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Abstract 
Background: Overexpression of efflux pumps is the drug resistance and ad-
aptation mechanism employed by some eukaryotes and bacteria to transport 
endogenous and chemotherapeutic compounds from the intracellular to the 
extracellular environment. Aim: The study aimed at establishing a fluorescent 
cell-based assay to monitor the efflux activities of an ABC-transporter, mul-
tidrug resistance protein 4 (MRP4). Methods: DH5α competent E. coli cells 
were transformed with pcDNA-MRP4 by the heat-shock process. The pres-
ence of the MRP4 gene was analyzed by the digestion of plasmid using EcoRI 
and analyzed on a 1% agarose gel. HEK 293 cells were transfected with puri-
fied pcDNA-MRP4 under optimized conditions using a Polyethylenimine 
(PEI) protocol. The level of MRP4 in the HEK 293 cells was characterized 
by western blotting analysis using M4I-10 anti-MRP4 and anti-Rat IgG 
(whole molecule)-Alkaline phosphatase antibodies. The fluorescent uptake 
study was performed by the incubation of 0.02 mM 8-[fluo-cAMP] with the 
MRP4-transfected and control HEK 293 cells for 1 h. The level of fluores-
cence was analyzed using fluorescence microscopy and spectrometer. Re-
sults: The agarose gel analysis showed a plasmid of 9.4 kb and restriction 
product of 5 kb, which correspond with the pcDNA and MRP4 sizes respec-
tively. The western blot results of the transfection showed 4 µg pcDNA-MRP4 
and the N/P ratio of 9 was the optimized condition to transfect our HEK 293 
cells as it showed the broadest band. In the efflux studies, the fluorescence 
images of the MRP4-transfected HEK 293 cells were very low compared to 
the untransfected control. The level of fluorescence accumulation was sig-
nificantly (P ≤ 0.0001) higher 228.6 ± 13.1 RFU in the untransfected cells 
than the MRP4-transfected cells 8.6 ± 1.8 RFU. Conclusion: The higher levels 
of fluorescence detected in the control in both the fluorescent microscopy 
and spectrophotometer showed that MRP4-transfected cells had effluxed the 
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8-[fluo-cAMP] substrate out of the cell. This method could be employed in 
the detection of MRP4 functions in bacteria and cancer cells. 
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1. Introduction 

The development of some novel drugs has been hampered due to the expression 
and upregulation of efflux pumps and secretory systems in some eukaryotic or-
ganisms and bacteria [1]. Efflux pumps are an energy-driven system used by 
both eukaryotes and some bacteria to transport molecules against the concentra-
tion gradient. This mechanism is both beneficial and deleterious. Some endo-
genous molecules in humans and microbes are translocated via this mechanism 
to sites that they are needed. During drug administration, cells that harbor these 
efflux pumps remove the drug from within the cell via these pumps rendering 
the drug inactive. In humans, a high level of expression of MRP4 mRNA has 
been found in kidney and prostate and low levels have been shown in blood 
cells, neurons, lungs, adrenal gland, testis, and ovary [2] [3] [4]. These efflux 
pumps have also been described in bacteria such as Staphylococcus aureus and 
Escherichia coli (MsbA) [5] [6]. 

Multidrug resistance protein 4 (MRP4) is an ATP-dependent transporter that 
pumps anionic biomolecules [2]. MRP4 translocates its substrates through the gen-
eration of energy via ATP hydrolysis. This energy causes the nucleotide-binding 
domain (NBD) to drive the conformational changes in the transmembrane do-
main (TMD) [7]. The molecules transported by MRP4 include cyclic adenosine 
monophosphate (cAMP), leukotrienes, folic acids, steroids, and antibiotics [3] 
[8] [9]. 

Cytotoxicity studies on MRP4-transfected cells showed broad substrate speci-
ficity as it can transport a range of endogenous and exogenous compounds [10]. 
The detection of the interactions between chemotherapeutic compounds and 
MRP4 is crucial for the development of the drugs to target cells or microorgan-
isms that express this transmembrane transporter. These interactions provide 
information on bioavailability, drug-drug, and drug-biomolecular interactions. 
According to Lechner et al. [11], this will provide a more in-depth understand-
ing of the pharmacokinetics of drugs in cells expressing MRP4. 

