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Abstract—In this study we describe a simplified, HTS-capable functional assay for the multidrug resistance (MDR) transporter P-
glycoprotein (P-gp) based on its substrate Hoechst 33342. The physicochemical properties of Hoechst 33342 and the enormous mili-
eu dependency of its fluorescence intensity allowed performing the assay in a homogeneous manner. This new assay served as an
effective tool to estimate the potency of 10 well recognized P-gp substrates and modulators. Further, the potency of these com-
pounds was also estimated in the calcein AM assay. The Hoechst 33342 and calcein AM assays yielded significantly comparable
results for all compounds tested. Principal component analysis (PCA) applied to literature data on inhibition of P-gp activity
and our results obtained in the Hoechst 33342 and calcein AM assay indicated similarity of compared functional transport assays.
However, no correlation could be detected between these functional assays and the ATPase activity assay.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Multidrug resistance (MDR) is a major obstacle for suc-
cessful and effective chemotherapeutic treatment of can-
cer diseases. MDR involves multiple mechanisms and
the most important ones are associated with the overex-
pression of various members of the ATP-binding cas-
sette (ABC)-family of transport proteins. Among
them, P-glycoprotein (P-gp) is the most extensively stud-
ied. It belongs to the ABC subfamily B and is encoded
by the ABCBI gene. P-gp is naturally expressed in
excreting organs, epithelial membranes and seems to
play a key role in the xenobiotic protection of the cells.!
In tumor cells the protein recognizes a large variety of
different antineoplastic agents (e.g., anthracyclines, vin-
ca alkaloids, taxanes) as substrates for an ATP-depen-
dent efflux, consequently minimizing their intracellular
concentrations.> Many compounds have been investi-
gated for their ability to inhibit the P-gp function, thus
leading to development of several generations of MDR
modulators.?
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Still a matter of debate is the number and location of the
binding site(s) of P-gp. According to the model of Shap-
iro and Ling,* P-gp has at least two different transport
binding sites. One binds the dye Hoechst 33342 and is
called the H-site. It interacts with the other site that
binds rhodamine 123 (R-site) in a cooperative manner.
This cooperativity is supported by the results of Kon-
dratov et al.’> They found a dramatic stimulation of P-
gp activity against doxorubicin, daunorubicin, and rho-
damine 123 by small molecules (QB-compounds) that
presumably bind to the H-site. Based on radioligand-
binding studies, Martin et al. investigated the type of
interaction between different P-gp substrates and modu-
lators.® They reported a competitive interaction of the
3rd generation MDR modulator XR9576 and Hoechst
33342, thus presuming a common binding site of these
compounds, but could not assign a particular binding
site for rhodamine 123. Roe et al. investigated a series
of analogues of XR9576 (XR-type MDR modulators)
and observed a strong inhibitory effect for a number
of them in a [*H]daunorubicin accumulation assay.’
Their results imply that the XR-compounds may influ-
ence the binding of daunorubicin that has been sug-
gested to interact with the R-site of P-gp.* Thus the so
far published data about the binding properties of the
XR-type modulators raise the question if these com-
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pounds interact with the R- or the H-site or affect both
binding sites of P-gp. This question addresses also the
possibility suggested by some authors for existence of
a large drug binding pocket that can accommodate more
than one drug molecule.®1°

Obviously it is of interest to estimate the activity of new
generation P-gp modulators in relation to substrates
that possibly interact with either of the binding sites of
P-gp. Therefore we developed a Hoechst 33342-based
functional assay that could allow the determination of
P-gp activity relating to the H-site. Besides cyclosporine
A, verapamil, vinblastine and five other P-gp substrates
and inhibitors, three 3rd generation MDR modulators,
XR9577, XR9456, and WK-X-34 were examined in
the new Hoechst assay. The data obtained were com-
pared to activity data generated in the well-known calce-
in AM assay. Further the results of these assays were
compared to several other functional assays, using dif-
ferent substrates to determine P-gp function, and to
the ATPase activity assay, collected from the literature.

Our results suggest that the transport functional assays
based on different P-gp substrates may produce similar
results thus hampering the correct identification of the
substrate binding sites. In contrast to these functional
assays the ATPase activity measurements may provide
different information for the characterization of P-gp.

