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Abstract

ATP-binding cassette (ABC) transporters are involved in the
transport of multiple substrates across cellular membranes,
including metabolites, proteins, and drugs. Employing a
functional fluorochrome export assay, we found that UVB
irradiation strongly inhibits the activity of ABC transporters.
Specific inhibitors of poly(ADP-ribose) polymerase-1 (PARP-
1) restored the function of ABC transporters in UVB-irradiated
cells, and PARP-1-deficient cells did not undergo UVB-
induced membrane transport inhibition. These data suggest
that PARP-1 activation is necessary for ABC transporter
functional downregulation. The hydrolysis of poly(ADP-
ribose) by poly(ADP-ribose) glycohydrolase (PARG) was also
required, since specific PARG inhibitors, which limit the
production of ADP-ribose molecules, restored the function of
ABC transporters. Furthermore, ADP-ribose molecules po-
tently inhibited the activity of the ABC transporter P-
glycoprotein. Hence, poly(ADP-ribose) metabolism appears
to play a novel role in the regulation of ABC transporters.
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Introduction

Active transport across membranes is a vital function of cells
and is often served by members of the ABC transporter
superfamily. '3 They transport across extra- and intracellular

membranes a wide variety of substrates, including sugars,
amino acids, peptides, proteins, ions, hydrophobic com-
pounds, and metabolites.” In addition to two transmembrane
domains that form a channel-like structure, ABC transporters
contain two cytosolic ATP-binding domains,* which are highly
conserved among ATP-binding proteins and ATPases. To
date, 48 characterised human ABC genes have been
described.® The substrate spectra and the inhibitor profiles
of ABC transporters markedly overlap.®

ABC transporters play a role in the maintenance of
membrane lipid bilayer and in the transport of fatty acids
and steroids.? It has been suggested that the ABC transporter
ABCA1 induces modifications in lipid distribution of plasma
membrane, evidenced by exofacial flopping of phosphatidyl-
serine.® Furthermore, ABC1 was shown to be involved in
engulfment of apoptotic cells.”®

One of the physiological roles of ABC transporters is
detoxification by extrusion of various toxic compounds from
the cytoplasm.®~"! Detoxification is particularly crucial when
cell injury occurs. In particular, stimuli like UVB irradiation
cause the intracellular generation and possibly the accumula-
tion of toxic metabolites. However, little is known on the
regulation of active transport through cellular membranes in
damaged cells and, in particular, on the regulation of ABC
transporters function.

To address this issue, we used a functional export
assay employing anionic fluorochromes'® after UVB irradia-
tion of peripheral blood lymphocytes. Our results are
consistent with a functional paralysis of ABC transporters in
UVB-irradiated cells, due to the generation of poly(ADP
ribose) molecules.

Results

UVB irradiation inhibits the export of anionic
fluorochromes mediated by ABC transporters

First, we characterised typical features of the active export of
anionic fluorochromes from circulating lymphocytes. As
anionic substrates of membrane transporters we tested
fluorescein (F), carboxyfluorescein (CF), and carboxyfluor-
escein succinimid (CFS), generated by intracellular esterases
from their membrane-permeable diacetate esters. F and CF
displayed rather rapid extrusion kinetics and were, therefore,
not suitable to study the export activities for longer periods. In
contrast, human lymphocytes exported CFS over a 400 min
observation time as demonstrated by a progressive reduction
of cell-associated fluorescence. The export of CFS was
temperature dependent and virtually blocked at 4°C
(Figure 1a). Oligomycin, an ATP-depleting agent, ' partially
inhibited the fluorochrome export (Figure 1b), confirming that
the export is dependent on ATP. Furthermore, the well-
characterised modulators of ABC transporters cyclosporine
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Figure 1  Fluorochrome export by ATP-dependent membrane transporters is

inhibited by UVB irradiation. The efflux of CFS from human lymphocytes was
dependent on temperature (a) and ATP (b). Treatment with established chemical
modulators of ABC transporters (c) or UVB irradiation (d) inhibited the export of
CFS. UVB doses are depicted in mJicm® The decrease of the cellular
fluorescence caused by the export of the anionic fluorochrome was measured by
flow cytofluorometry. Results from a representative experiment performed in
pentaplicates are shown

A, sulfinpyrazone (Figure 1c), verapamil, and probenecid (not
shown) inhibited the export of anionic fluorochromes. The
partial inhibition of fluorochrome export observed after
oligomycin treatment was due to partial ATP depletion at the
end of the observation interval.

