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Abstract: Human organic anion transporter 4 (hOAT4) belongs to a family of organic anion transporters that play 
critical roles in the body disposition of clinically important drugs, including anti-human immunodeficiency virus ther-
apeutics, anti-tumor drugs, antibiotics, antihypertensives, and anti-inflammatories. hOAT4 is abundantly expressed 
in the kidney and placenta. In the current study, we examined the regulation of hOAT4 by parathyroid hormone-
related protein (PTHrP) and protein kinase A (PKA) in kidney COS-7 cells. PTHrP induced a time- and concentration-
dependent stimulation of hOAT4 transport activity. The stimulation of hOAT4 activity by PTHrP mainly resulted from 
an increased cell surface expression without a change in total cell expression of the transporter. Activation of PKA by 
Bt2-cAMP also resulted in a stimulation of hOAT4 activity through an increased cell surface expression of the trans-
porter. However, PTHrP-induced stimulation of hOAT4 activity could not be prevented by treating hOAT4-expressing 
cells with the PKA inhibitor H89. We concluded that both PTHrP and activation of PKA stimulate hOAT4 activity 
through redistribution of the transporter from intracellular compartments to the cell surface. However, PTHrP regu-
lates hOAT4 activity by mechanisms independent of PKA pathway.
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Introduction

Human organic anion transporter 4 (hOAT4) 
belongs to a family of organic anion transport-
ers of 10 members (OAT1-10), which play criti-
cal roles in the body disposition of clinically 
important drugs, including anti-human immu-
nodeficiency virus therapeutics, anti-tumor 
drugs, antibiotics, antihypertensives, and anti-
inflammatories [1-5]. hOAT4 is abundantly 
expressed in the kidney and placenta [6]. In the 
kidney, hOAT4 localizes at the apical membrane 
of the proximal tubule, and functions as an 
organic anion exchanger for exchanging organic 
anions across the apical membrane. In the pla-
centa, hOAT4 is localized to the basolateral 
membrane of syncytiotrophoblasts [7]. It is 
believed that estrogen biosynthesis in the pla-
centa uses dehydroepiandrosterone sulfate 
(DHEAS), a precursor produced in large amount 
by the fetal adrenals. Accumulation of excess 
DHEAS is associated with intrauterine growth 

retardation [8]. DHEAS is an OAT4 substrate. 
Therefore, OAT4 may play an important role in 
efficient uptake of DHEAS by the placenta for 
the production of estrogens and for the protec-
tion of fetus from the cytotoxicity of DHEAS.

Given such an important role, understanding 
the regulation of hOAT4 has profound clinical 
significance. We previously showed that hOAT4 
undergoes constitutive internalization from and 
recycling back to cell surface and that activa-
tion of PKC inhibits hOAT4 transport activity 
through accelerating its internalization rate [9]. 
hOAT4 transport activity could also be inhibited 
by pregnancy-specific hormone progesterone 
(P4). However, P4 regulates hOAT4 activity by 
mechanisms independent of PKC pathway [10]. 

Parathyroid hormone-related protein (PTHrP) 
has been shown to regulate several kidney 
transporters [11, 12]. The N-terminus of PTHrP 
is highly homologous to parathyroid hormone 
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(PTH), which accounts for its ability to activate 
PTH/PTHrP receptor in the kidney. In the cur-
rent study, we investigated the effect of PTHrP 
on hOAT4 expression and function in kidney 
COS-7 cells.

Materials and methods

Materials – [3H] estrone sulfate was purchased 
from Perkin-Elmer Life and Analytical Sciences 
(Boston, MA, USA). NHS-SS-biotin and streptav-
idin-agarose beads were purchased from 
Pierce Chemical (Rockford, IL, USA). Mouse 
anti-myc antibody was purchased from Roche 
(Indianapolis, IN, USA). PTHrP fragment (1-34) 
and all other reagents were from Sigma-Aldrich 
(St. Louis, MO, USA). 