2. Results
2.1. Resistance factors and P-gp expression

The adriamycin-resistant cell line A2780adr is reported
to highly overexpress the ABCBI1 gene product P-
gp.!'"15 In the cell line used P-gp expression was demon-
strated by RT-PCR analysis and by protein surface
analysis with the 17F9 monoclonal P-gp antibody and
flow cytometry.'®!® The absence of the ABCG2 gene
product BCRP was proven by the specific antibody
BXP-21.161°  Additionally ~ drug-resistance factors
against a series of cytotoxic drugs were determined. Ta-
ble 1 shows pICsy-values and resistance factors of the
tested compounds in A2780adr and parental A2780
cells. Our data are comparable with resistance factors
for the P-gp substrate doxorubicin reported in the liter-
ature.!"!> As seen from the table the overexpression of

Table 1. MTT assay based pICsy-values and resistance factors for
different cytostatics in the cell lines A2780adr and A2780

Compound A2780adr A2780 Resistance
pIC5() +SD pIC5() + SD factor £ SD

Cisplatin 4.90£0.12 5.29 £0.07 247+ 1.34
Colchicin 6.43 £0.20 7.64 £ 0.04 16.28 £ 1.61
Daunorubicin 4.73£0.14 6.93 £ 0.09 158.70 £ 1.47
Docetaxel 7.06 + 0.04 8.31 £0.11 17.80 +1.33
Doxorubicin 4.87£0.26 7.03+£0.23 145.55£2.25
Hoechst 33342 4.42+0.10 5.72 £ 0.05 20.14 + 1.29
Oxaliplatin 5.71+0.18 5.60 £ 0.09 0.76 £ 1.59
Rhodamine 123 391+0.14 5.72£0.03 63.68 +1.39
Vinblastine 5.5510.06 7.21+0.13 45.96 £ 1.39

Presented are means * SD.

the ABCBI1 gene causes also cross-resistance to other
P-gp substrates, for example, colchicin, docetaxel, vin-
blastine reported in the literature.?’ In accordance with
literature data cisplatin was characterized as a non-P-
gp substrate.!3> Not surprisingly, oxaliplatin could also
be classified as a non-P-gp substrate. ICso-values of cis-
platin and oxaliplatin were not significantly different in
A2780 and A2780adr cells.

The overexpression of P-gp in A2780adr cells was fur-
ther proven by surface protein expression analysis using
a selective FITC-labeled P-gp antibody and flow cytom-
etry.!”-!8 A big difference between the fluorescence inten-
sities of the bound FITC antibody in A2780adr and
A2780 cells was detected: A2780 (5.77 £1.33) and
A2780adr (48.79 £ 2.65). The fluorescence intensity of
A2780 cells was comparable to the background fluores-
cence intensity, thus the level of P-gp expression was
negligible.

2.2. Hoechst 33342 assay

The newly proposed assay is based on two main aspects:
the dependency of the fluorescence intensity of Hoechst
33342 on the environment and the high distribution
coefficient of the substrate into the cell membrane.

In the standard assay, Hoechst 33342 (final concentra-
tion 5 uM) is added to the cells after preincubation with
modulators or substrates. After a 20 min incubation per-
10d, the cells are washed three times with KHP, thereaf-
ter the fluorescence is measured immediately.

However, it is well known that the fluorescence intensity
increases enormously if Hoechst 33342 is bound to the
DNA or is localized in a lipophilic environment like
the plasma membrane.?!'~2* This milieu dependency of
the fluorescence intensity of Hoechst 33342 prompted
us to investigate the possibility to perform the assay in
a different way.

Applying fluorescence microscopy the milieu depen-
dency of the fluorescence intensity of Hoechst 33342 be-
comes obvious. Figure 1 shows A2780adr cells in the
presence of 5 uM Hoechst 33342. Even without inhibi-
tion of P-gp, the cellular fluorescence is far brighter than
the extracellular one. The strong increase in fluorescence
intensity in a lipophilic environment combined with the
high distribution coefficient of Hoechst 33342 into the
plasma membrane explains the observed increase in
fluorescence in presence of cells although their volume
is very small compared to the total volume. These obser-
vations provide the possibility to exclude time-consum-
ing washing steps.

Figure 2 depicts two concentration—response curves for
the modulator XR9577: open circle symbols refer to
the standard Hoechst assay, and closed circle symbols
to the new Hoechst assay. Comparing plCsy-values
and Hill-coefficients (ng) of both concentration-re-
sponse curves with an F-test, no significant difference
was detected: in the standard assay pICsy = 6.36 + 0.07
and ng=2.27%0.26; in the new assay pICso=
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Figure 1. A2780adr cells stained with Hoechst 33342 (5 uM) and viewed under the fluorescence microscope. The remarkable, significant difference
between the intracellular and extracellular fluorescence intensity becomes obvious.
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Figure 2. Concentration-response curves for XR9577 in A2780adr
cells obtained with the standard Hoechst assay (open circles) and the
new Hoechst assay (closed circles). In comparison to the standard
Hoechst assay, the new Hoechst assay avoids three additional washing
steps to remove extracellular Hoechst 33342. Data presented are
average + SE from one typical experiment with three replicates
belonging to a series of three independent experiments: standard
assay: plCso=6.361£0.07, nyg=2.272%0.26, new assay: plCsy=
6.49 £ 0.08, nyy = 1.96 £ 0.53.

6.49 *+ 0.08 and ny; = 1.96 + 0.53. Thus, both assay types
lead to the same result.

