
Multidrug Resistance Protein 4 Mediates 3’,5,-cAMP Efflux From
Rat Preglomerular Vascular Smooth Muscle Cells

Dongmei Cheng, Jin Ren, and Edwin K. Jackson
Center for Clinical Pharmacology Departments of Pharmacology and Chemical Biology (EKJ) and
Medicine (EKJ, DC, JR) University of Pittsburgh School of Medicine Pittsburgh, PA 15219

SUMMARY
1. Our previous studies show that stimulation of adenylyl cyclase in preglomerular vascular

smooth muscle cells (PGVSMCs) increases extracellular 3’,5’-cAMP; however, the
mechanism by which PGVSMCs transport intracellular 3’,5’-cAMP into the extracellular
milieu is unknown.

2. We hypothesize that multidrug resistance protein 4 (MRP4) is the primary transporter
mediating efflux of intracellular 3’,5’-cAMP from PGVSMCs.

3. Both RT-PCR and real-time PCR detected MRP4 mRNA in PGVSMCs in culture.
Moreover, Western blotting using an antibody specific for MRP4 gave rise to a 150 kDa
signal consistent with the presence of MRP4 protein in PGVSMCs.

4. Specifically-designed siRNA reduced MRP4 mRNA expression by 71% (p=0.0075) and
MRP4 protein by 80% (p=0.0004).

5. Isoproterenol (1 μmol/L) increased intracellular 3’,5’-cAMP, which resulted in efflux of
3’,5’-cAMP into the medium. siRNA knockdown of MRP4 significantly reduced basal
extracellular 3’,5’-cAMP and nearly abolished isoproterenol-induced increases in
extracellular 3’,5’-cAMP (p=0.0143, interaction between isoproterenol and MRP4 siRNA
in 2-factor analysis of variance). In isoproterenol-treated cells, MRP4 siRNA decreased
the ratio of extracellular 3’,5’-cAMP to intracellular 3’,5’-cAMP by 72% (p=0.0019).

6. We conclude that MRP4 is the dominant 3’,5’-cAMP transporter in PGVSMCs.

INTRODUCTION
Our previous work supports the existence of a biochemical mechanism that contributes to
extracellular levels of adenosine, i.e., the extracellular cAMP-adenosine pathway (1-3),
which entails: 1) receptor-induced intracellular production of 3’,5’-cAMP (cAMP); 2)
transport of cAMP to the cell surface; 3) extracellular metabolism of cAMP to 5’-AMP; and
4) extracellular conversion of 5’-AMP to adenosine. Independent laboratories confirm the
extracellular cAMP-adenosine pathway in pial microvessels (4), skeletal muscle (5) and the
gut (6).

Adenylyl cyclase catalyzes the biosynthesis of cAMP, and receptor-mediated stimulation of
adenylyl cylcase activates the extracellular cAMP-adenosine pathway (7). CD73 is an
ecto-5’-nucleotidase (8), and inhibition of CD73 attenuates the extracellular cAMP-
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adenosine pathway (9-15). Therefore, steps 1 and 4 of the extracellular cAMP-adenosine
pathway are mediated by adenylyl cyclase and CD73, respectively. However, the molecular
identities of mediators of step 2 (the cAMP transporter(s)) and step 3 (the enzyme(s) that
convert cAMP to AMP, i.e., the ecto-phosphodiesterase(s)) remain unclear.

With regard to the identity of the cAMP transporter(s), as reviewed by Dean et al. (16) and
Deeley et al. (17), over-expression studies of multidrug resistance protein 4 (MRP4), a
member of the ATP-binding cassette transporter superfamily (17-19), indicate that MRP4
can transport cAMP. Moreover, studies by Li et al. demonstrate that MK571, an inhibitor of
MRP4, decreases cAMP transport in gut epithelial HT29-CL19A cells and raises
intracellular cAMP levels in gut epithelial T84 cells (20). Therefore, it is conceivable that
MRP4 participates in step 2 of the extracellular cAMP-adenosine pathway. Accordingly, we
hypothesized that MRP4 mediates in part transport of endogenous cAMP following
receptor-induced stimulation of adenylyl cyclase, and the goal of the present study was to
test this hypothesis. We chose as our model system cultured rat preglomerular vascular
smooth muscle cells (PGVSMCs) because our previous studies in intact rat kidneys, isolated
renal microvessels and PGVSMCs demonstrated the existence of an extracellular cAMP-
adenosine pathway in the rat renal microcirculation (9,11,21,22).