Generation of COS-7 Cells Stably Expressing 
hOAT4 – Parental COS-7 cells (from African 
green monkey kidney) were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum, penicillin/

streptomycin (100U/ml), and glucose (100mg/
ml) in a 5% CO2 atmosphere at 37°C. Cells were 
seeded at 5 x 105/well of 6-well cluster plate 
24h before transfection. cDNA plasmid encod-
ing hOAT4-tagged with myc at its carboxyl termi-
nus was transfected into COS-7 cells using 
Lipofectamine 2000 reagent, following the 
manufacturer’s instruction. Epitope myc was 
tagged to hOAT4 to facilitate the immunodetec-
tion of hOAT4. After 7 to 8 days of selection in 
medium containing 0.5mg/ml geneticin (G418; 
Invitrogen, Carlsbad, CA, USA), resistant colo-
nies were replated into 96 wells for cloning, 
expansion, and analyzing positive clones. Cells 
stably expressing hOAT4 were maintained in 
DMEM medium supplemented with 0.2mg/ml 
G418, 10% fetal bovine serum, penicillin/strep-
tomycin (100U/ml), and glucose (100mg/ml).

Transport measurement – Cells were plated in 
48-well plates. For each well, uptake solution 
was added. The uptake solution consisted of 
phosphate-buffered saline/Ca2+/Mg2+ (137mM 
NaCl, 2.7mM KCl, 4.3mM Na2HPO4, 1.4mM 
KH2PO4, 1mM CaCl2, and 1mM MgCl2, pH 7.4) 
and [3H] estrone sulfate. At the times indicated, 
the uptake was stopped by aspirating off the 
uptake solution and rapidly washing the well 
with ice-cold PBS. The cells were then solubi-
lized in 0.2 N NaOH, neutralized in 0.2 N HCl, 
and aliquotted for liquid scintillation counting. 
The uptake count was standardized by the 
amount of protein in each well. Values are 
means ± S.D. (n = 3). 

Cell surface biotinylation – Cell surface expres-
sion levels of hOAT4 were examined using the 
membrane-impermeant biotinylation reagent 
NHS-SS-biotin. The cells were seeded onto six-
well plates. After 24 hrs, the medium was 
removed and the cells were washed twice with 
3ml of ice-cold PBS, pH 8.0. The plates were 
kept on ice, and all solutions were kept ice-cold 
for the rest of the procedure. Each well of cells 
was incubated with 1ml of freshly made NHS-
SS-biotin (0.5mg/ml in PBS, pH 8.0) in two suc-
cessive 20min incubations on ice with very 
gentle shaking. Biotinylation was quenched by 
first briefly washing each well with 3ml of 
100mM glycine and followed by incubation with 
100mM glycine on ice for 20min. The cells were 
then dissolved on ice for 40min in 400µl of 
lysis buffer [10mM Tris, 150mM NaCl, 1mM 
EDTA, 0.1% SDS, 1% Triton X-100, and protease 
inhibitors (200µg/ml phenylmethylsulfonyl fluo-

Figure 1. Characterization of hOAT4 in COS-7 cells. 
Kinetic characteristics were determined at substrate 
concentration ranging from 0.05 to 30μM (4min up-
take). The data represent uptake into hOAT4-express-
ing cells minus uptake into mock cells. Values are 
mean ± S.D. (n = 3). Transport kinetic values were 
calculated using the Eadie–Hofstee transformation. 

Figure 2. Immunoblot analysis of PTH receptor ex-
pression. 40μg and 80μg proteins from COS-7 cell 
lysates were analyzed by immunoblotting with PTH 
receptor 1 antibody (1:500).
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ride and 3µg/ml leupeptin), pH 7.4]. The unlysed 
cells were removed by centrifugation at 16,000 
X g at 4°C. Streptavidin-agarose beads were 
then added to the supernatant to isolate cell 
membrane protein. hOAT4 was detected in the 
pool of surface proteins by polyacrylamide gel 

electrophoresis and immunoblotting using an 
anti-myc antibody (1:100). Myc was tagged at 
the carboxyl terminus of hOAT4 for its immuno-
detection [9].