Figure 3 displays fluorescence time curves of Hoechst
33342 in buffer without cells (open squares) in A2780
(open circles) or A2780adr cells (closed squares) prein-
cubated with 5 uM of the compound WK-X-34. This
modulator concentration fully inhibits P-gp function.'®
Referring to the fluorescence-time curve of A2780adr
cells (closed squares) a concomitant increase in fluores-
cence was observed that approached the level of the wild
type cell line A2780. In contrast to the fluorescence—time
curve of the buffer (open squares), the fluorescence of
A2780 and A2780adr cells (preincubated with WK-X-
34) was comparable.
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Figure 3. Comparison of different fluorescence-time curves of Hoechst
33342 (final concentration 5 uM): Krebs-Hepes buffer without cells
and without modulator (open squares), A2780adr cells, preincubated
with 5pM WK-X-34 (closed squares), and A2780 cells without
modulator (open circles).

Figure 4 illustrates typical fluorescence—time curves for
different concentrations of the modulator WK-X-34.
The kinetics of the increase in fluorescence follows an
exponential profile. Figure 5 depicts the quasi-linear
part of the different fluorescence—time curves from Fig-
ure 4. Figure 6 shows the comparison of concentra-
tion-response curves obtained with the plateau-values
(Ymax) or velocity constants calculated from the one-
phase exponential association curves (Fig. 4) or the
slopes of fluorescence increase (Fig. 5). The Hill-coeffi-
cients and plCsg-values were statistically identical:
pICsy (linear) = 6.53 £ 0.04, ny =1.63 £0.24; pICs,
(Ymax) = 6.58 £ 0.04, ny; = 2.08 £ 0.30; pICsq (reciprocal
velocities) = 6.47 £ 0.12, ny=1.572047. Thus, all
three methods of data analysis are applicable. Using
the initial quasi-linear part of the curve with linear
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Figure 4. Fluorescence-time curves for different concentrations of
WK-X-34 determined with the new Hoechst 33342 assay in A2780adr
cells. Fluorescence-time curves were analyzed based on one-phase
exponential association analysis. Data shown are averages + SE of a
typical experiment with six replicates taken out from a series of four
independent experiments.
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Figure 5. Initial part of the fluorescence-time curves for different
concentrations of WK-X-34 determined with the new Hoechst 33342
assay in A2780adr cells. Slopes were determined with linear regression.
Presented data are average * SE from one typical experiment with six
replicates belonging to a series of four independent experiments.

regression saves time as it is not necessary to follow the
reaction until equilibrium has been reached (Fig. 5)

Using the new assay we investigated the inhibition of the
Hoechst 33342 transport by different substrates and
modulators of P-gp. Table 3 summarizes the inhibitory
effect of these drugs and, additionally, of three MDR
modulators of the XR-type (Table 2). These compounds
were selected as to represent a large variety of sub-
stances that possibly interact with different binding sites
of the protein. Cyclosporine A and vinblastine have
been reported to interact with P-gp in a non-competitive
manner.>>?® The XR-modulators and their analogue
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Figure 6. Comparison of the concentration-response curves generated
for WK-X-34 in A2780adr cells with the new Hoechst 33342 assay by
using: (i) linear regression analysis of the initial quasi-linear part
(closed circles), (ii) the Yy.x-values derived from the one-phase
exponential association analysis (open circles), (iii) the reciprocal
velocity-values determined from one-phase exponential association fit
(open triangles): pICsq (linear) = 6.53 £ 0.04, ny = 1.63 + 0.24; pICs
(Ymax) = 6.58 £ 0.04, nyy =2.08 £ 0.30; pICsq (reciprocal velocities) =
6.47 £0.12, niy = 1.57 £ 0.47. Data shown are average * SE from one
typical experiment with six replicates out of a series of four
independent experiments.

WK-X-34 are possibly interacting with the Hoechst
33342 binding site.® For nicardipine and progesterone
distinct binding sites are proposed.®?”-?® Verapamil, dil-
tiazem and reserpine are well known modulators while
imatinib represents a new tyrosine kinase inhibitor.?
Rhodamine 123 could not be examined as it was simul-
taneously excited and quenched the fluorescence of Hoe-
chst 33342 (data not shown). As seen from Table 3 the
rank order of the inhibitory effects of the compounds
is: progesterone < diltiazem < imatinib < vinblastine <
verapamil < nicardipine < reserpine < cyclosporine A.