This study aimed at developing a fluorescent cell-based assay to measure 
MRP-mediated efflux that could potentially be utilized for the screening of MRP4 
inhibitors. 8-[Fluo-cAMP] was used as the substrate for the transporter because 
MRP4 is an active transporter of cyclic nucleotides monophosphates. 8-[fluo-cAMP] 
is a fluorescein-modified analog of the parent cAMP linked at the eighth posi-
tion of the molecule via a six-atom spacer [12]. The study transfected human 
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embryonic kidney cells (HEK 293), a cancer cell line, known to express the MRP4 
at extremely low levels. The essence of the transfection was to overexpress the 
transporter on the membrane of the HEK 293 cells. The MRP4-transfected cells 
and non-transfected control cells were treated with the fluorescent substrate, 
8-[fluo-cAMP], and the level of fluorescence measured. This cell line has been 
previously used in the study of the MRP4 pump [10] [13]. The importance of 
this study is that there has been no previous record of a fluorescent cell-based 
investigation of MRP4. Previous researches detected MRP4 function by analyz-
ing fluorescence in MRP4-containing vesicles and lysed cells [12] [14]. 

2. Methods 
2.1. Materials 

Dulbecco’s modified eagle medium (DMEM) high glucose (4.5 gl−1) with gluta-
mine, Dulbecco’s PBS (1×) without Ca and Mg and Trypsin-EDTA (1×) were 
purchased from PAA Laboratories GmbH, Austria. Anti-rat IgG (whole mole-
cule)-Alkaline phosphatase antibody produced in rabbit and BCIP/NBT liquid 
substrate system were purchased from Sigma-Aldrich, USA. M4I-10 anti-MRP4 
antibody (Enzo Life Sciences); Penicillin-streptomycin, fetal calf serum (FCS), 
Polyethylenimine (PEI) (Sigma, USA); Bio-Rad Dc protein assay reagents A, B 
and S (Bio-rad, Hercules, CA); Immobilon-P (PVDF, pore size 0.45 um, Biller-
ica, MA); 8-[fluo-cAMP] (BioLog Life Institute Germany) and Fluorescent spec-
trometer (Perkin Elmer, LS 55). 

2.2. Transformation of E. coli with pcDNA-MRP4 

The vector, pcDNA-MRP4, encodes the transporter gene MRP4 and ampicillin- 
resistance gene. DH5α competent E. coli cells were transformed with pcDNA- 
MRP4 by the heat-shock process. The heat-shocked E. coli cells were incubated 
in LB broth and plated on LB-ampicillin plates and incubated at 37˚C overnight. 
The transformed pcDNA-MRP4 E. coli cells were cultured by incubated indi-
vidual colonies of the transformed cells in LB-ampicillin broth overnight. 

2.3. Purification of the pcDNA-MRP4 Plasmid 

The overnight culture of pcDNA-MRP4-transformed E. coli cells was purified 
according to GeneJETTM Plasmid Miniprep Kit (PureExtreme, Fermentas: Life 
Sciences). The concentration of the purified pcDNA-MRP4 was determined us-
ing a nanospectrometer at a wavelength of 230 nm. The purified pcDNA-MRP4 
was stored at −20˚C. To show the presence of MRP4 in pcDNA-MRP4, the plas-
mid was digested with EcoRI. Both the undigested and digested pcDNA-MRP4 
were analyzed on 1% agarose gel. 

2.4. HEK 293 Cell Culture 

HEK 293 cells were cultured in DMEM supplemented with 10% FCS (Invitro-
gen, Cergy Pontoise), and 1% Penicillin-Streptomycin, at 37˚C in a humidified 
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5% CO2 atmosphere. Cell splitting of the HEK 293 cells are washed with PBS and 
detached from the flask using Trypsin-EDTA. Cell splitting was performed when 
cell confluency is up to 70%. 

2.5. Seeding Cells into Six-Well Plates 

The old medium was removed from the flask and cells were washed with PBS 
then cells were detached using trypsin-EDTA (at 37˚C). The old DMEM me-
dium was replaced with a fresh medium and centrifuged at 10,000 rpm for 5 
minutes at room temperature. The cell pellet was re-suspended in DMEM me-
dium. The cell density was determined using hemocytometer and cells were 
seeded in a six-well plate at a concentration of 5 × 105 cells/ml and 2 ml per well. 
25 kDa PEI was dissolved in distilled water to make the final concentrations of 
10 mM while glucose was dissolved to make 5% of the distilled water. The dis-
solved PEI and glucose were filter sterilized. Because the efficiency of PEI trans-
fection depends on the ratio of phosphate in the DNA to the nitrogen in the PEI 
(N/P ratio), the different transfection conditions were achieved by varying this 
ratio. The different amounts of PEI used were calculated as follows: 

1μg of DNA 3 nmol DNA phosphate=  

1μl of 10 mM PEI 10 nmol amine nitrogen=  

( )µg of DNA 3 N : P ratio
µl 10 mM PEI

10
× ×

=  

The above equation was used to obtain the DNA amounts and PEI used. The 
transfection mix was 10% of the medium used 200 µl/well; 100 µl of DNA/glucose 
mix and 100 µl of PEI/glucose mix. 