Electrophoresis and immunoblotting – Protein 
samples (100µg) were resolved on 7.5% SDS-
PAGE mini-gels and electroblotted onto polyvi-
nylidene difluoride membranes. The blots were 
blocked for 1h with 5% nonfat dry milk in PBS-
0.05% Tween, and incubated overnight at 4°C 
with anti-myc antibody (1:100). The membranes 
were washed and then incubated with goat 
anti-mouse IgG conjugated to horseradish per-
oxidase (1: 5,000), and signals were detected 
using a SuperSignal West Dura extended dura-
tion substrate kit. Images were captured by 
Fluorchem ®8800 system (Alpha Innotech, San 
Leandro, CA, USA). Density of bands was ana-
lyzed by Quantity One software (Bio-Rad, 
Hercules, CA, USA).

Data analysis – Each experiment was repeated 
a minimum of three times. The statistical analy-
sis given was from multiple experiments. 
Statistical analysis was performed using 
Student’s paired t-tests. A P value < 0.05 was 
considered significant. 

Results

Characterization of hOAT4 in COS-7 Cells – To 
study the mechanisms underlying regulation of 
hOAT4-mediated drug transport, we estab-

Figure 3. Effect of PTHrP on hOAT4 transport activity. hOAT4-expressing cells were treated with PTHrP at 0-2µM 
(a), or at 0-45min (b), followed by [3H] estrone sulfate uptake (4min, 100nM). Uptake activity was expressed as a 
percentage of the uptake measured in untreated cells. The results represent data from 3 experiments. The uptake 
values in mock cells (parental COS-7 cells) were subtracted. Values are means ± SE (n = 3). 

Figure 4. Effect of PKA activator Bt2-cAMP on hOAT4 
transport activity. hOAT4-expressing cells were treat-
ed with Bt2-cAMP (75μM, 30min) in the presence 
and absence of PKA inhibitor H89 (10μM, 5min), fol-
lowed by [3H] estrone sulfate uptake (4min,100nM). 
Uptake activity was expressed as a percentage of the 
uptake measured in untreated cells. The results rep-
resent data from 3 experiments. The uptake values 
in mock cells (parental COS-7 cells) were subtracted. 
Values are means ± SE (n = 3). 
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lished COS-7 cells stably expressing hOAT4. 
The hOAT4-mediated transport of estrone sul-
fate across the cell membrane was saturable. 
Based on Eadie-Hofstee plot analysis (Figure 
1), the Km value for estrone sulfate was 5.9µM 

and Vmax was 18.9 pmol/mg/4 min. Such trans-
port characteristic is consistent with that of 
hOAT4 in other system (6), suggesting that 
COS-7 cells are suitable model for studying 
hOAT4.

Expression of PTH receptor – PTHrP exerts its 
action through PTH/PTHrP 1 receptor. We 
examined whether such receptor is expressed 
in kidney COS-7 cells. Immunoblotting using 
anti-PTH receptor antibody detected a specific 
immuno-reactive band at ~ 80 kDa (Figure 2), 
indicating that COS-7 cells are appropriate sys-
tem for the investigation of PTHrP action on 
hOAT4.

Effects of PTHrP on hOAT4 activity – We next 
examined whether treatment with PTHrP could 
affect hOAT4 transport activity. Since the hOAT4 
expression vector for the current study does 
not contain the promoter region of hOAT4, the 
long-term regulation at the transcriptional level 
cannot be investigated. We only focused on the 
short-term regulation of the transporter (within 
a time frame of 1h). PTHrP induced a time- and 
concentration-dependent stimulation of 
estrone sulfate uptake (Figure 3) with maxi-
mum stimulation at 2μM of PTHrP for 30-45min 
incubation. 