The above compounds together with the three 3rd gen-
eration modulators XR9456, XR9577, and WK-X-34
were also investigated in the calcein AM assay (this as-
say has recently been established in our laboratory?3°).
The results are presented in Table 4. Figure 7 shows
the scatterplot of the pICsp-values obtained in the Hoe-
chst 33342 and calcein AM assay. The correlation coef-
ficient is 0.98 indicating that both assays yield
significantly comparable results. The inhibitory activi-
ties of several compounds were measured by the calcein
AM assay also in MDCK cells transfected with the
ABCBI gene (MDCK-MDR1).3! The pICs,-values are
summarized in Table 4 and Figure 8 shows the scatter-
plot of the pICsp-values determined in both cell lines.
The correlation coefficient of the inhibitory potencies
in the two cell lines is calculated as 0.98, clearly empha-
sizing that P-glycoprotein is the main mechanism which
decreases the intracellular calcein AM concentration.

3. Discussion
The purpose of this study was to develop a functional,

HTS-capable assay for P-gp activity using the substrate
Hoechst 33342 and to measure in this way the P-gp
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Table 2. Structures of the 3rd generation P-gp modulators

Ry

Ry o]
N )k X
N
o NH
Ro

Compound R, R, X
XR9456 OCHj3; Phenyl —
XR9577 H 3-Quinolinyl —

WK-X-34 OCH;
WK-X-50 H

3,4-Dimethoxyphenyl —
3-Quinolinyl NH

Table 3. pICsy-values and Hill-coefficients of different modulators and
substrates in the Hoechst assay

Substance pICso £ SD ny £ SD

Cyclosporine A 5.85%£0.05 3.11%£0.23
Diltiazem 421 %0.16 0.89£0.24
Imatinib 490 £0.18 1.38 £0.38
Nicardipine 529 +0.16 1.19+0.43
Progesterone 4.31+0.14 1.16 £0.15
Reserpine 5.52%0.12 1.34+0.28
Verapamil 5.18£0.25 0.78 £ 0.08
Vinblastine 5.00 £ 0.02 2.61 £0.62
XR9456 6.29 £ 0.06 1.89£0.35
XR9577 6.45%0.07 1.89+£0.33
WK-X-34 6.48 £0.15 2.53£047

Data shown are means + SD.

Table 4. pICsy-values and Hill-coefficients of different modulators and
substrates in the calcein AM assay

A2780adr MDCK-MDRI1
pICSO +SD ny +SD pICSO +SD nyg +SD
Cyclosporine A 5.85%0.09 3.63+1.08 537+0.11 2.71%0.36

Substance

Diltiazem 437+0.25 1.15+0.38 3.59£0.25 0.77£0.18
Imatinib 514027 1.18+£0.22 428 +0.19 1.31+0.44
Nicardipine 532%£0.13 244025 — —
Progesterone 432+0.07 131015 — —
Reserpine 549+£0.09 1.88+0.32 — —
Verapamil 5341024 087+0.21 455+026 0.88+0.22
Vinblastine 498 +0.09 2.06+0.20 4.00£0.34 1.50%0.19
XR9456 6.07£0.28 2.01%£057 — —
XR9577 6312021 2.42%0.87 6.01 £0.09 1.66+0.39
WK-X-34 6.47£0.18 2.89%£0.55 6.04£0.11 2.24+0.51
WK-X-50 6.09£0.18 2.60*£0.71 545+0.10 2.04+0.39

activity in relation to the H-site. The physicochemical
properties of Hoechst 33342 and its enormous milieu
dependency of fluorescence intensity allowed exclusion
of time-consuming washing steps. The use of the qua-
si-linear part of the concentration—response curves for
ICso and ny determination shortened the procedure
additionally. In this way the assay has been significantly
simplified.
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Figure 7. Scatterplot of the pICsy-values of the Hoechst 33342 assay
and the calcein AM assay. Data shown are average = SD of at least
three independent experiments. The correlation coefficient was 0.98.
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Figure 8. Scatterplot of the pICso-values of eight different substances
obtained in the calcein AM assay. Data shown are average * SD of at
least three independent experiments. The correlation coefficient was
0.98.

The potency of eight different standard modulators and
substrates and three 3rd generation MDR modulators
were investigated with the new Hoechst 33342 assay
and the well-known calcein AM assay (Tables 3 and
4). The correlation coefficient was 0.98 indicating a
nearly perfect correlation between the two assays
(Fig. 7). At a first glance this result was surprising and
prompted us to search for functional assay studies
involving more than one P-gp substrate.

Wang et al. analyzed the potency of a larger number of
inhibitors to decrease the P-gp mediated efflux of three
different fluorescent substrates (daunorubicin, LDS-
751, and rhodamine 123) from MDRI1 overexpressing
cells (Table 5).3? Six of these compounds (vinblastine,
verapamil, nicardipine, cyclosporine A, reserpine, and
progesterone) were identical to those tested by us. For
these compounds, a PCA was performed to estimate
the multiple intercorrelation between the five assays
and to possibly reveal the internal structuring of the
data.’3* The PCA results are given in Table 6. The first
PCA is based only on the activity data of Wang et al.
From our data it is not apparent that the interaction
between the inhibitors and the substrates doxorubicin
(D), LDS-751 (L), and rhodamine 123 (R) is unique as
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Table 5. P-gp inhibition data taken from Wang et al.*> using the following P-gp substrates: daunorubicin (D), LDS-751 (L), and rhodamine 123 (R)

