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Background: Diarrhea is an adverse side effect associated with many therapeutics.

Results: Irinotecan induced hyperactive cystic fibrosis transmembrane conductance regulator (CFTR) function by inhibiting
multidrug resistance protein 4 (MRP4) and formation of MRP4-CFTR macromolecular complexes.

Conclusion: MRP4-CFTR-containing macromolecular complexes play an important role in drug-induced diarrhea.
Significance: These studies help define molecular mechanisms of drug-induced diarrhea.

Diarrhea is one of the most common adverse side effects
observed in ~7% of individuals consuming Food and Drug
Administration (FDA)-approved drugs. The mechanism of how
these drugs alter fluid secretion in the gut and induce diarrheais
not clearly understood. Several drugs are either substrates or
inhibitors of multidrug resistance protein 4 (MRP4), such as the
anti-colon cancer drug irinotecan and an anti-retroviral used to
treat HIV infection, 3’-azido-3'-deoxythymidine (AZT). These
drugs activate cystic fibrosis transmembrane conductance reg-
ulator (CFTR)-mediated fluid secretion by inhibiting MRP4-
mediated cAMP efflux. Binding of drugs to MRP4 augments the
formation of MRP4-CFTR-containing macromolecular com-
plexes that is mediated via scaffolding protein PDZK1. Impor-
tantly, HIV patients on AZT treatment demonstrate augmented
MRP4-CFTR complex formation in the colon, which defines a
novel paradigm of drug-induced diarrhea.

Diarrhea is a common side effect of ~7% of all adverse drug
reactions and results from impaired fluid secretion in the small
and large intestine (1, 2). Fluid homeostasis and secretion in the
intestine are driven by active Cl~ transport from the basolateral
to the apical side of enterocytes (3). Multidrug resistance pro-
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tein 4 (MRP4)? is a member of the ATP-binding cassette (ABC)
transporter superfamily of proteins that has been shown to neg-
atively regulate intracellular accumulation of drugs, such as
nucleoside analogs that are in use for HIV treatment (4).

Irinotecan is used as both a first-line and a second-line che-
motherapeutic drug for advanced and recurrent colon cancer
(5). However, irinotecan induces severe diarrhea as a side effect,
the onset of which can be either delayed or acute (6). The for-
mer is related to mucosal and colonic damage secondary to
metabolism of irinotecan; however controversy remains
regarding the mechanism of acute-onset diarrhea (7). The
mechanism of acute-onset diarrhea has been attributed to iri-
notecan anticholinesterase activity (8), although up to 25% of
patients do not exhibit changes in cholinesterase activity (9),
and other studies suggest that irinotecan anticholinesterase
does not account for increased fluid secretion (10).

In this study, we used complementary model systems to elu-
cidate the mechanism of irinotecan-induced diarrhea, includ-
ing in vitro mouse intestinal enteroid cultures (enterospheres)
that mimic the physiological environment of the intestine. We
demonstrate that drug inhibition of MRP4 (e.g. via the use of
irinotecan or 3'-azido-3’-deoxythymidine (AZT)) produces
compartmentalized accumulation of cAMP in close proximity
to cystic fibrosis transmembrane conductance regulator

2 The abbreviations used are: MRP4, multidrug resistance protein 4; CFTR, cystic
fibrosis transmembrane conductance regulator; AZT, 3'-azido-3'-deoxythy-
midine; NVP, nevirapine; NRTI, nucleoside/nucleotide reverse transcriptase
inhibitor; HBSS, Hanks' balanced salt solution; PMEA, poly (2-methoxyethyl
acrylate); DMSO, dimethyl sulfoxide; PLA, proximity ligation assay; SPT, single-
particle tracking; cpt-cAMP, 8-(4-chlorophenylthio)-cAMP.
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(CFTR), which activates the CFTR channel function, causing
excessive fluid secretion and diarrhea.

EXPERIMENTAL PROCEDURES

Mice and Cell Lines—Mrp4~'~ mice were developed as
described previously (11) and backcrossed for 10 generations with
the C57BL6/s] strain. Syngeneic C57BL/6 mice were obtained
from Charles River (Wilmington, MA). The polarized human gut
epithelial cell line, HT29-CL19A, was purchased from the Ameri-
can Type Culture Collection (Manassas, VA), and FLAG-MRP4-
overexpressing HT29-CL19A cells were generated by stable trans-
fection with pLenti PGK Puro-FLAG-MRP4.

Measurement of Intestinal Fluid Secretion in Mice—Intesti-
nal fluid secretion measurement in murine ileal loops was per-
formed as described previously (12). Three ileal loops were
made on the ileum between 0.5 and 3.5 cm from the cecum,
between the jejunum and the cecum, and each closed loop was
injected with PBS-diluted DMSO, 0.5 ug of cholera toxin (Sig-
ma-Aldrich), or 4-100 uM irinotecan (Sigma-Aldrich). Intesti-
nal loops were removed from the mice 6 h after the operation,
and the length and weight of each loop including fluid were
measured. After drying each loop for 24 h, the weight of the
loops was measured again, and the weight of fluid was calcu-
lated for each loop and divided by the length of the loop to
determine the amount of fluid secretion.