The sterile PEI was mixed with the 5% sterile glucose and pcDNA-MRP4 
was also mixed with the 5% sterile glucose. The PEI/glucose complex was 
added to the pcDNA-MRP4/glucose mixture at different N/P ratios (*different 
amounts of DNA were used in some instances) (N/P = 9 [4 µg DNA]; N/P = 12 
[*4 µg DNA]; N/P = 12 [*2 µg DNA]; N/P = 15 [*4 µg DNA]; and N/P = 15* [2 
µg DNA]) and incubated at room temperature for 30 minutes. N/P ratios of 
PEI/DNA complexes were the ratios of moles of the nitrogen groups of PEI to 
those of the phosphate of DNA. The PEI/DNA/glucose mixtures were added to 
the DMEM medium. The old medium was discarded from the cells and 
PEI/DNA/glucose/medium was added to the cells and the N/P ratios of the dif-
ferent wells were as mentioned above. A control was set up by adding only 
DMEM medium and no transfection mixture. The cells were incubated at 37˚C 
in a humidified 5% CO2 atmosphere for 48 h. The amount of protein of each 
fraction was estimated using a Bio-Rad protein assay (Bio-Rad, Hercules, CA). 

2.6. Western Blot Analysis and Immunoblotting  
with Anti-MRP4 in Rabbit 

The western blotting for MRP4 detection was carried out using a whole-cell lys-
ate. The samples were loaded on a 7% SDS-PAGE and run at 100 volts for 1 h. 
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The proteins were transferred to a PVDF Immobilon transfer membrane (pore 
size 0.45 µm) at 100 volts for 1 h. Following protein transfer, the PVDF mem-
branes were placed in blocking buffer (4% skimmed milk in 1 × TBS-T) for 1 h 
before the addition of the primary antibody. The M4 1 - 10 anti-MRP4 antibody 
(primary antibody) produced in the rat was added to 4% skimmed milk in 1 × 
TBS-T in a ratio of 1:1000 and incubated with the PVDF membranes overnight 
at 4˚C. The membrane was washed three times with 5 minutes intervals in 1 × 
TBS-T. The PVDF membranes were transferred into 4% skimmed milk in 1 × 
TBS-T with anti-rat alkaline phosphate produced in rabbit (secondary antibody) 
in the ratio 1:5000. The PVDF membranes were incubated with the secondary 
antibody at room temperature for approximately 1 h and then washed five times 
in 1 × TBS-T with 5 minutes intervals of each washing. The membrane was de-
veloped by adding 2 ml of BCIP/NBT liquid substrate system and photographed 
using a camera. 

2.7. 8-[Fluo-cAMP] Efflux Studies 

HEK 293 cells were seeded in a six-well plate at 5 × 105 cells in 10 ml of DMEM 
medium. The cells were transfected with pcDNA-MRP4 (N/P = 9:1) and incu-
bated for 48 h after which the western blot analysis was performed. The DMEM 
medium was removed and fresh medium containing 8-[fluo-cAMP] (0.02 
mM) was added. Following 1 h incubation, the medium was removed and the 
wells were carefully rinsed with PBS. The PBS was discarded and a fresh PBS 
was added to the cells. The fluorescence of the cells was analyzed using a fluo-
rescent microscope. The cells were harvested and centrifuged at 13,000 rpm 
for 2 minutes. The cell pellets were lysed and the amount of fluorescence in the 
cells was analyses using a fluorescence microscope and fluorescence spec-
trometer. 

2.8. Data Analysis 

The western blot paper was photographed with a camera. Where necessary data 
was analyzed on GraphPad Prism 8.2.1 (San Diego CA) using t-test and results 
were considered to be statistically significant at P < 0.05. 

