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1 by enhancing the stability of the transporter
Da Xu, Haozhe Huang, May Fern Toh, Guofeng You
Department of Pharmaceutics, Rutgers, The State University of New Jersey, Piscataway, NJ 08854, USA
Received December 8, 2015; Accepted December 14, 2015; Epub June 1, 2016; Published June 15, 2016
Abstract: Human organic anion transporter 1 (hOAT1) belongs to a family of organic anion transporters that play
critical roles in the body disposition of clinically important drugs, including anti-viral therapeutics, anti-cancer drugs,
antibiotics, antihypertensives, and anti-inflammatories. hOAT1 is abundantly expressed in the kidney and brain. In
the current study, we examined the regulation of hOAT1 by serum- and glucocorticoid-inducible kinase 2 (sgk2) in
the kidney COS-7 cells. We showed that sgk2 stimulated hOAT1 transport activity. Such stimulation mainly resulted
from an increased cell surface expression of the transporter, kinetically revealed as an increased maximal transport
velocity Vmax without significant change in substrate-binding affinity Km. We further showed that stimulation of hOAT1
activity by sgk2 was achieved by preventing hOAT1 degradation. Our co-immunoprecipitation experiment revealed
that the effect of sgk2 on hOAT1 was through a direct interaction between these two proteins. In conclusion, our
study demonstrated that sgk2 stimulates hOAT1 transport activity by enhancing the stability of the transporter. This
study provides the insights into sgk2 regulation of hOAT1-mediated transport in normal physiology and disease.
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Introduction
The organic anion transporter (OAT) family
mediates the body disposition of a diverse
array of environmental toxins and clinically
important drugs, including anti-HIV therapeutics, anti-tumor drugs, antibiotics, anti-hypertensives, and anti-inflammatories [1-5]. Therefore, understanding the regulation of these
transporters has profound clinical significance.
Multiple OAT isoforms have been identified in
distinct tissues and cell membranes. OAT1 is
highly expressed at the basolateral membrane
of the kidney proximal tubule cells and utilizes a
tertiary transport mechanism to move organic
anions across the basolateral membrane into
the proximal tubule cells for subsequent exit
across the apical membrane into the urine for
elimination. Through this tertiary transport
mechanism, Na+/K+-ATPase maintains an inwardly directed (blood-to-cell) Na+ gradient. The