Isolation and Culture of Intestinal Crypts and Enteroids—
The entire small intestine was removed from 8-week-old mice
and washed with cold PBS. After opening the small intestine,
villi were discarded by scraping with a cover slide, and the tissue
was cut into small pieces. After washing with cold PBS several
times, the pieces of tissue were incubated at 4 °C in PBS con-
taining 2 mm EDTA for 30 min and then passed through a
70-um cell strainer. The crypts were collected by centrifugation
at 1,200 rpm for 5 min and cultured on Matrigel (BD Bio-
sciences) with organoid medium (Advanced DMEM/F12
(Gibco®) supplemented to contain 1X GlutaMAX (Gibco®),
1X penicillin (Gibco®), 1X streptomycin (Gibco®), 10 mm
HEPES (Gibco®), 1X B27 (Gibco®), 1X N2 (Gibco®), 1 mm
N-acetyl-L-cysteine (Sigma-Aldrich), 100 ng/ml noggin (Pepro-
Tech, Crescent Ave Rocky Hill, NJ), 1 ug/ml R-spondin-1 (R&D
Systems, Minneapolis, MN), 50 ng/ml EGF (R&D Systems)) in a
humidified 10% CO, incubator at 37 °C for 30 min (13-15).

Measurement of Fluid Secretion in Intestinal Enterospheres—
Matrigel-embedded enterospheres were placed with Hanks’
balanced salt solution (HBSS) into glass-bottomed dishes
(MatTek, Ashland, MA). The following were added: DMSO
(Sigma-Aldrich), 0-100 uM irinotecan, 50 um MK-571 (Cay-
man, Ann Arbor, MI), 0—10 uM forskolin (Tocris, Bristol, UK),
100 uM doxorubicin (Bedford Laboratories, Bedford, OH),
0-10 uMm AZT (Sigma-Aldrich), or 0—10 um nevirapine (NVP
(Sigma-Aldrich))) with or without 20 um of the CFTR inhibitor
CFTRinh-172 or 0—0.5 uMm atropine (Sigma-Aldrich). Entero-
spheres were incubated at 37 °C for 30 min, and images were
obtained using a phase-contrast IX-51 microscope (Olympus,
Tokyo, Japan). The radii of the luminal sphere and the entire
enterosphere sphere were measured using the Image]J software
(rsbweb.nih.gov/ij/), and the ratios between the volume of the
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luminal sphere and the entire sphere were calculated to deter-
mine fluid secretion.

Two-photon Three-dimensional Images of Enterospheres and
Enteroids—To prepare specimens, formalin-fixed entero-
spheres and enteroids were put into HistoGel (AMTS; Lodi,
CA) and stained with propidium iodide. Fluorescence images
were obtained at various depths within the sample using
Z-stacks on an LSM 710 laser-scanning confocal microscope
(Carl Zeiss; Thornwood, NY). Three-dimensional images were
created using images of various planes and the ZEN Imaging
Software (Carl Zeiss).

Immunohistochemistry—After fixing with 4% formalin, the
mouse small intestine and enterospheres were embedded in
paraffin and sectioned. For immunofluorescence staining,
enterospheres were directly fixed on glass-bottomed dishes
with 4% formalin. The samples were permeabilized and blocked
and then incubated with CFTR (anti-CFTR rabbit polyclonal
antibody R3194 (16)) and MRP4 (anti-MRP4 rabbit polyclonal
antibody (11)) antibodies. Rabbit IgG (normal rabbit IgG: Santa
Cruz Biotechnology, Santa Cruz, CA) was used as a negative
control. The samples were then treated with Alexa Fluor® 488-
conjugated anti-rabbit antibody (Invitrogen) and propidium
iodide. Fluorescence images were taken on an LSM 5 PASCAL
confocal laser scanning microscope (Carl Zeiss).

Short-circuit Current (Iy.) Measurement—Ig values were
measured in polarized HT29-CL19A cells mounted in a modi-
fied Ussing chamber as described previously (17). Irinotecan
(50 um) was added to both the apical and the basolateral sides
for 10 min before cpt-cAMP (50 um; Sigma-Aldrich) was added
to both the apical and the basolateral sides to activate CFTR
channels. CFTRinh-172, (20 um), which is a specific CFTR
channel blocker, was added to the apical side.

Western Blot—After homogenization of cells or tissues with
lysis buffer (PBS containing 0.2% Triton X-100, 1 mm phenyl-
methylsulfonyl fluoride, 1 ug/ml pepstatin A, 1 ug/ml leupep-
tin, 1 pg/ml aprotinin), the lysates were separated on 4—15%
gradient SDS-polyacrylamide gels. Separated proteins were
electrophoretically transferred onto PVDF membrane, blotted,
and probed for proteins of interest using specific antibodies:
MRP4 (anti-MRP4 rabbit polyclonal antibody), CFTR (anti-
CFTR rabbit polyclonal antibody R3194), PDZK]1 (anti-PDZK1
rabbit polyclonal antibody (18)), and B-actin (anti-B-actin
mouse monoclonal antibody; Sigma-Aldrich). The protein
bands were detected using ECL™ Western blot detection
reagents (GE Healthcare, Buckinghamshire, UK).