Substance D L R pKn ATPase®’ pKn ATPase®
Reserpine 6.30 5.68 5.41 7.00 6.52
Dipyridamol 4.64 4.63 4.46 6.40 —
Terfenadine 5.74 5.60 5.57 5.66 —
Verapamil 5.38 5.33 5.19 5.60 6.30
Quinidine 4.73 6.00 4.47 5.30 —
Progesterone 4.02 4.06 3.72 4.76 5.30
Trifluoperazine 5.14 5.20 4.96 5.19 5.44
Tamoxifen 5.19 4.92 4.50 7.00 —
Fluphenazine 5.19 5.24 4.98 4.95 —
Cyclosporine A 5.85 5.74 5.77 7.22 7.70
Vinblastine 4.75 4.70 4.53 5.89 —
Nicardipine 5.49 5.25 4.59 — —
Diltiazem — — — — 5.46
Chlorpromazine — — — — 5.24
cis-Flupentixol — — — — 5.52
Glivec — — — — 5.54

pK., values (ATPase assay) are taken from Litman et al.*’ and Gatlik-Landwojtowicz et al.*’

Table 6. Results for different principal component analysis (PCA) using pICsp-values of six compounds determined in the five different assays:
daunorubicin (D), LDS-751 (L), rhodamine 123 (R), Hoecht 33342 (H), calcein AM (C)

Assays Total variance (1st PC) (%) Eigenvalue (1st PC) Factor loadings

D+L+R 95.93 2.88 D =0.975, L=0.995, R=0.968

D+L+R+H 95.53 3.82 D =0.967, L=0.995, R=0.969, H=0.979
D+L+R+C 95.79 3.83 D =0.965, L=0.997, R=0.971, C=10.983
D+L+R+H+C 95.85 4.79 D =0.959, L=0.994, R=0.969, H=10.984, C=0.988

proposed by Wang et al. The first principal component
(PC1) explains more than 95% of the variance in activity
(Table 6). Separate PCAs using pICsp-values obtained
by Wang et al. and our pICsy-values determined in the
Hoechst 33342 (H) and the calcein AM (C) assay lead
to the same result: PC1 describes more than 95% of
the total variance. The same holds true if both assays
are taken into account (Table 6). This is to be expected
considering as H and C assays are highly intercorrelated
(Fig. 7). In general, the PCA results indicate a strong
multiple intercorrelation among the biological data ob-
tained with the different functional assays.

These results raise the question if the biological activity
data measured in different functional assays possibly
correlate ‘always’? To further address this question we
analyzed by PCA the available biological data of sub-
strates and inhibitors of P-gp examined in different func-
tional assays.’>*! Table 7 contains the results of pair
wise and multiple correlations for different data sets
taken from the literature. Most of these functional as-
says, using different substrates, show a good to excellent
correlation. This observation seems to be surprising as
the different substrates vary in their structural properties
and may presumably interact with different binding sites
of P-gp.

Using the simplest models for competitive, non-compet-
itive, and un-competitive inhibition from enzyme kinet-
ics, the dependence of the expected ICsy-value on the
type of inhibition was analyzed. For a non-competitive
inhibitor, the ratio of ICsy to the inhibition constant
K; should be constant and independent of the reduced

substrate concentration S’ as defined by the relationship
S’ = S/K,,. In this equation, S is the substrate concentra-
tion and K., is the Michaclis—Menten constant. For a
competitive inhibitor the ratio should increase as: 1Cs/
K; =1+ §'. The un-competitive inhibition type is char-
acterized by the relationship of ICsy/K; = 1/5’.4> Consid-
ering the assay conditions the substrate concentrations
are most probably below K. In the calcein AM assay
a substrate concentration of 0.25 uM is applied and
measurements up to a fivefold higher concentration led
to a linear increase in fluorescence intensity, indicating
that the used concentration is well below the K, of cal-
cein AM. In the Hoechst 33342 assay no saturation was
observed at concentrations of Hoechst 33342 up to
30 uM (data not shown). Obviously, if the substrate
concentration is below its K, competitive and non-
competitive inhibitors will behave very similar. Even
when the substrate concentration approaches K, of
the compound the calculated difference of ICsy-values
becomes only two, or 0.3 log units, for a competitive
versus a non-competitive inhibitor. Therefore, a similar
potency (ICsg) can be expected regardless of whether an
inhibitor interacts with a P-gp substrate in a competitive
or in a non-competitive way. Only un-competitive inhib-
itors are expected to differ, as long as the substrate con-
centration is low compared to their K. The correct
model is certainly more complex, because allosteric
interactions have been reported in the literature. How-
ever, their influence on the ICsy-values is estimated to
be small in most cases as illustrated by the following
examples. The mutual stimulation of Hoechst 33342
and rhodamine 123 transports was reported to be only
in the range of two to three.* For the interaction of Hoe-
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Table 7. Comparison of different assays by principal component analysis