Next, we studied the effect of UVB irradiation on the export
of CFS. A substantial inhibition of fluorochrome export was
observed in UVB-irradiated lymphocytes, at doses as low as
60 mJ/cm? (Figure 1d). A similar inhibition of fluorochrome
export occurred in monocytes and granulocytes after
UVB exposure. When we tested alternative fluorochromes
including F, CF, and rhodamine 123, which are substrates
for various ABC transporters,®'*'S we observed a dose-
dependent UVB-induced inhibition of export as well (not
shown).

UVB-induced inhibition of ABC transporters does
not correlate with apoptosis or energy deprivation

Less than 5% of the UVB irradiated cells, which were gated in
our export assays, did bind AxV during the 400 min observa-
tion period. To further exclude that the inhibition of anion
transporters is due to UVB-irradiation-induced apoptosis, we
irradiated lymphocytes in the presence of the broad-spectrum
caspase inhibitor z-Val-Ala-Asp-fluoromethylketone (zZVAD-
fmk)."%'8 Incubation with zVAD-fmk inhibited apoptotic cell
death for at least 24 h (Figure 2a). However, it did not restore
the fluorochrome export in UVB-irradiated cells (Figure 2b).
Conversely, staurosporine,’®2" that induced efficient and
early lymphocyte death via apoptosis (Figure 2a) did even
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Figure 2 The UVB-induced inhibition of CFS export does not correlate with
apoptosis or ATP deprivation. Treatment with the broad spectrum caspase
inhibitor zZVAD-fmk inhibited apoptosis (a), while it did not restore CFS export
from irradiated PBL (b). Induction of apoptosis with staurosporine increased the
fluorochrome export (¢) compared to untreated cells. Staurosporine-treated
UVB-irradiated cells that had preserved their fluorochrome export ability (c)
displayed a lower ATP level compared to cells that have only been irradiated (d).
Therefore, the inhibition of the fluorochrome export was not caused by the
induction of apoptosis or by deprivation of ATP. UVB doses are depicted in mJ/
cm?. Representative results from one out of at least three independent dye export
assays performed in pentaplicates are shown. Highly significant (P<0.01)
values were marked with a double asterisk

increase the fluorochrome export (Figure 2c), indicating that
apoptosis per se does not downregulate the activity of ABC
transporters.

The function of ABC transporters is strictly dependent on
ATP. To exclude that ATP depletion is the reason of reduced
pumping activity after UVB irradiation, we determined the
cellular ATP content. There was a reduction of ATP levels 2h
after irradiation (Figure 2d). However, in staurosporine-
treated UVB-irradiated cells, which display a significantly
increased fluorochrome export (Figure 2c), the ATP concen-
tration was even lower than in cells that were only UVB
irradiated (Figure 2d). This was observed for all UVB doses
and time points tested. Therefore, the remaining ATP is
sufficient to supply the energy necessary for fluorochrome
extrusion by the membrane transporters. The loss of
membrane export activity is not due to energy deprivation.

Inhibition of ABC transporters by UVB irradiation
is mediated by PARP-1
UV-irradiated cells undergo oxidative stress, mostly due to the

generation of peroxynitrite (PN).22 We therefore investigated
if PN influenced the fluorochrome export. Despite the very
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Figure 3 PARP activation mediates the UVB-induced inhibition of dye export
from irradiated cells. PN treatment abolished CFS export (a), mimicking the effect
induced by UVB irradiation. The effects of PN (b) and of UVB irradiation (c-h)
were completely reversed by inhibitors of PARP (DPQ and 3-AB). UVB doses are
depicted in mJ/cm?. The decrease of the cellular fluorescence caused by export
of CFS was measured by flow cytofluorometry. Representative results from one
out of at least three independent experiments are shown

short half-life of approximately 1.5 s, PN completely abolished
the fluorochrome export at a concentration of 10uM
(Figure 3a). PN damages DNA with subsequent PARP-1
activation.?®> Addition of 3,4-dihydro-5(4-(1-piperindinyl)bu-
toxy)-1(2H)-isoquinoline (DPQ),2* a selective inhibitor of
PARP-1, completely restored fluorochrome export from PN-
treated BPL (Figure 3b). Figure 3c—h shows that the PARP-1
inhibitors DPQ and 3-aminobenzamide (3-AB)'® completely
restored the fluorochrome export from irradiated lymphocytes
regardless the dose of UVB they received.