Measurement of Intracellular cAMP Levels—HT29-CL19A
cells were treated with DMSO, 100 um irinotecan, 50 um
MK-571, or 10 um forskolin in HBSS and incubated at 37 °C for
10 min. After incubation, the cells were washed with cold PBS
and harvested. For enterospheres from Mrp4™'" mice, after
removing Matrigel from the enterosphere culture, entero-
spheres were placed into 1.5-ml tubes with HBSS and humidi-
fied in a 10% CO, incubator at 37 °C for 30 min. Subsequently,
DMSO, 100 uM irinotecan, 50 um MK-571, or 10 uM forskolin
was added, and the enterospheres were stimulated at 37 °C for
10 min. Intracellular cAMP concentrations were determined
using a cCAMP complete ELISA kit (Enzo, Farmingdale, NY)
according to the manufacturer’s instructions. The values of
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FIGURE 1. Irinotecan induced fluid secretion in ileal loops from Mrp4*/* but not Mrp4~'~ mice. A, representative images of ileal loops from the small
intestine of Mrp4™" and Mrp4~/~ mice. The loops were injected with DMSO, irinotecan, or cholera toxin (CTX: positive control). Irinotecan induced fluid
secretion in Mrp4™’* mice in a dose-dependent manner, but failed to induce fluid secretion in Mrp4~/~ mice. B, data quantified from experiments as
represented in panel A. Data are presented as mean = S.E. NS, not significant (p = 0.05).

cAMP levels were normalized to the total protein
concentration.

[PH]PMEA Efflux Assay—HT29-CL19A cells were incubated
with 10 um [PH]PMEA (Moravek, Brea, CA) in serum-free
DMEM at 37 °C for 24 h. After washing with warm PBS, 2 ml of
serum-free DMEM containing DMSO, 0-100 M irinotecan,
or 50 um MK-571 were added to the cells. During incubation at
37 °C for 30 min, 0.5-ml culture supernatants were collected
every 10 min to measure the efflux of [PH]PMEA, and the cells
were lysed with 0.1 N NaOH in 0.5% SDS to measure the resid-
ual intracellular [PH]PMEA. The amount of radioactivity was
determined on a Tri-Carb liquid scintillation counter
(PerkinElmer). The values of intracellular [’H]PMEA were nor-
malized by dividing by the total protein concentration of cell
lysates.

[PHJcAMP Transporter Assay—HT29-CL19A cells were
mounted on Transwell permeable supports (BD Biosciences)
until the transepithelial resistance reached more than 1,500
ohms. The cell monolayers were permeabilized at the basolat-
eral side using 100 ug/ml a-toxin (Calbiochem) to allow the
entry of [’H]cAMP (PerkinElmer). To inhibit MRP4, cells were
incubated with 100 uM irinotecan or 50 um MK-571 in HBSS
both apically and basolaterally at 37 °C for 30 min. 1 uCi/ml
[*H]cAMP (PerkinElmer) and 4 mm Mg-ATP were added at the
basolateral side, and cells then were incubated at 37 °C for 30
min, after which samples were collected from the apical side.
The amount of radioactivity was measured on a Tri-Carb liquid
scintillation counter. Cells without permeabilization at the
basolateral side were used as a control.

FRET Assay—FRET was used to measure real-time changes
in intracellular cAMP. HT29-CL19A cells expressing a cCAMP
sensor, CFP-EPAC-YFP, were grown on glass-bottomed dishes,
washed twice with HBSS, and stimulated with DMSO, 100 um
irinotecan, or 10 uM forskolin. Ratiometric FRET imaging and
data analysis were performed as described previously (18).

Single-particle Tracking (SPT)—To measure the diffusion
constant of MRP4 on the plasma membrane, a quantum (Q)-
dot labeling method was used (19). We generated a fully func-
tional FLAG-tagged MRP4 construct on the fourth outer loop
(between Gly-751 and Gly-752) facing the extracellular surface.
HT29-CL19A cells stably expressing FLAG-MRP4 were used
for SPT as described previously (17). After incubating with bio-
tin-conjugated anti-FLAG antibody (Sigma-Aldrich) and
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streptavidin-conjugated Qdot-655 (Invitrogen) in sequence,
images were captured 10 min after treating with DMSO, 100
M irinotecan, or 10 um forskolin.