Reference

No. of compounds Correlation

Leonessa et al.>’

Four analogues of progesterone, progesterone, verapamil, and cyclosporine A were 7
investigated with [*H]Jvinblastine and doxorubicin accumulation assays in P-gp

overexpressing cells

Lee et al.*®

The anti-MDRI1 activity data of HIV-1 protease inhibitors and cyclosporine A were 4
obtained in five different assays: daunorubicin, rhodamine 123, bodipy-FL-verapamil,

bodipy-FL-vinblastine, bodipy-FL-prazosine

Ecker et al.*® and Chiba et al.*!

The pICso-values of 28 propafenone-analogues were determined with the MTT and 28

rhodamine 123 assay using P-gp overexpressing cells

Wang et al.>?

A set of 24 different substances were investigated in a daunorubicin, LDS-751, and 24

rhodamine 123 assay using P-gp overexpressing cells

Ekins et al.>

Seventeen structurally diverse compounds were investigated in a [*H]vinblastine 17

accumulation and calcein AM assay
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Dexnigludipine, B9203-016, PSC833 and GF120918 were investigated using the following 4

three substrates: rhodamine 123, [*H]daunorubicin, [*H]vincristine

Explained variance: 99.2%
Factor loadings > 0.99

Explained variance: 82.4%
Factor loadings > 0.85

Explained variance: 92.8%
Factor loadings > 0.96

Explained variance: 89.5%
Factor loadings > 0.93

Explained variance: 90.8%
Factor loadings > 0.95

Explained variance: 99.5%
Factor loadings > 0.99

Explained variance: 94.1%
Factor loadings > 0.94

For the PCA, the following parameters are given: (i) total variance explained by the 1st principal component and (ii) the factor loadings of the 1st PC.

chst 33342 and LDS-751, an even smaller stimulation by
a factor of 1.6 was observed.*> Lugo and Sharom de-
scribed negative cooperativity between rhodamine 123
and LDS-751.% The cooperativity factor was calculated
as about 5, but the maximum interaction was achieved
only at high drug concentrations. In all cases, the allo-
steric interaction was so weak, that the pICsy-values
were not influenced significantly. In summary, the mea-
surement of ICs, at a fixed substrate concentration well
below its K, is unsuitable to distinguish between the
types of interaction. This can possibly explain the simi-
lar behavior of the same substrates and modulators in
the different functional assays.

If a modulator inhibits the P-gp function, the efflux of
substrates will decrease independently of the site speci-
ficity. The controversial results reported in the literature
for the XR-analogues can be interpreted in this context.
According to Martin et al.° they bind to the H-site and if
they block the P-gp transport, this will increase the dau-
norubicin accumulation no matter what site daunorubi-
cin may interact with, presumably the R-site.* Our
recent studies on structure-activity relationships of
XR-compounds showed that parts of their structures
that overlap with the Hoechst 33342 structure can be re-

Table 8. Results for different principal component analysis

lated to the ability of the compounds to bind to the same
site on P-gp as the substrate does. The parts of the struc-
tures that have no correspondence to the structure of
Hoechst 33342 can be involved in additional interac-
tions and thus can presumably be attributed to their
inhibitory effect on the protein function.*> However,
whether these interactions interfere with the R-site or
other binding sites remain to be established. This is di-
rectly related to the question when these interactions
take place: before the rearrangement of the transmem-
brane domains of P-gp from the ATP-free to the ATP-
bound functional state or at some of the next steps in
the transport cycle of the protein.*®

But do all functional assays lead to significantly compa-
rable results? To answer this question we compared the
results obtained in the Hoechst and calcein AM assays
with literature data obtained in the ATPase activity as-
say of P-gp. The pK,, values for ATPase stimulation, ta-
ken from Litman et al.,*” were compared by PCA with
the pICsg-values of Wang et al. for 11 structurally unre-
lated substances (Table 8). While for the three func-
tional assays of Wang et al. high factor loadings in
PC1 are obtained, the factor loading of the ATPase
activity assay is far lower, showing its deviating behav-

Assays (n=11) Total variance (1st PC) (%)

Eigenvalue (Ist PC)