Na+ gradient then drives a sodium dicarboxylate
cotransporter, sustaining an outwardly directed
dicarboxylate gradient that is utilized by a dicarboxylate/organic anion exchanger, namely OAT,
to move the organic anion substrates into the
cell. This cascade of events indirectly links
organic anion transport to metabolic energy
and the Na+ gradient, allowing the entry of a
negatively charged substrate against both its
chemical concentration gradient and the electrical potential of the cell [1-5].
The serum- and glucocorticoid-inducible kinases (sgk) are involved in controlling diverse cellular processes including sodium homeostasis,
osmoregulation, cell survival, and cell proliferation [6-11]. The sgk family of protein kinases
has three isoforms: sgk1, sgk2 and sgk3. It has
been shown that the expression, regulation,
and role of sgk2 within the mammalian kidney
are distinct from sgk1 and sgk3 [12]. Sgk1 and
sgk3 are expressed in every tissue, whereas
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sgk2 seems to be present primarily in the liver,
kidney, pancreas, and brain. Unlike sgk1 and
sgk3, sgk2 expression in the kidney was not
subjected to the regulation by aldosterone.
Immunochemical characterization localized
sgk1 protein to distal convoluted tubule, cortical and medullary collecting duct, whereas
sgk2 protein is highly expressed in kidney proximal tubule cells, where it modulates the function of membrane proteins such as Na+/H+
exchanger [12]. Based on the distinct characteristics of sgk2, we investigated whether
hOAT1, also highly expressed in kidney proximal tubule cells, is regulated by sgk2. We demonstrated a new regulatory mechanism that
sgk2 modulates hOAT1 expression and function through controlling the stability of the
transporter.
Materials and methods
Materials
COS-7 cells were purchased from American
Type Culture Collection (Manassas, VA).
[3H]-labeled p-aminohippuric acid (PAH) was
purchased from PerkinElmer (Waltham, MA).
Membrane-impermeable biotinylation reagent
NHS-SS-biotin, streptavidin-agarose beads and
protein G-agarose beads were purchased from
Pierce (Rockford, IL). cDNAs for mouse sgk2
(wild-type sgk2 and constitutive active sgk2
(CA-sgk2)) were generously provided by Dr. Alan
C. Pao from Department of Medicine, Stanford
University (Stanford, CA). Mouse anti-myc antibody (9E10) was purchased from Roche
(Indianapolis, IN). Rabbit anti-sgk2 antibody
was purchased from Cell signaling (Danvers,
MA). Mouse anti-β-actin was purchased from
Santa Cruz (Santa Cruz, CA). All other reagents
were purchased from Sigma-Aldrich (St. Louis,
MO).
Cell culture and transfection
Parental COS-7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in 5%
CO2. Transfection with plasmids was carried
out for 48 hours using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Transfected cells were
starved with serum free medium for 12 hours
for further experiments.
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Transport measurements
Cells were plated in 48-well plates. For each
well, uptake solution was added. The uptake
solution consisted of phosphate-buffered saline (PBS)/Ca2+/Mg2+ (137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.1 mM
CaCl2, and 1 mM MgCl2, pH 7.3) and [3H] PAH
(20 µM). At the times indicated, uptake process
was stopped by aspirating the uptake solution
and rapidly washing the cells with ice-cold PBS
solution. The cells were then solubilized in 0.2
N NaOH, neutralized in 0.2 N HCl, and aliquotted for liquid scintillation counting.
Cell surface biotinylation
Cell surface expression level of hOAT1 was
examined using the membrane-impermeable
biotinylation reagent, NHS-SS-biotin. Cells were
seeded in 6-well plates. Each well of cells was
incubated with 1 ml of freshly made NHS-SSbiotin (0.5 mg/ml in PBS/CM) in two successive
20 min incubations on ice with very gentle
shaking. After biotinylation, each well was briefly rinsed with 3 ml of PBS/CM containing 100
mM glycine then incubated with the same solution for 20 min on ice, to ensure complete
quenching of the unreacted NHS-SS-biotin. The
cells were then lysed on ice for 30 min in 400
ml of lysis buffer (10 mM Tris/HCl, 150 mM
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100
with 1/100 protease inhibitor mixture). The
cell lysates were cleared by centrifugation at
16,000 g at 4°C. 40 µl of streptavidin-agarose
beads was then added to the supernatant to
isolate cell membrane proteins. hOAT1 was
detected in the pool of surface proteins by
SDS-PAGE and immunoblotting using an antimyc antibody 9E10.
Degradation assay
We followed the procedure previously established in our laboratory [13]. Cells, co-transfected with hOAT1 and control vector, or with hOAT1
and CA-sgk2, underwent biotinylation with 0.5
mg/ml sulfo-NHS-SS-biotin at 4°C. After biotinylation, each dish was rinsed with 2 ml PBS
containing 100 mM glycine and then incubated
with the same solution for 20 minutes on ice, to
ensure complete quenching of the unreacted
NHS-SS-biotin. The biotin-labeled cells were
incubated in DMEM at 37°C. Cells were collected at 0, 2, 4, and 6 hours and lysed in lysis buf-
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teins, followed by immunoblotting with anti-myc
antibody.
Immunoprecipitation

Figure 1. Effect of sgk2 on hOAT1 transport activity. COS-7 cells were co-transfected with hOAT1 and
control vector, or with hOAT1 and wild type sgk2 (WTsgk2), or with hOAT1 and the constitutive active form
of sgk2 (CA-sgk2). 3-min uptake of [3H]-PAH (20 µM)
was then measured. Uptake activity was expressed
as a percentage of the uptake measured in control
cells. The data represent uptake into hOAT1-transfected cells minus uptake into mock cells (parental
COS-7 cells). Values are mean ± S.E. (n = 3). *P <
0.05.