METHODS
Culture of PGVSMCs

PGVSMCs were cultured by explant from preglomerular microvessels obtained from adult
rats as previously described (22).

RT-PCR
RNA was isolated (TRIZOL Reagent; Invitrogen, Carlsbad, CA), reverse transcribed and
amplified (Titanium One-step RT-PCR kit; Clontech, Mountain View, CA; forward primer,
ggatcctcatacccctggtt; reverse primer, tgcatcaaacagctcctgac; 200 base-pair (bp) amplification
product). PCR cycles (total 30) consisted of denaturing (94°C, 30 seconds), annealing
(65°C, 30 seconds), and extension (68°C, 60 seconds). RT-PCR products were separated on
a 1.5 % agarose gel and visualized with ethidium bromide.

Real-Time PCR
RNA was isolated as described above. cDNA was synthesized using iScript™ cDNA
synthesis kit (Bio-Rad, Hercules, CA). MRP4 primers were as described for RT-PCR. β-
actin primers were: forward, actcttccagccttccttc; reverse, atctccttctgcatcctgtc; 171 bp
amplification product. Real-time PCR was performed (SYBR Green PCR Master Mix;
Applied Biosystems, Foster City, CA) in the AB 7300 Real-Time PCR System. Threshold
cycle (Ct) for β-actin was subtracted from Ct for target to calculate 2ΔCt.

Western Blotting
Protein was extracted (Mammalian Protein Extraction Reagent; Pierce Biotechnology Inc.,
Rockford, IL), measured (BCA assay; Pierce), and boiled (5 minutes in Laemmli buffer).
SDS-polyacrylamide-gel electrophoresis was performed on polyacrylamide gels (8-16%)
with 40 μg of protein per lane. Proteins were transferred to polyvinylidene difluoride
membranes. Membranes were blocked in TBST containing 5% milk and probed with mouse
MRP4 primary antibody (1:500; Novus Biologicals Littleton, CO; expected size of signal,
150 kDa). Membranes were exposed to horseradish-peroxidase-conjugated-goat anti-mouse
antibody (1:4000; Pierce) and visualized with X-ray film using luminal-based enhanced
chemiluminescence substrate (Supersignal West Dura Extended Duration Substrate; Pierce).
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MRP4 siRNA Knockdown
PGVSMCs were trypsinized (0.25%) and diluted in growth medium to 100,000 cells/ml. 1.5
μl of siPORT NeoFX (Ambion, Austin, TX) was diluted to 25 μl in Opti-MEM I medium
and incubated for 10 minutes at room temperature. 3 μl of 5 μmol/L of MRP4 siRNA
(Sense: CCGUGAGGAGCAAUAUUUUtt; Antisense: AAAAUAUUGCUCCUCACGGtt)
or the negative control siRNA (provided by Ambion) was diluted to 25 μl in OPTI-MEM I
medium to give a 30 nmol/L concentration in the transfection reaction. Diluted siPORT
NeoFX and siRNA were combined, incubated for 10 minutes at room temperature,
dispensed into culture wells (24-well plate), overlaid with cell suspensions (45,000 cells)
and incubated at 37°C. 72 hours after transfection, RNA and protein were obtained and
analyzed as described above.

Effects of MRP4 Knockdown on cAMP Induced by Isoproterenol
PGVSMCs were treated with MRP4 siRNA or negative control siRNA as described above.
After 72 hours, cells were washed twice (1 ml of PBS), and incubated for 1 hour in 0.5 ml
PBS containing either no addition or isoproterenol (1 μmol/L). The medium was collected
for analysis of extracellular cAMP. Intracellular cAMP was extracted from cells with 1 ml
of 1-propanol (30 minutes at 4°C).

Measurement of cAMP
1-Propanol samples were evaporated and resuspended in mobile phase, whereas samples in
PBS were assayed directly. cAMP was measured using liquid chromatography-tandem mass
spectrometry with a TSQ Quantum Ultra mass spectrometer (Thermo Electron Corporation,
Waltham, MA) as described (23).