Factor loadings

D+L+R 86.41 2.59
D+ L+ R+ ATPase 72.32 2.89

D =0.950, L=0.877, R =0.960
D =0.966, L =0.823, R=0.940, ATPase = 0.590

The PCA are based on the pICsy-values obtained in different assays: daunorubicin (D), LDS-751 (L), rhodamine 123 (R) data are taken from Wang
et al.*? and the pK,, values of 11 different compounds are taken from Litman et al.*’ (ATPase).
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ior. The extraction of PC2 followed by Varimax rotation
clearly shows the difference between the functional as-
says and the ATPase test system. The first eigenvalue
drops from 2.89 (Table 8) to 2.39 and the second one in-
creases to 1.28. Also the factor loadings support this
observation, as PC2 is exclusively loaded by the ATPase
data (factor loading = 0.97). Although with a smaller
number of compounds in common, two other data sets
with ATPase activity were also compared. ATPase
activity data of four compounds were taken from Xia
et al.*® A pair wise correlation consisting of the pK, val-
ues for progesterone (4.31), vinblastine (5.80), verapamil
(4.76), and cyclosporine A (8.00) and the pICsy-values of
the Hoechst 33342, and the calcein AM assay, respec-
tively, revealed moderate correlations of R*=0.76 for
Hoechst 33342 and ATPase and R? = 0.66 for the calce-
in AM and ATPase data. Of course, the analysis in-
cluded only four substances. Another comparison
involving six and nine compounds was performed with
the ATPase activities determined by Gatlik-Land-
wojtowicz et al.** Again moderate intercorrelations were
found with the ATPase data: R?=0.85 for Hoechst
33342 (n = 6) and R> = 0.56 for calcein AM (n =9).

These results may indicate that ATPase activity data
expressed as pK,, values show a different structural
dependency compared to pICsy-values obtained in the
functional efflux or influx assays. The Hoechst 33342
and calcein AM assay or other P-gp substrate-based
efflux or influx test systems could generally be character-
ized as competition assays between the transported sub-
strate and the investigated drug. In contrast the pK,
value determined in the ATPase activity assay describes
the affinity of the analyzed compound to P-gp, thus
presenting another type of the P-gp assay.

In conclusion, a new Hoechst assay to assess the potency
of modulators and substrates interacting with the H-site
of P-gp was developed. The analysis of the pICsg-values
obtained by this and other functional transport assays
shows only weak comparability with ATPase activity
data and underlines the importance of both assay types
for the characterization of different ABC-transporters.

4. Experimental
4.1. Chemicals

Docetaxel, oxaliplatin, and vinblastine were kindly pro-
vided by Merlin-Apotheke (Bonn, Germany). Doxoru-
bicin was a gift from Medac (Hamburg, Germany).
Cisplatin and MTT were purchased from Acros (Fair-
lawn, NJ, USA). All other chemicals were purchased
from Sigma Chemicals (Taufkirchen, Germany) unless
otherwise stated.

4.2. Cell culture

Human ovarian carcinoma cell lines A2780 and the cor-
responding adriamycin-resistant A2780adr cell line were
purchased from ECACC (European collection of animal
cell cultures, No. 93112520 [A2780adr] and No.

93112519 [A2780], United Kingdom). Cells were culti-
vated in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 50 pg/ml streptomycin, 50 U/ml pen-
icillin G, and 365 pg/ml L-glutamine (Sigma Chemicals).
Cells were grown at 37 °C in a humidified atmosphere
containing 5% CO,. Cells were grown to 80-90% conflu-
ence and treated with trypsin-EDTA before subcultur-
ing. Every 5th passage doxorubicin (0.1 uM final
concentration) was added to the cell culture medium
of A2780adr cells to maintain a selection/resistance pres-
sure and to conserve P-gp overexpression.

4.3. Cytotoxicity assay

The cytotoxicity assays were carried out in A2780 and
A2780adr cells. Cells were harvested by brief trypsina-
tion, and seeded into 96-well plates at a density of
10,000 cells. The cytotoxic compounds were added in
various concentrations and incubated for 72 h at 37 °C
and 5% CO,. After 72 h, cytotoxicity was assessed using
the MTT assay as follows: cells were incubated with
20 ul of a 5 mg/ml MTT solution for 70 min, and then
solubilized with a 2-propanol/HCl-mixture (1:300). The
absorption of the solubilized formazan was measured
at 595 nm (test wavelength) and 690 nm (reference wave-
length) applying a POLARSstar microplate reader (BMG
Labtechnologies, Offenburg, Germany). Absorption at
the reference wavelength was subtracted from the
absorption of the test wavelength.>°

4.4. P-Glycoprotein surface expression

To analyze the P-gp surface expression level, cells were
trypsinized as described above and counted. 1 x 10° cells
were prepared for antibody staining by washing. After
three washing steps with KHP, cells were first rinsed
with ice-cold washing-buffer (PBS, 0.5% BSA) and then
dissolved in ice-cold staining buffer (PBS, 0.5% BSA,
0.1% NaNj3). To the staining buffer, 20 pl of the FITC-
labeled monoclonal anti-human P-gp antibody (BD Bio-
sciences, USA) was added. Cells were protected from
light and incubated for 40 min on ice. After the incuba-
tion period, cells were washed again with staining buffer
and then resuspended into the washing-buffer. The bind-
ing of the FITC-labeled P-gp antibody was analyzed
with a flow cytometer (FACS Calibur, Becton Dickin-
son, and Heidelberg, Germany). Fluorescence was mea-
sured by counting 10,000 events with an excitation
wavelength of 488 nm and an emission wavelength of
530/15 nm—the band pass filter for FITC (FL1). Gates
were set to forward and sideward scatter to exclude
damaged cells and cell debris. Autofluorescence of
A2780adr and A2780 cells were tested and found to be
comparable. Data were quantified using the Cell Quest
Pro software. At least five independent experiments were
performed. The geometric means of the fluorescence
were applied to determine the M DRI expression status
of the different cell lines.