Pulldown Assay—MRP4-overexpressing HT29-CL19A cells
were stimulated with DMSO or 0-100 um irinotecan for 10
min. The cell lysates were mixed with purified GST or GST-
PDZK1 and immunoprecipitated using glutathione-agarose
beads (Sigma-Aldrich). The immunoprecipitated beads were
washed three times with lysis buffer containing DMSO or
0-100 M irinotecan, and the proteins were eluted from the
beads using 5X Laemmli sample buffer containing 2.5% 3-mer-
captoethanol. The eluted samples were immunoblotted for
MRP4 (anti-MRP4 rabbit polyclonal antibody), and the band
intensity was quantified using Image]J software.

The in Situ Proximity Ligation Assay (PLA)—Enterospheres
were cultured in glass-bottomed dishes and stimulated with
100 uM irinotecan at 37 °C for 10 min. Immunocytochemistry
was performed using antibodies for MRP4 (anti-MRP4 rabbit
polyclonal antibody) and CFTR (anti-CFTR mouse monoclonal
antibody; CF3, Abcam, Cambridge, MA). To measure PLA sig-
nals, we used Duolink reagents (Olink Biosciences, Uppsala,
Sweden) according to the manufacturer’s instructions (20).
PLA signals were detected on an LSM 5 PASCAL confocal laser
scanning microscope. The intensities of the PLA signals (i.e. the
affinity of the interaction) were quantified using the Image]
software.

The in Silico Topological Study for Docking of Irinotecan into
MRP4—The three-dimensional structure of MRP4 isoenzymes
was constructed by the homology modeling method (12). Each
MRP4 isoenzyme sequence was derived from BLAST (blast.
ncbi.nlm.nih.gov/Blast.cgi), and the crystal structure of P-gly-
coprotein was chosen as the template (Protein Data Base ID:
3G60). A sequence alignment file was generated by ClustalX,
and the three-dimensional model of MRP4 was predicted using
the Modeller 9v8 tool. The three-dimensional structure of iri-
notecan was constructed in the Molecular Operating Environ-
ment. The interaction of irinotecan in the binding domain cav-
ity of MRP4 was analyzed from a ligand-interaction study of the
Molecular Operating Environment (21-23).

Statistical Analysis—The data are expressed as mean * S.E.
One-way analysis of variance was used to compare multiple
groups, and Student’s ¢ test was used for intergroup compari-
sons. Statistical significance was designated as p = 0.05. All data
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FIGURE 2. Enterospheres developed from the small intestine of adult mice showed robust CFTR-mediated fluid secretion. A, representative
phase-contrast image (upper left) and two-photon micrograph of a three-dimensional cultured enterosphere in Matrigel (lower left). Upper right,
histological analysis of enterospheres by HE staining; lower right, periodic acid/Schiff staining. *, luminal area. Arrowheads indicate goblet cells in the
enterosphere. B, electron microscope micrographs showing paneth cell (P), brush border (BB), and microvilli (Mv) in the enterosphere (TJ: tight junction;
N: nuclei). C, immunohistochemistry staining showing the apical (indicated by arrowheads) localization of CFTR and MRP4 on the enterosphere. Rabbit
IgG is used as a negative control. D, forskolin treatment induced CFTR-mediated fluid secretion into the luminal area of the enterospheres in a
dose-dependent manner. A specific CFTR channel blocker, CFTRinh-172, inhibited the secretion. Scale bars = 20 um. E, the data were quantified from
experiments as represented in Fig. 1D. F, representative phase-contrast images of fluid secretion in enterospheres from Mrp4*/* mice in response to
irinotecan with or without atropine, an anticholinergic agent. Atropine did not affect irinotecan-increased fluid. G, the data were quantified from
experiments as represented in Fig. 1F. All fluid secretion data from enterospheres are presented as the mean = S.E. (n = 10 enterospheres per group).
At least three individual experiments were performed using different mice. *, significant difference as compared with 0 um irinotecan-treated without
atropine group; NS, not significant (p = 0.05).

were analyzed using Microsoft Office 2010 (Microsoft, Red-  mice using a closed-loop diarrhea model (12). DMSO (the solvent

mond, WA). for irinotecan) was used as a negative control, and cholera toxin
(0.5 ug/loop), which activates CFTR-mediated fluid secretion, was
RESULTS used as a positive control. Irinotecan treatment significantly

Mrpd™’~ Mice Are Resistant to Irinotecan-induced Fluid increased fluid secretion in ileal loops from Mrp4™'" mice in a
Secretion—W e evaluated the effect of irinotecan (4 and 50 um) on ~ dose-dependent manner (2-fold increase (4 um) and 3.47-fold
intestinal fluid secretion in wild-type (Mrp4"™/") and Mrp4~'~  increase (50 um) versus DMSO in Mrp4"/*), but had no effect on
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fluid secretion in Mrp4~'~ mice (Fig. 1, A and B). The data indicate
a role for MRP4 in irinotecan-induced intestinal fluid secretion

that manifests as diarrhea.
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notecan-induced diarrhea, we developed a physiologically rel-
evant system that mimics the native intestine (13, 24-26).
Crypts were isolated and purified from the small intestine of
adult mice and cultured in Matrigel for three-dimensional
growth to form enterospheres (Fig. 2A). Central lumen and
brush-border structures found in enterospheres were visual-
ized (Fig. 2, A and B) (27, 28). CFTR was localized mostly to the
apical membrane with MRP4 present at both the apical and the
basolateral surfaces (Fig. 2C) (4, 16). The cultured entero-
spheres provide a physiologically relevant model to study
CFTR-dependent intestinal fluid secretion in culture (Fig. 2, D
and E). The clinically relevant concentration of an anticho-
linergic agent, atropine (0.2— 0.4 mg/kg) (29), did not cause a
significant inhibition of irinotecan-induced fluid secretion
(Fig. 2, Fand G). Therefore, the observed lack of cholinergic
neurons demonstrates that cholinergic effects are excluded
in enterospheres.