To confirm the role of PARP-1 in the UVB-induced inhibition
of membrane transporters, we used spleen cells from PARP-
17/~ mice and wild-type littermate controls. We adapted the
time kinetic of the dye export since murine lymphocytes
displayed an increased dye export activity when compared to
human samples. There was a statistically significant dose-
dependent inhibition of anion export following UVB irradiation
in the wild-type cells (Figure 4a). The activity of membrane
transporters was restored by treatment with inhibitors of
PARP-1 (Figure 4b,c), confirming the results observed with
human lymphocytes (Figure 3c-h). In contrast, UVB irradia-
tion did not inhibit the export of fluorochromes of spleen cells
from PARP-1~'~ mice (Figure 4d). Treatment with PARP-1
inhibitors did not change the activity of membrane transpor-
ters in PARP-1-deficient cells (Figure 4e,f). Similar results
were obtained using UVB-irradiated lymph node cells from
PARP-1~'" mice.
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Figure 4 UVB radiation inhibits CFS export from spleen cells of wild-type mice
but not of PARP-1~/~ mice. UVB irradiation inhibited fluorochrome export from
cultured spleen cells of wild-type mice (a). Treatment with PARP-1 inhibitors 3-
AB and DPQ (b, ¢) restored the export of fluorochrome from UVB-irradiated wild-
type cells. Note that UVB irradiation did not influence the export of fluorochrome
from PARP-1-null cells (d). UVB doses are depicted in mJ/cm?. The decrease of
the cellular fluorescence caused by export of CFS was measured by flow
cytofluorometry. Significant (P<0.05) and highly significant (P<0.01) values
were marked with single and double asterisks, respectively

UVB-induced inhibition of ABC transporters is
dependent on PARG activity

Activated PARP-1 synthesises poly(ADP-ribose). Accumula-
tion of poly(ADP-ribose) in the nucleus leads to nuclear
translocation of poly(ADP-ribose)-glycohydrolase (PARG).%®
PARG generates ADP-ribose by hydrolysis of poly(ADP-
ribose). To investigate if PARG contributes to the inhibition of
membrane transporters by UVB irradiation, we used gallo-
tannin, a cell-permeable PARG inhibitor.2® Gallotannin treat-
ment prevented the inhibition of ABC transporters following
irradiation (Figure 5a). These data indicate that UVB-induced
inhibition of ABC transporters requires both PARP-1 and
PARG activity.

ADP ribose inhibits the activity of the ABC
transporter P-glycoprotein (Pgp)

Nuclear PARG hydrolyses poly(ADP-ribose) and generates
relatively high intracellular concentrations of ADP-ribose,
which may compete with ATP for binding to ABC transporters.
To test the hypothesis that ADP-ribose, which is not
penetrating viable cells, mediates the UVB-induced inhibition
of ABC transporters, we employed inside-out membrane
vesicles containing high amounts of the prototype ABC-
transporter Pgp.2%?” ADP-ribose, at a concentration of 10 M,
caused a virtually complete inhibition of the activity of Pgp
(P=0.0015) (Figure 5b). Pgp activity was comparable to that
observed in the absence of the pump ‘fuel’ ATP (Figure 5b).
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Figure 5 ADP-ribose, the product of concerted action of PARP-1 and PARG,
inhibits the transport function of Pgp. Cells pretreated with the PARG inhibitor
gallotannin (GT) did not show any influence on the export of the fluorochrome
CFS following irradiation (a). The transport activity of Pgp was assessed
employing inside-out membrane vesicles from cells overexpressing Pgp (b). The
accumulation of the fluorochrome in the membrane vesicles reflects the Pgp
pumping activity. As negative controls, we used vesicles incubated with
fluorochrome in the absence of ATP. Treatment with ADP-ribose significantly
reduced Pgp function (b). Samples were analysed in pentaplicates. Significant
(P<0.05) and highly significant (P<0.01) values were marked with single and
double asterisks, respectively

Even at concentrations as low as 0.1 uM ADP-ribose
significantly inhibited the function of Pgp (P=0.03) (Figure 5b).