Effect of PKA on hOAT4 activity – It was previ-
ously shown that PTHrP exerts its effect through 
several signal transduction pathways including 

Figure 5. Effects of PTHrP and PKA on cell surface and total cell expression of hOAT4. A: Top panel: Cell surface 
expression of hOAT4. COS-7 cells stably expressing hOAT4 were treated with PTHrP (2μM, 30min) or PKA activator 
Bt2-cAMP (75μM, 30min). Treated cells were biotinylated, and the labeled cell surface proteins were precipitated 
with streptavidin beads and separated by SDS-PAGE, followed by immunoblotting with anti-myc antibody (1:500). 
Bottom panel: Total expression of hOAT4. COS-7 cells stably expressing hOAT4 were treated with PTHrP or PKA acti-
vator Bt2-cAMP. Treated cells were lyzed, followed by immunoblotting with anti-myc antibody. B: Densitometry plot of 
results from Figure 5a as well as from other experiments. Surface hOAT4 in PTHrP- and Bt2-cAMP-treated cells was 
expressed as % of surface hOAT4 in control cells. Values are mean ± S.E. (n = 3).

Figure 6. Effect of PKA inhibitor H89 on PTHrP-in-
duced stimulation of hOAT4 activity. hOAT4-express-
ing cells were pretreated with H89 (10µM, 5min) 
followed by incubation with PTHrP (2μM, 30min) in 
the presence or absence of H89. The uptake of [3H] 
estrone sulfate (4min, 100nM) was then performed. 
The results represent data from three experiments. 
The uptake values in mock cells (parental COS-7 
cells) were subtracted. Values are mean ± S.D. (n = 
3). 
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PKA and PKC [12]. To examine whether PKA 
has the same effect on hOAT4 as that of PTHrP, 
we treated cells with PKA activator Bt2-cAMP, 
followed by measuring hOAT4-mediated uptake 
of estrone sulfate. As shown in Figure 4, Bt2-
cAMP significantly stimulated estrone sulfate 
uptake, which was reversed in the presence of 
PKA-specific inhibitor H89, suggesting that 
Bt2-cAMP-stimulated hOAT4 activity is 
PKA-dependent.

Effect of PTHrP and PKA on hOAT4 expression 
– To understand the underlying mechanisms of 
PTHrP- and PKA-stimulated hOAT4 activity, we 
examined the cell expression of hOAT4. As 
shown in Figure 5, Treatment of hOAT4 express-
ing cells with PTHrP or Bt2-cAMP resulted in an 
increase in cell surface expression of hOAT4 
without affecting the total expression of the 
transporter.

Relationship of PTHrP and PKA – Both PTHrP 
and the PKA activator Bt2-cAMP stimulated 
hOAT4 activity through an increased cell sur-
face expression of the transporter. This led us 
to hypothesize that PTHrP exerts its effect 
through the activation of PKA. To test this 
hypothesis, we treated hOAT4-expressing cells 
with PTHrP in the presence of the PKA inhibitor 
H89. As shown in Figure 6, H89 could not 
reverse the stimulatory effect of PTHrP on 
hOAT4 activity. 

Discussion

The major finding from the current study is that 
both PTHrP and PKA stimulate hOAT4 transport 
activity through increasing the surface expres-
sion of the transporter. However, PTHrP does 
not exert its action on hOAT4 through activation 
of PKA.

To study the regulation of hOAT4, we estab-
lished COS-7 cells stably expressing the trans-
porter. Although native systems that endoge-
nously express transporters are great assets to 
identify the endogenous stimuli controlling the 
transporter function, heterogenous expression 
systems are useful for asking mechanistic 
questions with regard to understanding the 
trafficking and regulation of the transporter. 
COS-7 cells were directly derived from the kid-
ney and have been very useful in understand-
ing other renal transport processes and cellular 
functions, including organic cation transport 
[13, 14]. This cell line does not express endog-

enous OATs. Therefore, expression of hOAT4 in 
COS-7 cells will allow us to dissect the transport 
characteristics of hOAT4 in a relevant mamma-
lian system without the possibly confounding 

effects of other organic anion transporters. 
Furthermore, these cells possess endogenous 

PKC and PKA signaling pathways and provide a 
good experimental model system for studying 
the regulatory mechanisms underlying many 
transport processes [15, 16]. These useful 
advantages of COS-7 cells make them a power-
ful system for study of the cloned organic anion 
transporter. Our functional characterization of 
hOAT4 (Figure 1) showed that the kinetic prop-
erties of hOAT4 in these cells are comparable to 
that of hOAT4 in other systems [9].