4.5. Standard Hoechst 33342 assay

Cells were grown in T75- or T175-flasks. At a confluence
of approximately 80% cells were harvested by trypsina-
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tion (0.05% trypsin/0.02% EDTA). Pelleted cells were
resuspended in fresh culture medium and counted with
a Casy I Modell TT cell counter (Schaerfe System
GmbH, Reutlingen, Germany). After three washing steps
with Krebs—Hepes buffer, cells were seeded into black 96-
well plates (Greiner, Frickenhausen, Germany) at a den-
sity of approximately 30,000 cells in a volume of 90 ul per
well. Then, 10 pl of various test compounds in different
concentrations were added, resulting in a final volume
of 100 ul per well. The prepared 96-well plates were kept
under 5% CO; at 37 °C for 30 min. After this preincuba-
tion period, 20 pl of a 30-uM Hoechst 33342 solution
which was protected from light were added to each well.

Subsequently, fluorescence was measured immediately
at constant time intervals (120 s) up to 46 min at an exci-
tation wavelength of 365 nm and an emission wave-
length of 450 nm wusing a 37°C tempered BMG
POLARstar microplate reader.

4.6. Fluorescence microscopy

Cells were grown as described above, harvested, and
washed three times with KHP. Three million cells were
stained with Hoechst 33342 (final concentration: 5 pM)
for 20 min. After loading the cells with Hoechst 33342,
the cells were not washed again. Cells were viewed under
microscope (Microscope Axiovert 25, Zeiss, Jena, Ger-
many). Images were captured using 360/40 and 460/20
filters for excitation and emission, respectively.

4.7. Data analysis

Statistical analyses were performed using SPSS (version
12.0 for Windows). Absorption or fluorescence data
were normalized as follows: the lowest measured value
was subtracted from all data points setting it to zero.
The highest measured value was defined as 100%, and
all other data were normalized within this range.

4.8. New Hoechst assay of P-gp substrates and inhibitors

The 96-well plate was divided into two parts: the main
part including 64 wells was provided with cells, the sec-
ond part containing the remaining 32 wells was only
filled up with Krebs—Hepes buffer. The 33 wells localized
in the 1st, 4th, 7nd, and 10th column of the 12 columns
of the 96-well plate were defined as ‘background’ wells.
Each modulator or substrate concentration was added
to three wells containing one ‘background’ well and
two wells including cells. The fluorescence measured in
the ‘background’ wells was subtracted from the fluores-
cence measured in the corresponding wells which were
supplemented with cells. These data were used for the
following analyses.

Three different ways to analyze the fluorescence data ob-
tained with the Hoechst assay were applied: (i) The
upper plateau-value, Y..-value, of each fluorescence—
time curve was determined based on one-phase exponen-
tial curve fitting. The obtained Y,,..-values were used as
a relative measure of P-gp activity. (ii) The reciprocal
velocity-values derived from one-phase exponential

curve fitting. (iii) The slope of each fluorescence-time
curve consisting of fluorescence-data points measured
up to 16 min was calculated by linear regression and
used as dependent parameter. From either of these val-
ues, concentration-response curves were generated by
non-linear regression using the 4-parameter logistic
equation with variable Hill slope (GraphPad Prism 3.0
software, San Diego, CA). ICs is the concentration of
the modulator or substrate yielding an increase of 50%
of the fluorescence-time curve slope or an increase of
50% of the Y.«-value, respectively.

Under the assay conditions with sub-saturating sub-
strate concentrations, the ratio of intracellular (¢;,) to
extracellular (cy,) substrate concentration depends on
the ratio of pumping speed to the rate of passive diffu-
sion (k™) as follows:

Cin 1 B Bottom
Cout B 1 + k B TOp

For the development of this relationship, see for exam-
ple, Ref.51 Bottom corresponds to the minimal fluores-
cence with no inhibition of P-gp and Top denotes the
maximal fluorescence obtained with full inhibition of
P-gp. Thus, the determined ICsy-values agree with 50%
inhibition of P-gp only at very high pump rates com-
pared to the speed of passive diffusion and therefore
have to be considered as apparent inhibition constants.

As long as the expression and resistance levels remain
constant, the apparent ICsy-values can be used for com-
parative purposes.
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