Discussion

DNA damage induces transient poly(ADP-ribosyl)ation of
nuclear proteins in eukaryotic cells.?® This highly regulated
process involves both PARP-1 and PARG 29. PARP-1 is
activated by DNA strand breaks and synthesises and attaches
a branched homopolymer of ADP-ribose to nuclear proteins.
Poly(ADP-ribosyl)ation is involved in chromatin decondensa-
tion, DNA repair and replication, regulation of telomere
function, and apoptosis.?®*3° As soon as the level of
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poly(ADP-ribose) exceeds a threshold (approximately 5 uM),
cytoplasmic PARG is recruited to the nucleus.®' PARG
hydrolyses the protein-bound poly(ADP-ribose), thereby
generating free oligo- and monomers of ADP-ribose.*° This
indicates that PARP-1 and PARG activities in response to
DNA damage are closely coordinated.?®

Using functional efflux assays, we provide evidence that
UVB irradiation inhibits the activity of ABC transporters. This
effect was independent of apoptosis induction: it was
observed in cells that did not display morphological features
of apoptosis and was not influenced by treatment with the
caspase inhibitor zVAD-fmk. Furthermore, induction of
apoptosis by staurosporine did not inhibit the fluorochrome
export.

UVB irradiation and consecutive activation of PARP-1
decreased the cellular ATP content. Therefore, the reduction
of membrane transport may be the result of energy depriva-
tion. However, staurosporine restored the membrane trans-
port of irradiated cells although it further decreased the
cellular ATP content. Indeed, staurosporine treatment of
irradiated cells resulted in a membrane export even higher
than of nonirradiated cells (not shown). Therefore, the
quantification of the cellular ATP content showed a sufficient
amount of ATP to fuel the membrane transporters in UVB-
irradiated cells. In conclusion, the loss of membrane export
activity was not merely due to energy deprivation.

It has been shown that UVB irradiation induces intracellular
PN, due to reaction of NO with superoxide.?? Treatment of
cells with PN mimicked the effect of UV irradiation. The strong
oxidant PN is known to induce DNA damage'®322 and the
repair is initiated by activation of PARP-1.233% We found that
PARP-1 inhibitors restored fluorochrome export from irra-
diated cells, thus indicating that PARP-1 is required for the
inhibition of membrane transport. The involvement of PARP-1
was further confirmed by the lack of response of PARP-1-null
cells to irradiation.

Following PARP-1 activation, high amounts of ADP-ribose
are generated by the action of PARG.?%%° Therefore, we
checked the effect of the cell-permeable PARG inhibitor,
gallotannin.?® UV irradiation had no influence on dye export
from gallotannin-pretreated cells, suggesting that PARG plays
an essential role in the inhibition of the membrane transport.
Since gallotannin prevents the generation of ADP-ribose
following DNA damage, ADP-ribose is a candidate inhibitor of
ABC transporters in irradiated cells. Using inside-out mem-
brane vesicles containing Pgp,?®?” we demonstrated that
ADP-ribose directly inhibits the export activity. Significant Pgp
inhibition occurred at doses of ADP-ribose as low as 100 nM,
quite below the level observed in cells exposed to oxidative
stress (5 uM).3! ADP-ribose is a homologue of ADP and ATP
that can also leave the nucleus and enter the cytosol.
Therefore, it is tempting to speculate that ADP-ribose
competes with ATP for its binding site on the cytosolic
domains of Pgp and deprives the transporter of energy supply.
Since the ATP-binding pockets of ABC transporters consist of
highly conserved domains, ADP-ribose may also inhibit other
members of the ABC transporter superfamily.

In conclusion, our results indicate that UVB irradiation
inhibits ATP-dependent membrane transporters. This effect is
mediated by concerted action of PARP-1 and PARG. This
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Figure 6 UV irradiation inhibits ATP-dependent membrane transporters via
generation of ADP-ribose by the concerted action of PARP-1 and PARG.
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study provides new insights into a general mechanism
regulating the activity of ABC transporters (Figure 6). Since
multiple drug resistance of tumour cells is known to rely on the
functional activity of ABC transporters,3>-*¢ our results point
towards new strategies which may contribute to the success
of antineoplastic combined strategies.

Materials and Methods

Cells and fluorochrome labelling

Peripheral blood mononuclear cells (PBMC) and granulocytes were
isolated from heparinised peripheral blood of normal healthy volunteers by
standard density centrifugation. The isolated cells were washed twice with
phosphate-buffered saline (PBS). In some experiments, plastic non-
adherent cells were employed. To remove adherent cells, 2 x 10°ml~"
PBMC were resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) and allowed to adhere to plastic at 37°C in a humidified
atmosphere with 5% CO, for 60-90min. The nonadherent cells
(lymphocytes) were washed and resuspended in RPMI-1640 culture
medium.

