pleiotropic phenomenon, because resistance
to all six of the drugs tested were decreased in cells express-
ing the S222T mutation.

Analogous to the work carried out with steroid inhibitors,
we have demonstrated that one can target the identification
of mutations that reduce the efficacy of a taxane-based in-
hibitor, as well as resistance to the toxic form, paclitaxel.
Thus, the data support the proposition that tRA-96023 inter-
acts with the Pgp through determinants that are in common
with paclitaxel. Of the six mutations identified through se-
lections involving colchicine and tRA-96023, five exhibited

tRA 96023

5BPODO

phenotypic loss of tRA-96023 efficacy and paclitaxel resis-
tance. Four of the mutations are located within the second
half of the protein, and three are clustered within the TMS
10. One of the three (L865F) has been identified from the
results of two independent selections. Another mutation
(L998D) in TMS 12 was identified, through an additional
selection, as a second mutation that acts in concert with
L868W to cause a complete loss of paclitaxel resistance and
more than a five-fold shift (relative to that in MS23 cells) in
the efficacy of tRA-96023. The remaining mutation that af-
fects the potency of both the inhibitor and paclitaxel (N350I)
is located within the first half of the protein proximal to TMS
6. It results in the complete loss of paclitaxel resistance and

PSC 833

RELATIVE EC59 VALUE
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MSTC-8
MSTC-14
MSTC-20
MSTC-24
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MSTC-20
MSTC-21.10
MSTC-24

STRUCTURE OF THE PREGNANE
REVERSAL AGENT 53PODO

CH3

Lo
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5pPregnane-17c.-0l-3, 20 dione

Fig. 4. Evaluation of P-glycoprotein inhibitor capacities in the MS23 and MSTC-8, -14, -20, -21.10, and -24 cell lines. Cell cultures, initially containing
5 X 10* cells/ml, were incubated in medium containing 5 uM puromycin and increasing concentrations of a P-glycoprotein inhibitor. At the end of the
incubation period, the turbidities (660 nm) of the cultures were measured and expressed relative to cultures containing no drug. The concentration
of inhibitor needed to reduce the turbidity value to 50% (EC;,) was estimated by interpolation. The EC,, values for the variant cell lines were
normalized to that for the MS23 cell line. Each value represents the average and standard error for three independent experiments. A, tRA-96023;

B, 5B-pregnane-17a-0l-3,20-dione; C, PSC 833.



a comparatively strong shift in the efficacy of tRA-96023 (Fig.
4). Interestingly, Wu et al. (1998) also observed photoaffinity
labeling of a 95-kDa fragment that contained the six N-
terminal TMS by the 3BzDC-modified analog of paclitaxel.
They did not attribute the binding to a smaller subfrag-
ment, but the results do suggest that both halves of the
protein can contribute to interactions with the taxanes. It
is also worth noting that Loo and Clarke have reported
evidence that TMS 6 interacts with TMS 10 to 12 (Loo and
Clarke, 2000).

Pgp mutations may also produce effects that are not di-
rectly related to the binding and transport of drugs; the
improper localization and insertion of the protein into the
plasma membrane might be examples. Altered localization
would reflect a change in the distribution of the Pgp between
the plasma membrane and intracellular sites. Although the
data presented here do not rule out such a possibility, the
results in Table 2 show that there were no significant de-
creases in the resistance to daunomycin, dexamethasone (ex-
cept for MSTC-20), and puromycin in the seven variant cell
lines. Thus, if a mutation caused an increase in the relative
number of intracellular sites, for instance, then Pgp localiza-
tion at these sites would also need to have a capacity to
convey resistance to the drugs listed above. Presumably, this
could involve a sequestration of drugs that would reduce the
concentrations available to interact with their intracellular

300

H No inhibitor
B +s5ppoDO

IC50 (ng/mL)

m
£ 8
2 =

MSTC-2
MSTC-8
MSTC-14
MSTC-20
MSTC21.10
MSTC-24

Fig. 5. Reversal of colchicine resistance by 53Podo. Cell cultures, initially
containing 5 X 10* cells/ml, were incubated in medium containing in-
creasing concentrations of colchicine for 7 days. At the end of the incu-
bation period, the turbidities (660 nm) of the cultures were measured and
expressed relative to cultures containing no drug. The concentration of
colchicine needed to reduce the turbidity value to 50% (IC;,) was esti-
mated by interpolation. A parallel set of cultures were incubated with
colchicine and 10 uM 5BPodo, and the IC;, values were determined.
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targets. To our knowledge, this has not been demonstrated
for puromycin and dexamethasone.