3. Results 
3.1. pcDNA-MRP4 Products of EcoRI Digestion on Agarose Gel 

Figure 1 shows the products of the restriction digestion of the pcDNA-MRP4 
plasmid on 1% agarose gel. The undigested plasmid (lanes 1 and 2) showed two 
bands; one at >10 kb and the other at 9.4 kb. Lanes 3 and 4 were loaded with the 
products of EcoRI digestion and produced 2 bands: one set of large bands of ap-
proximately 5 kb and another set of faint bands of about 0.8 kb. 

3.2. MRP4 Expression in Transfected HEK 293 

The levels of MRP4 in the transfected cell line during the optimization were  
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(a) 

 
(b) 

Figure 1. Agarose gel electrophoresis of the uncut and digested pcDNA-MRP4 used for 
HEK 293 cell transfection. (a) The lane M was loaded with a 1 kb standard DNA ladder. 
Both lanes 1 and 2 contained undigested pcDNA-MRP4 while lanes 3 and 4 contained 
EcoRI digested pcDNA-MRP4; (b) MRP4 plasmid size and the expected products of 
EcoRI digestion. 

 
quantified using western blot analysis as shown in Figure 2(a). Each well was 
loaded with an equal amount (50 µg for Figure 2(a)) of the crude lysate. All the 
conditions in the optimization showed some bands (Lanes 3 - 7, Figure 2(a)) 
which traveled the same distance as the standard MRP4 control (Lane 2, Figure 
2(a)) of 150 kDa. However, the treatment condition with the best transfection 
was HEK 293 treated with 4 µg of pcDNA-MRP4 with an N/P ratio of 9 shown  
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Figure 2. A western blot of the crude lysate of MRP4 in transfected HEK 293 cells. (a) 
Western blot for the six different transfection conditions loaded with 50 µg: MW (mo-
lecular weight) lane 1 HEK 293 control (no MRP4 DNA), lane 2 positive control (stan-
dard MRP4), lane 3 (4 µg DNA N/P = 9), lane 4 (4 µg DNA N/P = 12), lane 5 (2 µg DNA 
N/P = 12), lane 6 (4 µg DNA, N/P = 15) and lane 7 (2 µg DNA N/P = 15); (b) Western 
blot of the HEK 293 cells used for efflux studies, 30 µg of crude lysate was loaded per lane 
as follows: lane 1 positive control (standard MRP4), lane 2 HEK 293 control (no MRP4 
DNA), lanes 3 and 4 were (4 µg DNA N/P 9). MRP4 was detected using M4I-10 anti- 
MRP4 as primary antibody and anti-rat IgG (whole molecule)-Alkaline phosphatase an-
tibody was the secondary antibody. The membrane was developed using BCIP/NBT liq-
uid substrate system [N: nitrogen and P: phosphate]. 

 
in lane 3 (Figure 2(a)). This optimized condition was further analyzed with a 
lower amount of crude lysate of 30 µg (Figure 2(b)) using western blotting. The 
result showed the bands traveled at the distance as the corresponding positive 
control (Lane 2 Figure 2(b)). In both western blotting analysis, the untrans-
fected control showed very faint bands (Lanes 1 for Figure 2(b) and Lane 2 Fig-
ure 2(b)). 

3.3. 8-[Fluo-cAMP] Efflux Studies 

The efflux studies analyzed the fluorescence generated both by qualitative and 
quantitative methods. Figure 3 shows the qualitative analysis of the fluorescence 
of HEK 293. This depicts the image of the fluorescent microscopic examination 
of untreated and MRP4-transfected HEK 293 cells. The MRP4-transfected cells 
showed a very low level of green fluorescence of the 8-[fluo-cAMP) while the 
control cells exhibited more visible fluorescence. Figure 4 demonstrates the 
fluorescent spectra of untransfected cells, MRP4-transfected cells, and 8-[fluo- 
cAMP] as well as the levels of 8-[fluo-cAMP] induced fluorescence in untrans-
fected cells, MRP4-transfected cells. The fluorescent spectra (Figure 4(a)) show 
the peaks of the fluorescence in all cases occurred at approximately 517 nm. The 
fluorescein molecule shows the highest level of fluorescence of about 750 RFU fol-
lowed by the untransfected control with about 230 RFU then the MRP4-transfected 
cells with about 9 RFU but no observable peak. The level of fluorescence accumula-
tion was significantly (P ≤ 0.0001) higher 228.6 ± 13.1 RFU in the untransfected 
cells than the MRP4-transfected cells 8.6 ± 1.8 RFU (Figure 4(b)). 