PARP-1-'"~ mice® were a generous gift from Dr. V Burkart (Diabetes
Research Institute, Duesseldorf, Germany). Wild-type male mice 129/Sv
and C57BI/6 (Charles River, Sulzfeld, Germany) were housed in a
pathogen-free animal facility and treated in accordance with the European
Community guidelines. Spleen and lymph node cells from PARP-1~/~
mice and corresponding controls (129/Sv and C57BI6 mice) were
prepared as described®® and resuspended in culture medium.

Cell Death and Differentiation

Fluorochrome loading was performed by incubation of 1 x 107 cells/ml
in PBS containing 2 uM CFS diacetate ester (Molecular Probes, Leiden,
The Netherlands) for 30 min at 37°C.%® Further dye uptake was prevented
by washes in ice-cold PBS. An aliquot of cells was put on ice for
measurement of baseline fluorochrome uptake. In all cases, 1 ug/ml
propidium iodide (PI) (Sigma, Munich, Germany) was added to the culture
medium. Pl-permeable necrotic cells were excluded from flow cytofluoro-
metric analysis by gating on Pl-negative cells.*® Labelling of cells with
rhodamine 123 was performed by adding 5 1g/ml rhodamine 123 hydrate
(Sigma) to the culture medium and incubating the cells at 37°C for 6 h.

Functional export assay

To assess the functional dye export mediated by ATP-dependent
membrane transporters, human and murine cells were cultured at 37 and
30°C, respectively. The time course of the cellular fluorochrome export
was monitored by two-colour flow cytofluorometry using an EPICS-XL™
flow cytofluorometer (Coulter, Hialeah, USA). In all experiments, forward
scatter (FS) versus side scatter (SS) dot plots were used to strictly gate on
viable cells.*' This gate contained less than 5% of annexin V-FITC-binding
cells (Roche Biochemicals)*® and an even lower percentage of PI-
permeable cells. Furthermore, Pl-permeable cells were excluded from all
analyses by electronic gating. To modulate the export of fluorochromes,
we used 3-AB (0.5mM), cyclosporine A (7.5 ugmi™"), DPQ (50 uM),
gallotannin (50-100 uM) (Fluka), oligomycin (10 M), PN (5 and 10 uM),
probenecid (1 mM), staurosporine (2 uM), sulphinpyrazone (2.25mM),
verapamil (30 uM), and zVAD-fmk (5 uM). For UVB irradiation, cells were
plated at 1 x 10° cells/ml in flat bottom 24-well tissue culture plates and
irradiated with 3 mJ/em?.

Quantification of cellular ATP

For each condition, 10° cells were harvested and disrupted by addition of
500 ul of cold 10% trichloroacetic acid (Sigma) for 20 min on ice. After
centrifugation at 30 000 g for 10 min, the superatants were collected and
extracted with two volumes of trioctylamine-freon (Sigma). ATP
quantification was performed by luciferine/luciferase assay (Lumit 1243-
102 ATP Monitoring kit, Pharmacia LKB, Uppsala, Sweden, Lumac 2080
Lumac systems AG, Basel, Swiss).

Assessment of Pgp activity using inside-out
membrane vesicles

The Pgp activity assay (Alexis Biochemicals, Grinberg, Germany) was
performed according to the manufacturer’s instructions. This system uses
membrane vesicles that contain high amounts of Pgp.2*#?” The vesicles
were immobilised on 96-well microtiter plates by incubation at 37°C for
30 min. The plates were washed with PBS to remove unattached vesicles.
Then, the test samples were added in Ringer’s solution and incubated for
20 min at 37°C. The pumping reaction was started by consecutive addition
of the fluorescent Pgp substrate, rhodamine, and the cofactor ATP, which
supplies the energy for the transporter. After 20 min incubation at 37°C,
the samples were removed and the plates were washed to eliminate the
unassimilated rhodamine. The fluorescence of the rhodamine that was
pumped into the membrane sacs was measured after it was liberated from
the vesicles by detergent lysis. This fluorescence represents a measure of
the activity of the Pgp pump present in the membranes and was
determined using a microfluorescence reader (emission of 485 nm and
excitation of 530 nm wavelength). The extent of Pgp inhibition is measured
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