Irinotecan Augments CFTR-mediated Fluid Secretion in
Enterospheres from Wild-type Mrp4™’" Mice, but Not from
Mrp4~"" Mice—We successfully reproduced the role of MRP4
in irinotecan-induced fluid secretion in enterospheres (Fig. 3,
A-F, comparable with in vivo data shown in Fig. 1, A and B).
Irinotecan-induced fluid was secreted significantly in entero-
spheres from Mrp4*'" mice in a dose-dependent manner (Fig.
3, A and B). Of note, clinically relevant concentrations in the
serum of patients receiving irinotecan are reported to be in the
range of ~2—4 um (30, 31). Importantly, irinotecan-induced
fluid secretion was CFTR-dependent because CFTRinh-172
completely inhibited fluid secretion and, as expected,
MK-571 (an inhibitor of MRP4) also induced CFTR-medi-
ated fluid secretion (Fig. 3, C and D). Neither irinotecan nor
MK-571 induced fluid secretion, whereas forskolin, which
increases intracellular cAMP, did induce CFTR-mediated
fluid secretion in enterospheres from Mrp4~/~ mice (Fig. 3,
E and F, supplemental Video 1).

To investigate the specificity of MRP4 and CFTR in irinote-
can-induced intestinal fluid secretion, we tested doxorubicin,
another anti-colon cancer drug that has been reported to cause
diarrhea during chemotherapy and is not a modulator for
MRP4 (32). We found that following 30 min of treatment,
doxorubicin induced similar fluid secretion rates in entero-
spheres from Mrp4*’" and Mrp4~'~ mice (~20%), and
CFTRinh-172 did not inhibit such secretion (Fig. 3, G and H).
These studies suggest that doxorubicin-induced diarrhea is
independent of MRP4. More importantly, our studies suggest

that doxorubicin-induced fluid secretion is unlikely to be medi-
ated by CFTR Cl™ channels.

Irinotecan Activates CFTR Chloride Channel Function via
Increasing Intracellular ¢cAMP Levels by Altering MRP4
Function—To define a mechanism underlying drug-induced
fluid secretion, we monitored CFTR-dependent /5 (an indica-
tor of transepithelial Cl ™ transport) in polarized HT29-CL19A
cells that endogenously express CFTR and MRP4 (18). We
observed a significant increase in CFTR-mediated Is¢ in irino-
tecan-pretreated cells as compared with control DMSO-pre-
treated cells in response to a submaximal stimulation of the
channel (i.e. 50 um cpt-cAMP; Fig. 4, A and B). The maximal
CFTR-mediated /4 in irinotecan-pretreated samples was 2.5-
fold higher as compared with the controls (Fig. 4B).

Given that irinotecan has been reported to be a substrate for
MRP4 (33) and MRP4 is an efflux pump for cAMP and cGMP
(34), we reasoned that irinotecan might alter intracellular
cAMP levels. Indeed, irinotecan elevated intracellular cAMP to
levels comparable with the effect of MK-571 in HT29-CL19A
cells and mouse intestinal enterospheres (Fig. 4, C and D).
Using a FRET-based cAMP sensor (CFP-EPAC-YFP), we found
that irinotecan evoked a significant increase in cAMP levels at
or near the plasma membrane, whereas forskolin induced uni-
form cAMP signals throughout the cell (Fig. 4, E and F).

We tested whether irinotecan-induced accumulation of
intracellular cAMP is caused by inhibition of MRP4 function.
Using [PH]PMEA, which is a specific substrate for MRP4 (35),
to perform transport studies for MRP4, we found that
[®H]PMEA efflux was inhibited by irinotecan in a dose-depen-
dent manner as compared with vehicle-treated controls (Fig.
4G). We also monitored the MRP4-mediated unidirectional
transport of [°’H]cAMP across the apical membrane of polar-
ized HT29-CL19A cells and observed that both irinotecan and
MK-571 inhibited the MRP4-mediated transport of [*°H]cAMP
by more than 40% as compared with the DMSO-vehicle control
(Fig. 4H). These results suggest that irinotecan can alter MRP4
function on the apical plasma membrane surface and thereby
block cAMP efflux.