4. Discussion 

The movement of biological molecules across the membranes plays an indispensa-
ble role in the maintenance of normal physiological activities in many bacteria and  
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Figure 3. Fluorescent microscopic images of both control and MRP4-transfected HEK 
293 cells treated with 8-[fluo-cAMP] used for the experiment. This was performed under 
the 40× objective of the fluorescent microscope. 

 

 
Figure 4. Fluorescence spectra and levels of (a) 8-[fluo-cAMP] and (b) both the control and MRP4- 
transfected HEK 293 cells. 
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cancer cells. This migration of biomolecules occurs mostly via the action of ef-
flux pumps due to either the size or charge of these molecules [15] [16]. The 
current study investigated the efflux function of MRP4, a member of the ATP- 
binding cassette of efflux pumps that could be found in bacteria such as E. coli, 
P. aeruginosa, and S. enterica serotype typhimurium [1] [17] [18] [19]. 

A fluorescent cell-based approach offers a real-time, efficient, and rapid me-
thod of monitoring the efflux pump interactions. This method could further 
provide a suitable strategy for blocking its transport activities and potential 
drug-drug interactions indispensable in drug design [20]. 

The faint band seen in the undigested lane was more than 10 kb which could 
be another supercoiled plasmid present in the E. coli isolate while the 9.4 kb 
band represents the pcDNA-MRP4 plasmid (Figure 1(a) and Figure 1(b)). For 
lanes 3 and 4, the broadest bands represent the 5 kb which corresponds with the 
size reported by Barik et al. [21]. The other faint bands correspond to the ampi-
cillin resistance gene and other associated regulatory genes. The purity of the 
digestion was high as there was no smear produced. 

The western blot analysis showed the transfected MRP4 gene, using the PEI 
protocol, highly expressed the transporter in HEK 293 cells which could be con-
firmed by the presence of the bands at 150 kDa (Figure 2). The evidence to show 
that the optimization of the transfection protocol was effective is as a result of 
the extremely low level of expression noticed in the untransfected control cells. 
This level of expression in control condition is possible as HEK cells are kidney 
cells that have been reported to show some basal level of expression of the pro-
tein transporter molecule [22] [23] [24]. Some bacteria have been found to also 
overexpress the efflux pump either as a means of exporting endogenous sub-
stances or removing compounds that are cytotoxic to them [25] [26]. 

Other studies carried out to monitor the function of MRP4 used MRP4 in ve-
sicles [11] [14] to detect the efflux activities of the transporter but not the trans-
fections of the gene. The transfection protocol adopted in the current investiga-
tion used PEI which is a 25 kDa cationic polymeric molecule that condenses the 
DNA into positively charged particles enabling its endocytosis into the cell [27]. 
The determination of the appropriate N/P ratio and DNA concentration is cru-
cial in influencing the transfection efficiency of the vector [27] [28]. 

The efflux studies utilized 0.02 nM of the fluorescein substrate incubation 
with the HEK 293 for 1 h. The fluorescent microscopic images show the untrans-
fected control cells emitted higher fluorescence than the MRP4-transfected (Figure 
3). The two top green images represent the control cells (untransfected) while the 
two bottom images represent the MRP4-transfected cells. A similar observation 
was noted for the quantitative evaluation of the fluorescence level (Figure 4). A 
lower level of fluorescence was expected in the MRP4-transfected cell as the ef-
flux pump will remove the accumulated fluorescent substrate from the intra-
cellular compartment of the HEK 293 cells to the surrounding thereby leading 
to the reduced substrate [14]. The higher the level of MRP4 expressed on the 
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membrane of the cells, the lower the expected fluorescence emission. However, 
as the level of fluorescence was much lower in the control cells than the 
8-[fluo-cAMP] trace as shown in Figure 4(a), it implies that more optimization 
techniques are necessary for the 8-[fluo-cAMP] uptake studies to increase the 
level of fluorescence. This could be achieved by altering the concentration of the 
fluorophore over different time intervals. Again, the level of fluorescence in the 
transfected cells was expected to be lower or completely non-existence as the ex-
pression of the pump will indicate the elimination of the fluorescent substrate. A 
better level of fluorescence can be achieved through more optimization of the 
transfection protocol. 

5. Conclusion 

The study has established a fluorescent cell-based method for MRP4 interactions 
using 8-[fluo-cAMP], evident in the lower level of fluorescent in MRP4-transfected 
cells compared to the control cells. It has also established the optimization of the 
transfection conditions for MRP4 using a PEI protocol. 