Previous studies showed that PTHrP activates 
PTH/PTHrP receptor in several cell types. In 
addition, this receptor can couple to multiple 
G-proteins and thereby activate several signal 
transduction pathways including PKA and PKC 
pathways [17-19]. In our study, we showed that 
both PTHrP and PKA activator Bt2-cAMP stimu-
lated hOAT4 transport activity through increas-
ing the cell surface expression of the transport-
er. Interestingly, PKA inhibitor H89 could not 
reverse PTHrP’s action, suggesting that PTHrP 
and PKA exert their action on hOAT4 indepen-
dently, but not in a synergistic manner. It seems 
however unlikely that PKC plays a role in this 
process because we previously showed that 
activation of PKC led to an inhibition, instead of 
stimulation, of hOAT4 function [9]. The opposite 
effects of PKA and PKC on hOAT4 fine-tune its 
drug transport activity.

An increase in cell surface expression of hOAT4 
by treatment with PTHrP or Bt2-cAMP could 
arise from several possibilities. We recently 
showed that the members of OAT family under-
go constitutive internalization from and recy-
cling back to cell surface [9, 20]. Therefore, an 
increase in cell surface expression of hOAT4 
could result from a decrease in its rate of inter-
nalization, an increase in its rate of recycling or 
a combination of both.

In conclusion, our current study demonstrated 
that 1) COS-7 cells are suitable model for char-
acterizing hOAT4. 2) Both PTHrP and PKA stimu-
late hOAT4 transport activity through increasing 
the surface expression of the transporter. 3) 
PTHrP regulates hOAT4 activity by mechanisms 
independent of PKA pathway.



Regulation of hOAT4 by PTHrP and PKA

327 Int J Biochem Mol Biol 2012;3(3):322-327

Acknowledgments

This work was supported by grants (to Dr. 
Guofeng You) from the National Institute of 
Health (R01-DK 60034 and R01-GM 079123). 

Address correspondence to: Dr. Guofeng You, 
Department of Pharmaceutics, Rutgers, The State 
University of New Jersey, 160 Frelinghuysen Road, 
Piscataway, NJ 08854, USA. Tel: 848-445-6349; 
E-mail: gyou@rci.rutgers.edu

References

[1] You G. Structure, function, and regulation of 
renal organic anion transporters. Med Res Rev 
2002; 22: 602-616.

[2] Srimaroeng C, Perry JL, Pritchard JB. Physiolo-
gy, structure, and regulation of the cloned or-
ganic anion transporters. Xenobiotica 2008; 
38: 889-935.

[3] Dantzler WH, Wright SH. The molecular and 
cellular physiology of basolateral organic anion 
transport in mammalian renal tubules. Bio-
chim Biophys Acta 2003; 1618: 185-193.

[4] VanWert AL, Gionfriddo MR, Sweet DH. Organic 
anion transporters: discovery, pharmacology, 
regulation and roles in pathophysiology. Bio-
pharm Drug Dispos 2010; 31: 1-71.

[5] Ahn SY, Nigam SK. Toward a systems level un-
derstanding of organic anion and other multi-
specific drug transporters: a remote sensing 
and signaling hypothesis. Mol Pharmacol 76: 
2009; 481-490.

[6] Cha SH, Sekine T, Kusuhara H, Yu E, Kim JY, 
Kim DK, Sugiyama Y, Kanai Y, Endou H. Mo-
lecular cloning and characterization of multi-
specific organic anion transporter 4 expressed 
in the placenta. J Biol Chem 2000; 275: 4507-
4512.

[7] Ugele B, St-Pierre MV, Pihusch M, Bahn A, 
Hantschmann P. Characterization and identifi-
cation of steroid sulfate transporters of human 
placenta. Am J Physiol Endocrinol Metab 284: 
2003; E390–E398.