Binding of Irinotecan to MRP4 Augments Its Interaction with
PDZ Proteins—Given that membrane-spanning proteins have a
defined diffusion property (lateral mobility) at the plasma
membrane and formation of multiprotein complexes will
restrict or immobilize their diffusion property in live cells (17),
we used SPT to track the trajectories of Q-dot-labeled FLAG-
MRP4 in live HT29-CL19A cells with or without irinotecan

FIGURE 3. Irinotecan induced fluid secretion in enterospheres from Mrp4*'* mice in a dose-dependent manner. Conversely, enterospheres from
Mrp4~/~ mice were resistant to irinotecan-induced fluid secretion. A, representative phase-contrast images showing fluid secretion in enterospheres from
Mrp4*’* mice in response to irinotecan. Irinotecan induced fluid secretion in a dose-dependent manner. B, quantification of data from experiments as
represented in panel A. C, representative phase-contrastimages showing fluid secretion in enterospheres from Mrp4™*/* mice in response to irinotecan with or
without CFTRinh-172, a CFTR channel blocker. MK-571, an MRP4 inhibitor, was used as a positive control. The irinotecan-induced fluid secretion in entero-
spheres from Mrp4*/* mice was CFTR-mediated. D, quantification of data from experiments as represented in panel C. E, representative phase-contrastimages
showing fluid secretion in enterospheres from Mrp4~/~ mice in response to irinotecan, forskolin, or MK-571. Irinotecan and MK-571 failed to induce
fluid secretion in these enterospheres. F, quantification of data from experiments as represented in panel E. G, representative phase-contrast images of fluid
secretion in enterospheres from Mrp4™/* and Mrp4~'~ mice in response to the anti-cancer drug doxorubicin with or without CFTRinh-172. Doxorubicin, which
induces diarrhea during chemotherapy and is not a modulator for MRP4, induced a similar fluid secretion rate in enterospheres from Mrp4*’* and Mrp4~/~
mice (~2-fold higher as compared with the basal level of secretion in each group) and CFTRinh-172 did not inhibit doxorubicin-induced fluid secretion. H,
quantification of data from experiments as represented in panel G.In all bar graphs, the values represent the mean = S.E. (n = 10 enterospheres per group), and
at least three individual experiments were performed using different mice in each panel. *, significant difference from unstimulated group (0 min); NS, not
significant (p = 0.05).
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levels at or near the plasma membrane. A, representative traces of CFTR-mediated short-circuit currents (/sc) in response to cpt-cAMP in HT29-CL19A cells
pretreated with irinotecan or vehicle (DMSO). Black arrows indicate the addition of cpt-cAMP to activate CFTR; gray arrows indicate the addition of CFTRinh-172.
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images showing the changes in CFP/FRET emission ratio in HT29-CL19A cells expressing a cAMP sensor (CFP-EPAC-YFP) in response to DMSO, irinotecan, or
forskolin. Irinotecan elevated cAMP levels at or near the plasma membrane, whereas forskolin induced a global cAMP response. The fluorescence images were
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treatment. We found that irinotecan significantly decreased the distribution of diffusion coefficients (Fig. 54, lower panel),
MRP4 diffusion at the plasma membrane as indicated by the suggesting that irinotecan enhances a macromolecular com-
trajectories (Fig. 5A, upper panel, and 5B) and the left shift of plex assembly of MRP4. Because MRP4 can form macromolec-
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ular complexes via its C-terminal PDZ binding motif (36, 37),
we next tested whether the PDZ motif of MRP4 plays a role in
the irinotecan-induced decrease of MRP4 diffusion at the
plasma membrane (upon irinotecan treatment). We generated
an MRP4 construct that substitutes the PDZ motif TAL with
AAA (named as APDZ-MRP4 in this study) using site-directed
mutagenesis (Fig. 5C). This mutant MRP4 does not binding to
PDZ domain-containing proteins (18). We transfected the
APDZ-MRP4 into HT29-CL19A cells and tested the effect of

irinotecan on MRP4 diffusion using SPT. The result demon-
strates that irinotecan did not decrease MRP4 diffusion (Fig.
5D), supporting our hypothesis that irinotecan-induced slower
wild-type MRP4 diffusion is a result of the complex formation
between CFTR and MRP4. To investigate the effect of irinote-
can on the CFTR-MRP4 interaction, we performed the PLA
with the polarized HT29-CL19A cells transiently transfected
with either wild-type MRP4 or APDZ-MRP4. The PLA data
clearly demonstrated irinotecan induced wild-type MRP4-
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CFTR complex formation, but not APDZ-MRP4-CFTR com-
plex formation (Fig. 5E). Taken together, our data support the
hypothesis that irinotecan induces complex formation between
CFTR and wild-type MRP4 through PDZ motif-mediated
interactions.

We next performed pulldown assays to determine whether
irinotecan influences the interaction of MRP4 with its scaffold-
ing partner PDZK1 and found that irinotecan does enhance the
interaction (Fig. 5F). We also used an in situ PLA to examine
whether irinotecan affects MRP4-CFTR interaction in cultured
intestinal enterospheres. Treatment with irinotecan resulted in
an additive increase (2.3-fold) in PLA signals of MRP4-CFTR
interaction as compared with treatment with DMSO (Fig. 5, G
and H).