Authors’ Contribution 

Monsi, T.P. contributed to the study design, performing the study, analysis of 
the data, writing the manuscript, literature search, and guarantor of the manu-
script. Ben-Chioma, A.E. contributed to the analysis of the data, literature search, 
and reviewing of the manuscript. Onwuli, D.O. contributed to the integrity of 
the manuscript, analysis of the data, literature search, and reviewing of manu-
scripts. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Blair, J.M., Bavro, V.N., Ricci, V., Modi, V., Cacciotto, P., Kleinekathӧfer, U., Rug-

gerone, P., Vargiu, A.V., Baylay, A.J. and Smith, H.E. (2015) AcrB Drug-Binding 
Pocket Substitution Confers Clinically Relevant Resistance and Altered Substrate 
Specificity. Proceedings of the National Academy of Sciences of the United States of 
America, 112, 3511-3516. https://doi.org/10.1073/pnas.1419939112 

[2] Borst, P., de Wolf, C. and van de Wetering, K. (2006) Multidrug Resistance-Associated 
Proteins 3, 4, and 5. Pflügers Archiv—European Journal of Physiology, 453, 661-673.  
https://doi.org/10.1007/s00424-006-0054-9 

[3] Russel, F.G., Koenderink, J.B. and Masereeuw, R. (2008) Multidrug Resistance Pro-
tein 4 (MRP4/ABCC4): A Versatile Efflux Transporter for Drugs and Signalling 
Molecules. Trends in Pharmacological Sciences, 29, 200-207.  
https://doi.org/10.1016/j.tips.2008.01.006 

[4] Ritter, C.A., Jedlitschky, G., Meyer zu Schwabedissen, H., Grube, M., Köck, K. and 
Kroemer, H.K. (2005) Cellular Export of Drugs and Signaling Molecules by the 
ATP-Binding Cassette Transporters MRP4 (ABCC4) and MRP5 (ABCC5). Drug 

https://doi.org/10.4236/ajmb.2020.103013
https://doi.org/10.1073/pnas.1419939112
https://doi.org/10.1007/s00424-006-0054-9
https://doi.org/10.1016/j.tips.2008.01.006


T. P. Monsi et al. 
 

 

DOI: 10.4236/ajmb.2020.103013 198 American Journal of Molecular Biology 
 

Metabolism Reviews, 37, 253-278. https://doi.org/10.1081/DMR-200047984 

[5] Ravna, A.W. and Sager, G. (2008) Molecular Model of the Outward Facing State of 
the Human Multidrug Resistance Protein 4 (MRP4/ABCC4). Bioorganic & Medi-
cinal Chemistry Letters, 18, 3481-3483. https://doi.org/10.1016/j.bmcl.2008.05.047 

[6] Ravna, A., Sylte, I. and Sager, G. (2009) Binding Site of ABC Transporter Homology 
Models Confirmed by ABCB1 Crystal Structure. Theoretical Biology and Medical 
Modelling, 6, 1-12. https://doi.org/10.1186/1742-4682-6-20 

[7] Smith, P.C., Karpowich, N., Millen, L., Moody, E.J., Rosen, J., Thomas, J.P. and 
Hunt, F.J. (2002) ATP Binding to the Motor Domain from an ABC Transporter 
Drives Formation of a Nucleotide Sandwich Dimer. Molecular Cell, 10, 139-149.  
https://doi.org/10.1016/S1097-2765(02)00576-2 

[8] Slot, A.J., Molinski, S.V. and Cole, S.P. (2011) Mammalian Multidrug-Resistance 
Proteins (MRPs). Essays in Biochemistry, 50, 179-207.  
https://doi.org/10.1042/bse0500179 

[9] Wen, J., Luo, J., Huang, W., Tang, J., Zhou, H. and Zhang, W. (2015) The Pharma-
cological and Physiological Role of Multidrug-Resistant Protein 4. Journal of Phar-
macology and Experimental Therapeutics, 354, 358-375.  
https://doi.org/10.1124/jpet.115.225656 

[10] Schuetz, J.D., Connelly, M.C., Sun, D., Paibir, S.G., Flynn, P.M., Srinivas, R.V., 
Kumar, A. and Fridland, A. (1999) MRP4: A Previously Unidentified Factor in Re-
sistance to Nucleoside-Based Antiviral Drugs. Nature Medicine, 5, 1048-1051.  
https://doi.org/10.1038/12487 