In contrast to the results described above, the Pgp muta-
tion L338F, expressed in the MSTC-20 cells, had no effect
upon the ability of tRA-96023 to inhibit drug transport (Fig.
4). L338F does, however, cause a profound change in steroid
resistance and the inhibitory capacity of the steroid 58Podo.
This behavior and the location of the mutation within TMS 6
are consistent with the proposed steroid interactions with the
TMS 4 to 6 region of the protein (Vo and Gruol, 1999).
Moreover, the L338F mutation has been found expressed in a
cell line independently selected with the combination of col-
chicine and a steroid inhibitor (D.G., unpublished observa-
tions). The resulting phenotype was identical to that seen
with the MSTC-20 cells. Of the four of five that can be
evaluated, none of the previously identified steroid-related
mutations caused a significant loss of tRA-96023 activity (data
not shown). This strongly suggests that steroids and taxanes
interact with sites that are distinct from one another.

Although steroids and taxanes may interact with distinct
sites, it is highly unlikely that the two domains function
independently of one another. The obvious indication of this
is that 58Podo inhibits paclitaxel resistance and tRA-96023
inhibits dexamethasone resistance. Another line of evidence
for a functional link between the two sites is provided by the
24TCTP-6 cell line. These cells express a Pgp with mutations
in both TMS 10 (L868W) and TMS 12 (N988D). Acquisition of
the second mutation (N988D) caused a three-fold increase in

5

RELATIVE EC5g VALUE

tRA96023
53Podo
PSC-833

Fig. 6. Change in P-glycoprotein inhibitor efficacies due to the NgygD
mutation found in the 24TCTP-6 cells. MSTC-24 and 24TCTP-6 cells (5 X
10* cells/ml) were incubated for 7 days in the presence of 60 nM dauno-
rubicin and increasing concentrations of the indicated P-glycoprotein
inhibitor. At the end of the incubation period, the turbidities (660 nm) of
the cultures were measured and expressed relative to cultures containing
no inhibitor. The EC;, values obtained from the 24TCTP-6 cells were
calculated and expressed relative to those of the MSTC-24 cells. The
values represent the average and standard error for three independent
experiments.
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dexamethasone resistance along with an increased capacity
of 58Podo to reverse drug resistance. The latter phenomenon
implies the enhanced ability of 58Podo to interact with the
Pgp and could reflect an increase in steroid binding affinity
or an increase in site availability. Variations in either pa-
rameter would be an expected consequence of dynamic
changes that normally take place in the TMS regions of the
protein. Coupling between the two domains could be pro-
moted by the TMS interactions (TMS 6 with TMS 10 to 12
and TMS 12 with TMS 4 to 6) that have been described by
Loo and Clarke (2000). In the case described here, the mu-
tation in the TMS 12 may be causing an alteration in the
suppression of the steroid site. It should be noted that the
increased resistance to dexamethasone and puromycin exhib-
ited by the 24TCT-6 cell line is completely reversible by 10
uM verapamil, making it very unlikely that the phenotypic
changes in this cell line are caused by changes other than the
(N988D) mutation.

Our collection of variant cell lines derived from MS23
and expressing mutated Pgp also has the potential to
contribute to the mapping of interaction domains of Pgp
inhibitors other than those used in the original selections.
This was illustrated in Figs. 4C and 6, which demonstrated
that mutations in TMS 6 (L338F) and 12 (N988D) caused
a reduction in the efficacy of the cyclosporin analog PSC
833. TMS 6 had been implicated in binding PSC 833 by
Chen et al. (1997), who found that a TMS 6 F335 deletion
in the human MDR1 Pgp caused reduced inhibition by PSC
833. Subsequently, Chen et al. (2000) showed that this
mutation caused reduced photoaffinity labeling by cyclo-
sporin and azidopine. In addition, Ma et al. (1997) pre-
sented evidence that point mutations in TMS 6 of the
hamster Pgpl gene caused a reduction in cyclosporin in-
hibitory activity. In this instance, two mutations contrib-
uted to the phenotype, G338A and A339P. Furthermore,
Demuele et al. (1998) have used photoaffinity labeling to
show that TMS 12 also participates in the interaction of
cyclosporin with Pgp. Thus, the results of our studies are
consistent with work of all three groups and the proposal
that TMS 6 and 12 both contribute to Pgp interactions with
PSC 833 and cyclosporin. Moreover, the results shown
here indicate that the PSC 833 inhibitor interacts with
regions of the Pgp that influence the interactions of both
taxanes and steroids.
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