Cells were lysed with lysis buffer (20 mM Tris/
HCl, pH 7.5, 1% Triton X-100, 2 mM EDTA, and
25 mM NaF), freshly added with 1% of protease
inhibitor cocktail. Cell lysates were precleared
with protein G-agarose beads to reduce nonspecific binding at 4°C for 1.5 hours. Anti-myc
antibody (1:100) was incubated with appropriate volume of protein G-agarose beads at 4°C
for 1.5 hours. The precleared protein sample
was then mixed with antibody-bound protein
G-agarose beads and underwent end-over-end
rotating at 4°C overnight. Proteins bound to
the protein G-agarose beads were eluted with
Urea buffer containing β-mecaptoethanol and
analyzed by immunoblotting with indicated
antibodies.
Electrophoresis and immunoblotting
Protein samples were resolved on 7.5% SDSPAGE minigels and electroblotted on to polyvinylidene difluoride membranes. The blots were
blocked for 1 hour with 5% nonfat dry milk in
PBS-0.05% Tween 20, washed, and incubated
overnight at 4°C with appropriate primary antibodies, followed by horseradish peroxidaseconjugated secondary antibodies. The signals
were detected by SuperSignal West Dura Extended Duration Substrate kit (Pierce). Nonsaturating, immunoreactive protein bands were
quantified by scanning densitometry with the
FluorChem 8000 imaging system (Alpha
Innotech Corp., San Leandro, CA).
Data analysis

Figure 2. Effect of sgk2 on the kinetics of hOAT1mediated PAH transport. COS-7 cells were co-transfected with hOAT1 and the constitutive active form of
sgk2 (CA-sgk2), or with hOAT1 and control vector. Initial uptake (3 min) of [3H] PAH was measured at the
concentration of 5-200 µM. The data represent uptake into hOAT1-transfected cells minus uptake into
mock cells (parental COS-7 cells). Values are means
± S.E. (n = 3). V, velocity; S, substrate concentration.

fer with protease inhibitor cocktail. The cell
lysates were cleared by centrifugation at
16,000 × g for 30 minutes at 4°C. 40 μl of
streptavidin agarose beads were then added to
the supernatant to isolate cell membrane pro-
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Each experiment was repeated a minimum of
three times. The statistical analysis was from
multiple experiments. Statistical analysis was
performed using Student’s paired t-tests. A
p-value of < 0.05 was considered significant.
Results
Effect of sgk2 on hOAT1 transport activity
To explore the role of sgk2 in hOAT1 function,
we co-transfected COS-7 cells with hOAT1 and
wild type sgk2 (WT-sgk2), or with hOAT1 and its
constitutive active form CA-sgk2. hOAT1-medi-
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Figure 3. Effect of sgk2 on hOAT1 expression. (A) Cell surface expression of hOAT1. COS-7 cells were co-transfected
with hOAT1 and control vector or with hOAT1 and the constitutive active form of sgk2 (CA-sgk2). Transfected cells
were labeled with membrane-impermeable biotin. Biotinylated/cell surface proteins were separated with streptavidin beads, followed by immunoblotting (IB) with an anti-myc antibody. (B) Densitometry plot of results from (A) as
well as from other repeat experiments. The values are mean ± S.E. (n = 3). *P < 0.05. (C) Total cell expression of
hOAT1. COS-7 cells were co-transfected with hOAT1 and control vector or with hOAT1 and the constitutive active
form of sgk2 (CA-sgk2). Transfected cells were lysed, followed by immunoblotting (IB) with an anti-myc antibody. (D)
Densitometry plot of results from (C) as well as from other repeat experiments. The values are mean ± S.E. (n = 3).
*P < 0.05. (E) Total cell expression of β-actin. COS-7 cells were co-transfected with hOAT1 and control vector or with
hOAT1 and the constitutive active form of sgk2 (CA-sgk2). Transfected cells were lysed, followed by immunoblotting
(IB) with an anti-β-actin antibody.