[11] Lechner, C., Reichel, V., Moenning, U., Reichel, A. and Fricker, G. (2010) Devel-
opment of a Fluorescence-Based Assay for Drug Interactions with Human Mul-
tidrug Resistance Related Protein (MRP2; ABCC2) in MDCKII-MRP2 Membrane 
Vesicles. European Journal of Pharmaceutics and Biopharmaceutics, 75, 284-290.  
https://doi.org/10.1016/j.ejpb.2010.03.008 

[12] Smeets, P.H.E., Van Aubel, R.A.M.H., Wouterse, A.C., Van den Heuvel, J.J.M.W. and 
Russel, F.G.M. (2004) Contribution of Multidrug Resistance Protein 2 (MRP2/ABCC2) 
to the Renal Excretion of p-Aminohippurate (PAH) and Identification of MRP4 
(ABCC4) as a Novel PAH Transporter. Journal of the American Society of Neph-
rology, 15, 2828-2835. https://doi.org/10.1097/01.ASN.0000143473.64430.AC 

[13] Wielinga, P.R., Van, D.H.I., Reid, G.B.J.H., Wijnholds, J. and Borst, P. (2003) 
Characterization of the MRP4- and MRP5-Mediated Transport of Cyclic Nucleo-
tides from Intact Cells. The Journal of Biological Chemistry, 278, 17664-17671.  
https://doi.org/10.1074/jbc.M212723200 

[14] Reichel, V., Masereeuw, R., van den Heuvel, J.J.M.W., Miller, D.S. and Fricker, G. 
(2007) Transport of a Fluorescent cAMP Analog in Teleost Proximal Tubules. Amer-
ican Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 
293, 2382-2389. https://doi.org/10.1152/ajpregu.00029.2007 

[15] Piddock, L.J. (2006) Multidrug-Resistance Efflux Pumps? Not Just for Resistance. 
Nature Review in Microbiology, 4, 629. https://doi.org/10.1038/nrmicro1464 

[16] Poole, K. (2007) Efflux Pumps as Antimicrobial Resistance Mechanisms. Annals of 
Medicine, 39, 162-176. https://doi.org/10.1080/07853890701195262 

[17] Iyer, R. and Erwin, A.L. (2015) Direct Measurement of Efflux in Pseudomonas ae-
ruginosa Using an Environment-Sensitive Fluorescent Dye. Research in Microbiol-
ogy, 166, 516-524. https://doi.org/10.1016/j.resmic.2015.06.006 

[18] Martins, A., Machado, L., Costa, S., Cerca, P., Spengler, G., Viveiros, M. and Amar-
al, L. (2011) Role of Calcium in the Efflux System of Escherichia coli. International 

https://doi.org/10.4236/ajmb.2020.103013
https://doi.org/10.1081/DMR-200047984
https://doi.org/10.1016/j.bmcl.2008.05.047
https://doi.org/10.1186/1742-4682-6-20
https://doi.org/10.1016/S1097-2765(02)00576-2
https://doi.org/10.1042/bse0500179
https://doi.org/10.1124/jpet.115.225656
https://doi.org/10.1038/12487
https://doi.org/10.1016/j.ejpb.2010.03.008
https://doi.org/10.1097/01.ASN.0000143473.64430.AC
https://doi.org/10.1074/jbc.M212723200
https://doi.org/10.1152/ajpregu.00029.2007
https://doi.org/10.1038/nrmicro1464
https://doi.org/10.1080/07853890701195262
https://doi.org/10.1016/j.resmic.2015.06.006


T. P. Monsi et al. 
 

 

DOI: 10.4236/ajmb.2020.103013 199 American Journal of Molecular Biology 
 

Journal of Antimicrobial Agents, 37, 410-414.  
https://doi.org/10.1016/j.ijantimicag.2011.01.010 

[19] Paixao, L., Rodrigues, L., Couto, I., Martins, M., Fernandes, P., de Carvalho, C.C., 
Monteiro, G.A., Sansonetty, F., Amaral, L. and Viveiros, M. (2009) Fluorometric 
Determination of Ethidium Bromide Efflux Kinetics in Escherichia coli. Journal of 
Biological Engineering, 3, 18. https://doi.org/10.1186/1754-1611-3-18 

[20] Bednarczyk, D. (2010) Fluorescence-Based Assays for the Assessment of Drug Inte-
raction with the Human Transporters OATP1B1 and OATP1B3. Analytical Bio-
chemistry, 405, 50-58. https://doi.org/10.1016/j.ab.2010.06.012 

[21] Barik, S., Saini, M., Rana, M. and Gupta, P.K. (2019) Multidrug Resistance Protein 4 
(MRP4) Is Expressed as Transcript Variants in Both Gallus domesticus and Gyps 
himalyanesis. Gene, 689, 172-182. https://doi.org/10.1016/j.gene.2018.12.014 