Statistics
Multiple groups were compared by 2-factor analysis of variance followed by the Fisher's
LSD test, and the unpaired Student's t test was used for single comparisons.

RESULTS
RT-PCR detected the expected 200 bp MRP4 mRNA amplification product (Figure 1A).
MRP4 mRNA was also detected by real-time PCR (Figure 1B), and MRP4 siRNA
diminished this signal by 71% (p=0.0075; Figure 1B). Western blotting detected MRP
protein in untreated cells (data not shown) as well as in cells treated with negative control
siRNA (Figure 1C). MRP4 siRNA reduced MRP protein expression by 80% (Figure 1C/D).
In cells treated with negative control siRNA, isoproterenol caused a 5-fold increase in the
concentration of extracellular cAMP (Figure 1E). Treatment of PGVSMCs with MRP4
siRNA decreased basal levels of extracellular cAMP and nearly abolished isoproterenol-
induced increases in extracellular concentrations of cAMP. Two-factor analysis of variance
demonstrated a significant effect of MRP4 siRNA on extracellular cAMP (p = 0.0012) and
of isoproterenol on extracellular cAMP (p = 0.0005). Also, a significant interaction between
MRP4 siRNA and isoproterenol (p = 0.0142) on extracellular cAMP was observed. MRP4
siRNA reduced the extracellular-to-intracellular ratio of cAMP in isoproterenol-treated cells
by 72% (p=0.0019; Figure 1F).

DISCUSSION
Our results demonstrated strong expression of MRP4 message and protein in PGVSMCs.
Using MRP4 siRNA we achieved a meaningful knockdown of MRP4 expression (both
message and protein) in PGVSMCs. Therefore, we investigated the ability of MRP4 siRNA
to modify the increase in extracellular cAMP in response to isoproterenol in PGVSMCs. We
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selected isoproterenol as the stimulus because this drug is an agonist for β-adrenoceptors,
and β-adrenoceptors are positively coupled to adenylyl cyclase. Moreover, in previous
studies, we observed that isoproterenol robustly increased cAMP levels in PGVSMCs
(24,25). In the present study, isoproterenol caused a large increase in extracellular levels of
cAMP, and this increase was strongly suppressed, indeed nearly totally inhibited, by MRP4
siRNA. In addition, MRP4 siRNA significantly inhibited basal levels of extracellular cAMP.
These findings confirm an important role for MRP4 as a cAMP transporter in PGVSMCs,
and suggest that MRP4 is the dominant cAMP transporter in the extracellular cAMP-
adenosine pathway, at least in PGVSMCs. However, it is possible that the relative
contribution of MRP4 versus other transport proteins, such as MRP5, to the cAMP-
adenosine pathway may vary depending on the cell type.

Adenosine is an important autocrine and paracrine hormone that via specific extracellular
receptors plays an important role in regulating renal function. For example, extracellular
adenosine inhibits renin release, attenuates proliferation of renal mesangial cells, reduces
glomerular filtration rate, mediates tubuloglomerular feedback, stimulates sodium
reabsorption in the proximal tubule, increases renal medullary blood flow and protects
against renal ischemia/reperfusion injury (2,26). Extracellular adenosine also regulates many
physiological processes in organ systems other than the kidney, for example the heart (27),
brain (28) and immune system (29). The physiological significance of the present finding is
that because MRP4 transports intracellular cAMP to the extracellular compartment and
because extracellular cAMP can be converted to adenosine, MRP4 may importantly regulate
organ function by participating in the production of extracellular adenosine.
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Figure 1.
Detection in PGVSMCs of MRP4 mRNA by RT-PCR (Panel A) and real time PCR (Panel
B) and of MRP4 protein by Western blotting (Panel C); Knockdown of MRP4 mRNA
(Panel B) and MRP4 protein (Panels C and D); Extracellular cAMP levels in culture
medium from PGVSMCs pretreated with negative control siRNA or with MRP4 siRNA and
stimulated or not with isoproterenol (1 μmol/L; Panel E); Ratio of extracellular to
intracellular cAMP in PGVSMCs pretreated with negative control siRNA or with MRP4
siRNA and stimulated with isoproterenol (Panel F). Values represent mean ± SEM for the
indicated number of experiments; aindicates significantly different from all other groups.
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