FDA-approved Drugs (e.g. AZT) Augment the Formation of
MRP4-CFTR-containing Macromolecular Complexes—The
Food and Drug Administration (FDA) has approved several
HIV drugs for the treatment of HIV, including the nucleoside/
nucleotide reverse transcriptase inhibitors (NRTIs), which are
substrates for MRP4 (4). The most common side-effect associ-
ated with NRTIs is diarrhea (38). Also, MRP4 transports AZT
and the overexpression of MRP4 confers AZT resistance (4). To
demonstrate the broad implications of our findings, we tested
whether AZT induces diarrhea by activating MRP4-CFTR-
containing macromolecular complexes using cultured intesti-
nal enterospheres. NVP, which belongs to the non-NRTIs
(NNRTISs) class of HIV drugs, was used as a negative control.
We found that AZT induced CFTR-mediated fluid secretion in
a dose-dependent manner and NVP did not induce fluid secre-
tion (Fig. 6, A and B). The data demonstrate that the activation
of MRP4-CFTR-containing macromolecular complexes might
be a common mechanism for drug-related diarrhea. We also
used the PLA to test whether AZT augments MRP4-CFTR
macromolecular complex formation in enterospheres. Our
data show that PLA signals were higher in AZT-treated entero-
spheres than in NVP-treated enterospheres (Fig. 6, C and D).
To demonstrate the clinical relevance of this study, we used the
PLA on colon from HIV patients and determined that MRP4-
CFTR-containing macromolecular complexes were 2.17-fold
higher in HIV-infected patients who were receiving AZT ther-
apy as compared with normal controls (Fig. 6, E and F).

Binding of Irinotecan to MRP4 Induces Conformational
Change in MRP4—The novelty of this study is the identifica-
tion and characterization of a transporter-dependent pathway

that is a key effector in the pathogenic process of drug-induced
diarrhea. We demonstrated that drug-induced inhibition of
MRP4 (e.g. via irinotecan or AZT) produces compartmental-
ized accumulation of cAMP in close proximity to CFTR and
activates CFTR channel function, rapidly causing fluid secre-
tion and diarrhea (Fig. 7). In summary, we have discovered a
new molecular mechanism by which irinotecan causes secre-
tory diarrhea (data summarized in Fig. 7A; in silico docking of
MRP4 and irinotecan).

DISCUSSION

In this study, we found that CFTR-MRP4-containing macro-
molecular complexes played an important role in the pathogen-
esis of drug-induced diarrhea. Our findings have important and
broad clinical implications because our model system can be
used to identify novel agents that mitigate drug-induced diar-
rhea. Furthermore, our findings expand the concept that com-
partmentalized signaling (in this case, compartmentalized
cAMP signaling) plays an important role in drug-induced
pathophysiologic conditions (e.g CFTR-dependent drug-in-
duced diarrhea). These studies previously were not possible
without the state-of-the-art methodology we have developed to
define CFTR-mediated fluid secretion in cultured entero-
spheres. Because the enterospheres physiologically and struc-
turally mimic the small intestine, this experimental system can
be tailored to study additional pathophysiological conditions of
the gastrointestinal tract.

The limitations in investigating the role of CFTR in secretory
pathologies in intestine include the inaccessibility of crypt epi-
thelial cells in vivo and dedifferentiation of intact crypt epithelia
in primary cultures ex vivo. Recent studies using murine intes-
tinal stem cells have yielded primary intestinal cultures in
three-dimensional gel suspension that recapitulate crypt struc-
ture and epithelial differentiation (Fig. 2, A and B) (13, 14). For
our studies, we used a modification of this model to evaluate the
role of macromolecular complexes containing both MRP4 and
CFTRin drug-induced diarrhea (Fig. 3, A—H, and supplemental
Video 1).

Competitive irinotecan inhibition of cAMP efflux through
MRP4 resulted in an increase in intracellular cAMP levels (Fig.
4, C—F). More importantly, this increase in cAMP was compart-
mentalized at or near the plasma membrane, suggesting that
irinotecan increases cAMP levels by altering MRP4 function
and thus inducing localized accumulation of cAMP (Fig. 4,