[22] Chien, J., Wolf, F.W., Grosche, S., Yosef, N., Garriga, G. and Morck, C. (2019) The 
Enigmatic Canal-Associated Neurons Regulate Caenorhabditis elegans Larval De-
velopment through a cAMP Signaling Pathway. Genetics, 213, 1465-1478.  
https://doi.org/10.1534/genetics.119.302628 

[23] Takeuchi, K., Shibata, M., Kashiyama, E. and Umehara, K. (2012) Expression Levels 
of Multidrug Resistance-Associated Protein 4 (MRP4) in Human Leukemia and 
Lymphoma Cell Lines, and the Inhibitory Effects of the MRP-Specific Inhibitor 
MK-571 on Methotrexate Distribution in Rats. Experimental and Therapeutic Medi-
cine, 4, 524-532. https://doi.org/10.3892/etm.2012.627 

[24] van Aubel, R.A., Smeets, P.H., Peters, J.G., Bindels, R.J. and Russel, F.G. (2002) The 
MRP4/ABCC4 Gene Encodes a Novel Apical Organic Anion Transporter in Human 
Kidney Proximal Tubules: Putative Efflux Pump for Urinary cAMP and cGMP. 
Journal of the American Society of Nephrology, 13, 595-603. 

[25] Soto, S.M. (2013) Role of Efflux Pumps in the Antibiotic Resistance of Bacteria 
Embedded in a Biofilm. Virulence, 4, 223-229. https://doi.org/10.4161/viru.23724 

[26] Shriram, V., Khare, T., Bhagwat, R., Shukla, R. and Kumar, V. (2018) Inhibiting 
Bacterial Drug Efflux Pumps via Phyto-Therapeutics to Combat Threatening Anti-
microbial Resistance. Frontiers in Microbiology, 9, 2990.  
https://doi.org/10.3389/fmicb.2018.02990 

[27] Zhao, Q.Q., Chen, J.L., Lv, T.F., He, C.X., Tang, G.P., Liang, W.Q., Tabata, Y. and 
Gao, J.Q. (2009) N/P Ratio Significantly Influences the Transfection Efficiency and 
Cytotoxicity of a Polyethylenimine/Chitosan/DNA Complex. Biological and Phar-
maceutical Bulletin, 32, 706-710. https://doi.org/10.1248/bpb.32.706 

[28] Densmore, C.L., Orson, F.M., Xu, B., Kinsey, B.M., Waldrep, J.C., Hua, P., Bhogal, 
B. and Knight, V. (2000) Aerosol Delivery of Robust Polyethyleneimine-DNA Com-
plexes for Gene Therapy and Genetic Immunization. Molecular Therapy, 1, 180-188.  
https://doi.org/10.1006/mthe.1999.0021 

 
 

https://doi.org/10.4236/ajmb.2020.103013
https://doi.org/10.1016/j.ijantimicag.2011.01.010
https://doi.org/10.1186/1754-1611-3-18
https://doi.org/10.1016/j.ab.2010.06.012
https://doi.org/10.1016/j.gene.2018.12.014
https://doi.org/10.1534/genetics.119.302628
https://doi.org/10.3892/etm.2012.627
https://doi.org/10.4161/viru.23724
https://doi.org/10.3389/fmicb.2018.02990
https://doi.org/10.1248/bpb.32.706
https://doi.org/10.1006/mthe.1999.0021

	A Fluorescent Cell-Based Technique for Monitoring Efflux of MRP4
	Abstract
	Keywords
	1. Introduction
	2. Methods
	2.1. Materials
	2.2. Transformation of E. coli with pcDNA-MRP4
	2.3. Purification of the pcDNA-MRP4 Plasmid
	2.4. HEK 293 Cell Culture
	2.5. Seeding Cells into Six-Well Plates
	2.6. Western Blot Analysis and Immunoblotting with Anti-MRP4 in Rabbit
	2.7. 8-[Fluo-cAMP] Efflux Studies
	2.8. Data Analysis

	3. Results
	3.1. pcDNA-MRP4 Products of EcoRI Digestion on Agarose Gel
	3.2. MRP4 Expression in Transfected HEK 293
	3.3. 8-[Fluo-cAMP] Efflux Studies

	4. Discussion
	5. Conclusion
	Authors’ Contribution
	Conflicts of Interest
	References