[8] Rabe T, Hosch R, Runnebaum B. Diagnosis of 
intrauterine fetal growth retardation (IUGR) 
and placental insufficiency by a dehydroepian-
drosterone sulfate (DHAS) loading test. Biol 
Res Pregnancy Perinatol 1983; 4: 130–136.

[9] Zhang Q, Pan Z, You G. Regulation of human 
organic anion transporter 4 by protein kinase C 
and NHERF-1: altering the endocytosis of the 
transporter. Pharm Res 2010; 27: 589-96.

[10] Zhou F, Hong M, You G. Regulation of human 
organic anion transporter 4 by progesterone 
and protein kinase C in human placental BeWo 
cells. Am J Physiol Endocrinol Metab 2007; 
293: E57-61.

[11] Maeda S, Wu S, Green J, Kim H, Bosch R, Lee 
I, Adams J, Clemens TL, Kurtz I. The N-terminal 
portion of parathyroid hormone-related protein 
mediates the inhibition of apical Na+/H+ ex-
change in opossum kidney cells. J Am Soc 
Nephrol 1998; 9: 175-81.

[12] Azarani A, Goltzman D, Orlowski J. Parathyroid 
hormone and parathyroid hormone-related 
peptide inhibit the apical Na+/H+ exchanger 
NHE-3 isoform in renal cells (OK) via a dual sig-
naling cascade involving protein kinase A and 
C. J Biol Chem 1995 Aug 25; 270: 20004-10.

[13] Zhang X, Evans KK, Wright SH. Molecular clon-
ing of rabbit organic cation transporter rbOCT2 
and functional comparisons with rbOCT1. Am J 
Physiol Renal Physiol 2002; 283: F124-133.

[14] Nagai K, Takikawa O, Kawakami N, Fukao M, 
Soma T, Oda A, Nishiya T, Hayashi M, Lu L, Na-
kano M, Kajita E, Fujita H, Miwa S. Cloning and 
functional characterization of a novel up-regu-
lator, cartregulin, of carnitine transporter, 
OCTN2. Arch Biochem Biophys 2006; 452: 29-
37.

[15] Kazanietz MG, Caloca MJ, Aizman O, Nowicki 
S. Phosphorylation of the catalytic subunit of 
rat renal Na+, K+-ATPase by classical PKC iso-
forms. Arch Biochem Biophys 2001; 388: 74-
80.

[16] Cobb BR. A(2) adenosine receptors regulate 
CFTR through PKA and PLA. Am J Physiol Lung 
Cell Mol Physiol 2002; 282: L12-25.

[17] Wu S, Pirola CJ, Green J, Yamaguchi DT, Okano 
K, Jueppner H, Forrester JS, Fagin JA, Clemens 
TL. Effects of N-terminal, midregion, and C-ter-
minal parathyroid hormone-related peptides 
on adenosine 3’,5’-monophosphate and cyto-
plasmic free calcium in rat aortic smooth mus-
cle cells and UMR-106 osteoblast-like cells. 
Endocrinology 1993; 133: 2437-44.

[18] Bringhurst FR, Juppner H, Guo J, Urena P, Potts 
JT Jr, Kronenberg HM, Abou-Samra AB, Segre 
GV. Cloned, stably expressed parathyroid hor-
mone (PTH)/PTH-related peptide receptors ac-
tivate multiple messenger signals and biologi-
cal responses in LLC-PK1 kidney cells. 
Endocrinology 1993; 132: 2090-8.

[19] Fujimori A, Miyauchi A, Hruska KA, Martin KJ, 
Avioli LV, Civitelli R. Desensitization of calcium 
messenger system in parathyroid hormone-
stimulated opossum kidney cells. Am J Physiol 
1993; 264: E918-24.

[20] Zhang Q, Hong M, Duan P, Pan Z, Ma J, You G. 
Organic anion transporter OAT1 undergoes 
constitutive and protein kinase C-regulated 
trafficking through a dynamin- and clathrin-de-
pendent pathway. J Biol Chem 2008 Nov 21; 
283: 32570-9.

mailto:gyou@rci.rutgers.edu