FIGURE 5. Irinotecan enhanced the formation of MRP4-CFTR-containing macromolecular complexes at or near the plasma membrane by increasing
the interaction between MRP4 and its binding PDZ protein, PDZK1. A, SPT of FLAG-MRP4 at the plasma membrane. Irinotecan induced a significant
decrease of lateral diffusion of MRP4 at the plasma membrane. Upper and lower panels, representative pseudocolor images showing the trajectories of MRP4
in cells treated with DMSO, irinotecan, or forskolin (upper panels) and distribution of diffusion coefficients (DM) for MRP4 particle trajectories (lower panels).
Lookup bars indicate the direction of single particle movement (from blue to red). The experiments in each group were performed at least three times, and each
individual group had significant differences as compared with the DMSO-treated group (p < 0.05). B, representative mean-squared displacement kinetics
(MSD) of FLAG-MRP4 calculated from SPT experiments of DMSO-, irinotecan-, or forskolin-pretreated HT29-CL19A cells. C, DNA sequencing chromatogram
showing the C-terminal PDZ motif of wild-type MRP4 and alanine substitution sequences of APDZ-MRP4. D, representative mean-squared displacement
kinetics of FLAG-APDZ-MRP4 calculated from SPT experiments of DMSO- or irinotecan-pretreated HT29-CL19A cells. £, confocal images showing PLA signals
(red) between MRP4 and CFTR in wild-type MRP4 or APDZ-MRP4-overexpressing HT29-CL19A cells. The cells were polarized and treated with DMSO or
irinotecan at the apical side. Anti-MRP4 rabbit polyclonal antibody and anti-CFTR mouse monoclonal antibody were used in the assay. Ezrin (green) is used as
an apical marker of polarized HT29-CL19A cells (left panel). The blue fluorescent dye indicates nuclei. AP; apical side, BL; basolateral side. F, MRP4 was pulled down
by GST-tagged PDZK1 from HT29-CL19A cells overexpressing MRP4. Irinotecan treatment led to increased interaction between MRP4 and PDZK1 in a dose-
dependent manner. The bar graphs show the quantification of the data from blots in the pulldown assay. G, representative micrographs of PLA showing that
MRP4 interacts with CFTR (red dots represent PLA signals) in enterospheres from Mrp4™/* mice. Irinotecan treatmentincreased PLA signals. Enterospheres from
Mrp4 ~/~ mice were used as a negative control. H, the bar graphs show the quantification of PLA signals from experiments as represented in panel G. The values
represent the mean = S.E. (n = 3 independent experiments in each group).
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panel C. NS, not significant (p = 0.05). E, representative micrographs of PLA signals (red dots) of MRP4-CFTR interaction in human colon from a normal
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per group). NS, not significant (p = 0.05).

C-H). In contrast, forskolin, which activates adenylate cyclase,
increased cAMP levels throughout the cell (Fig. 4, Eand F). The
compartmentalized elevation of cAMP levels would activate
CFTR channels, provided that irinotecan does not disrupt
the CFTR-MRP4-containing macromolecular complex at the
plasma membrane. We found that irinotecan enhanced the for-
mation of a multimolecular complex of CFTR and MRP4 medi-
ated by PDZK1 at the plasma membrane. This was exemplified
by the fact that MRP4 in the absence of irinotecan had higher
lateral diffusion in the plasma membrane as measured by SPT
(Fig. 4, A and B). However, in the presence of irinotecan, the

SASBMB
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mobility of MRP4 in the membrane was decreased, suggesting
the clustering of MRP4 with CFTR in macromolecular com-
plexes in mircodomains beneath the plasma membrane (Fig. 5).

Technically, our discovery is not narrowly confined to irino-
tecan-induced fluid secretion through compartmentalized
cAMP and protein-protein interactions via PDZ motif. Diar-
rheais arelatively frequent side effect accounting for ~7% of all
adverse effects of drug use (1, 2). Thus, our findings have broad
implications and may help to identify therapeutic targets for
ameliorating medication-induced diarrheas. Here, we have
demonstrated that an FDA-approved HIV/AIDS drug, AZT,
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hyper-activates its channel function and ultimately causes secretory diarrhea.

increased fluid section by augmenting the formation of MRP4-
CFTR-containing macromolecular complexes in both entero-
spheres and the colon of human HIV patients taking AZT (Fig.
6, E and F). To further explore the clinical relevance of our
study, we tested the possibility of using tannic acid (1 mg/ml,
which is a clinically relevant concentration) to mitigate intesti-
nal fluid secretion in enterospheres from the mouse small intes-
tine. Tannic acid is a potent radical scavenger and antioxidant
(39) that has been reported to inhibit CFTR-induced intestinal
fluid secretion. The antioxidant defense system in the small and
large intestine in rats has been shown to be impaired in early
chronic diarrhea (40). We found that tannic acid completely
inhibited irinotecan-induced fluid secretion in mouse intestinal
enterospheres (data not shown). Our data suggest that a medi-
cation regimen including an anti-diarrheal agent (e.g tannic
acid) may have benefits of reducing the diarrheal side effect and
therefore improving the efficacy of drug therapy.

In summary, we have discovered a novel molecular mecha-
nism by which irinotecan causes secretory diarrhea. We found
that CFTR-MRP4-containing macromolecular complexes play
an important role in the pathogenesis of drug-induced diar-
rhea. Our findings have important and broad clinical implica-
tions because our model system can be used in a high-through-
put way to identify novel agents that can mitigate drug-induced
diarrhea. Furthermore, our findings expand the notion that
compartmentalized signaling (in this case, compartmentalized
cAMP signaling) plays an important role in drug-induced
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pathophysiologic conditions such as drug-induced and CFTR-
mediated secretory diarrheas.
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