ated uptake of [3H]-PAH was then measured. As
shown in Figure 1, wild type sgk2 stimulated
~42% increase in the uptake as compared to
that in control cells; and CA-sgk2 significantly
augmented the effect of sgk2, resulting in an
additional ~85% increase in the uptake. To
examine the mechanism of sgk2-induced stimulation of hOAT1 activity, we determined hOAT1mediated uptake of [3H]-PAH at different substrate concentrations. An Eadie-Hofstee analysis of the derived data (Figure 2) showed that
the transfection of CA-sgk2 resulted in an
increase in maximal transport velocity Vmax of
hOAT1 (208.32 ± 19.48 pmol·mg-1·3 min-1 with
control cells and 328.20 ± 22.30 pmol·mg-1·3
min-1 with cells transfected with CA-sgk2) with
no significant change in the substrate-binding
affinity Km of the transporter (87.88 ± 5.40 µM
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with control cells and 86.78 ± 6.46 µM with
cells transfected with CA-sgk2).
Effect of sgk2 on hOAT1 expression
An increase in maximal transport velocity Vmax
of hOAT1 shown above could be affected by
either an increased number of the transporter
at the cell surface or an increased transporter
turnover rate (the rate at which membrane proteins transport their substrates across the
plasma membrane per unit time [14]). We performed experiments that differentiated between these possibilities by measuring transporter expression both at the cell surface and
in the total cell lysates. We showed that overexpression of CA-sgk2 resulted in an increase in
hOAT1 expression both at cell surface (Figure
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Figure 4. Effect of sgk2 on the degradation of cell surface
hOAT1. (A) COS-7 cells were co-transfected with hOAT1 and
control vector or with hOAT1 and the constitutive active
form of sgk2 (CA-sgk2). The degradation of cell surface
hOAT1 was then analyzed as described in “Materials and
Methods” section followed by immunoblotting (IB) using
anti-myc antibody. (B) Densitometry plot of results from (A)
as well as from other repeat experiments. The amount of
undegraded cell surface hOAT1 was expressed as % of total
initial cell surface hOAT1 pool. Values are mean ± S.E. (n =
3). (C) Total expression of sgk2 and house-keeping protein
β-actin. COS-7 cells were co-transfected with hOAT1 and
control vector or with hOAT1 and the constitutive active
form of sgk2 (CA-sgk2). Transfected cells were lysed, followed by immunoblotting (IB) with anti-sgk2 antibody (top
panel) or anti-β-actin antibody (bottom panel).

3A) and in total cell lysate (Figure 3C). Such
a change in hOAT1 expression was not due to
the general perturbation of cellular proteins as
the expression of the house-keeping protein
β-actin was not affected under these conditions (Figure 3E).

tein marker β-actin (Figure 4C, bottom panel)
were equally expressed in all samples tested,
indicating that the change in the degradation
rate was not due to the differences in the
amount of CA-sgk2 transfected or due to general perturbation of the cellular proteins.

Effect of sgk2 on hOAT1 stability

Interaction of sgk2 with hOAT1

Sgk2-induced increase in hOAT1 expression
may reflect an increased stability of the transporter. In this experiment, we examined such a
possibility by measuring the degradation rate
of cell surface hOAT1 in the presence and
absence of CA-sgk2. COS-7 cells were co-transfected with hOAT1 and control vector or with
hOAT1 and CA-sgk2 for 48 hours. Cell membrane proteins were then biotinylated with
membrane impermeable biotinylation reagent
sulfo-NHS-SS-biotin. Biotin-labeled cells were
lysed at 2-, 4-, and 6-hour time points after the
biotinylation, and cell surface proteins were isolated using streptavidin-agarose beads, followed by immunoblotting with anti-myc antibody (myc was tagged to hOAT1). Our results
(Figure 4A and Figure 4B) showed that the degradation rate of cell surface hOAT1 decreased
significantly in the presence of CA-sgk2 as
compared to that in control cells, suggesting
that CA-sgk2 enhanced the stability of hOAT1.
Furthermore, both CA-sgk2 (Figure 4C, top
panel) and house-keeping protein/cellular pro-

We assessed whether there was an association between sgk2 and hOAT1 through coimmunoprecipitation assay. hOAT1-expressing
cells were transfected with control vector or
with CA-sgk2. hOAT1 was then immunoprecipitated with anti-myc antibody (myc was tagged
to hOAT1) or with control IgG (as negative control), followed by immunoblotting with anti-sgk2
antibody. As shown in Figure 5A, significant
amount of CA-sgk2 co-immunoprecipitated
with hOAT1 in cells transfected with CA-sgk2
(lane 2) as compared to that in cells transfected with control vector (lane 1), suggesting a
direct association between hOAT1 and CAsgk2. No amount of CA-sgk2 was detected
when hOAT1 was immunoprecipitated with negative control IgG instead of hOAT1-specific antimyc antibody (lane 3). Furthermore, the differences in the amount of hOAT1-associated CAsgk2 were not due to the differences in the
amount of hOAT1 immunoprecipitated as equal
hOAT1 abundance could be observed when the
same immunoblot was reprobed with anti-myc
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Figure 5. The Interaction of sgk2 with hOAT1. (A) COS7 cells were co-transfected with hOAT1 and control
vector or with hOAT1 and the constitutive active form
of sgk2 (CA-sgk2). Transfected cells were then lysed,
and hOAT1 was immunoprecipitated (IP) with antimyc antibody or with control IgG (as negative control), followed by immunoblotting (IB) with anti-sgk2
antibody. (B) Top panel: The same immunoblot from
(A) was reprobed by anti-myc antibody to determine
the amount of hOAT1 immunoprecipitated. Bottom
panel: IgG signals. (C) Total expression of CA-sgk2
and β-actin. COS-7 cells were co-transfected with
hOAT1 and control vector or with hOAT1 and CA-sgk2.
Transfected cells were then lysed. The expression of
CA-sgk2 and β-actin was detected by anti-sgk2 antibody (top panel) and anti-β-actin antibody (bottom
panel), respectively.

antibody (Figure 5B, top panel, lanes 1 and 2).
The differences in the amount of CA-sgk2
detected in the co-immunoprecipitation assay
(Figure 5A) were also not due to differences in
transfection efficiency of CA-sgk2 or due to
general perturbation of cellular proteins as a
similar expression of CA-sgk2 (Figure 5C, top
panel) and a similar expression of the cellular
protein marker β-actin (Figure 5C, bottom
panel) were shown. These data suggest that
sgk2 regulates hOAT1 expression and activity
through direct interaction with the transporter.
Discussion
Active organic anion/drug transport mediated
by organic anion transporters (OATs) is a major
determinant of the effects of therapeutics and
toxic chemicals. Therefore, understanding the
molecular and cellular mechanisms underlying
OAT regulation is of clinical and pharmacologi24

cal importance. The present study revealed a
new regulatory mechanism for hOAT1-mediated
organic anion/drug transport, namely, sgk2
regulated hOAT1 transport activity through
modulating the stability of the transporter.
Our current studies were carried out in a heterologous cell system - COS-7 cells. COS-7 cells
offer several useful advantages for the study of
the cloned organic anion transporter. (i) These
cells are kidney origin. Studies in these cells
have led to the understanding of other renal
transport processes, including organic cation
transport [15, 16]. (ii) This cell line does not
express endogenous OATs. Therefore, expression of hOAT1 in these cells will allow us to dissect the transport characteristics of hOAT1
without the interference of other organic anion
transporters. (iii) The multiple signaling pathways in these cells provide a good experimental
model system for delineating the underlying
Int J Biochem Mol Biol 2016;7(1):19-26
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regulatory mechanisms of many transport processes [17, 18]. (iv) The previously published
work showed that the transport characteristics
of OATs in these cells were in a good agreement
with that observed in other systems [19-23].
Our studies in COS-7 cells pave the way for the
future work focusing on determining whether
the same mechanisms are operative in native
epithelia.
In our current study, we established that sgk2
stimulated hOAT1-mediated PAH uptake (Figure
1) as a result of an enhanced maximum transport velocity (Vmax) (Figure 2), an increased
hOAT1 expression (Figure 3), and a decreased
hOAT1 degradation rate (Figure 4). We cannot
exclude the possibility that sgk2 also regulates
the transcriptional level of hOAT1 in addition to
its stability. However, since the hOAT1 expression vector for the current study does not contain the promoter region of hOAT1, the longterm regulation at the transcriptional level cannot be investigated in this study.
Sgks, like other protein kinases, exert their
effects through phosphorylating their target
substrates. Sgks (sgk1, sgk2, sgk3) preferentially phosphorylate serine or threonine residues within the RXRXXS/T motifs [24, 25],
which overlaps with the protein kinase A (PKA)
consensus RXXS/T motifs [26]. hOAT1 does not
bear SGK consensus motifs. Instead, it contains two PKA consensus motifs within its 3rd
intracellular loop between the sixth and seventh trans-membrane domains (S276 and
T334), which could possibly serve as the potential phosphorylation site/sites by sgk2. It is also
possible that sgk2 modulates hOAT1 expression and function by phosphorylating an unconventional site(s) in hOAT1 sequence. On the
other hand, it has been reported that several
transporters and channels are modulated by
sgk1, an isoform of sgk2, not directly through
phosphorylating the transporters themselves
but rather indirectly through phosphorylating
intermediate partners such as the E3 ubiquitin
ligase Nedd4-2 [27-29]. The work aiming at
identifying the sgk2-specific phosphorylation
sites in hOAT1 and/or at identifying the intermediate partner is currently being carried out
in our lab.
In conclusion, this is the first demonstration of
a new regulatory mechanism of hOAT1 transport activity: sgk2 stimulates hOAT1 transport
25

activity by enhancing the stability of the transporter. Our study provides important insights
into the understanding of the molecular and
cellular basis of hOAT1 regulation in normal
physiology and diseases.
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