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Activation of Protein Kinase A Stimulates SUMOylation, Expression,
and Transport Activity of Organic Anion Transporter 3
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Abstract. Organic anion transporter 3 (OAT3) plays a vital role in removing a broad
variety of anionic drugs from kidney, thus avoiding their possible toxicity in the body. We
earlier established that activation of protein kinase C (PKC) enhances OAT3 ubiquitination,
which promotes OAT3 internalization from the cell plasma membrane to intracellular
endosomes and consequent degradation. As a result, OAT3 expression and transport activity
are reduced. In the current study, we discovered that protein kinase A (PKA) had an
opposite effect to PKC on the regulation of OAT3. We showed that activation of PKA by
Bt2-cAMP stimulated OAT3 transport activity, which was largely caused by an enhanced
plasma membrane expression of the transporter, kinetically reflected as an augmented
maximal transport velocity Vmax without notable alteration in substrate-binding affinity Km.
Additionally, we showed that PKA activation accelerated the rate of OAT3 recycling from
intracellular compartments to the plasma membrane and decelerated the rate of OAT3
degradation. We further showed that OAT3 is subjected to post-translational modification by
SUMO-2 and SUMO-3 not by SUMO-1. PKA activation enhanced OAT3 SUMOylation,
which was accompanied by a reduced OAT3 ubiquitination. Finally, insulin-like growth factor
1 significantly stimulated OAT3 transport activity and SUMOylation through PKA signaling
pathway. In conclusion, this is the first demonstration that PKA stimulated OAT3 expression
and transport activity by altering the trafficking kinetics of OAT3 possibly through the
crosstalk between SUMOylation and ubiquitination. Our studies are consistent with a remote
sensing and signaling model for transporters (Wu et al. in Mol Pharmacol. 79(5):795–805,
2011).
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INTRODUCTION

Organic anion transporter 3 (OAT3) is a member of the
organic anion transporter family, which plays vital parts in the
removal of many drugs from the kidney, such as antiviral
drugs, anti-tumor therapeutics, antibiotics, and antihyperten-
sive and anti-inflammatory drugs, and thereby avoiding their
possible toxicity in the body (1–6).

The transport activity of OAT3 relies on its expression
level at the plasma membrane. Our laboratory has earlier
established that OATs naturally internalize from and recycle
back to the plasma membrane. A crucial event prior to OAT
internalization is the modification of lysine residues of cell
surface OAT by ubiquitin conjugation. Ubiquitin is an 8-kDa
polypeptide, and, when attached to cell surface OAT, can be

identified by the elements of cell surface internalization
machinery, and triggers OAT internalization from the plasma
membrane to intracellular early endosomes partly through a
clathrin-mediated pathway. As soon as in the endosomes,
OAT either becomes deubiquitinated and recycles back to the
plasma membrane or targets to a proteolytic system for
degradation. We further demonstrated that activation of
protein kinase C (PKC) downregulates OAT transport
activity by enhancing OAT ubiquitination, which promotes
an accelerated OAT internalization from the plasma mem-
brane to intracellular early endosomes and subsequent
degradation without affecting OAT recycling. Therefore, the
expression level of OAT at the plasma membrane is
significantly reduced, which results in a significant decrease
in OAT transport activity. Clearly, post-translational modifi-
cation of OAT by ubiquitination is a major mechanism that
governs PKC-regulated OAT trafficking and transport activity
(7–10).

Another important ubiquitin-like modifier is the small
ubiquitin-related modifier (SUMO) (11,12). The SUMO
family consists of three functional isoforms SUMO1–3. All
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three are polypeptides of ~ 12 kDa and are broadly detected
in many tissues, including brain, liver, and kidney. SUMO2
and SUMO3 are regularly mentioned as SUMO2/3 as they
have 97% identity. In contrast, SUMO2/3 is only ~ 50%
identical in the sequence with SUMO-1. Consistent with such
sequence differences, SUMO1 and SUMO2/3 modify differ-
ent substrates in vivo. The modification of substrate proteins
by SUMOylation involves the consecutive steps of the E1
SUMO-activating enzymes and the E2 SUMO-conjugating
enzyme 9 (Ubc9). This process leads to the formation of an
isopeptide bond between the carboxy-terminal glycine of
SUMO and lysine residues of specific target proteins.
Although chemically stable, modification by SUMO is
reversible by specific isopeptidases that break the bond
between SUMO and the lysine residue(s) of target substrate.
SUMOylation was initially identified as a major regulatory
mechanism of protein function on nuclear proteins. Within
the last decade, more and more membrane proteins such as
channels and receptors were identified as SUMO substrates
(13–19). And the roles of SUMOylation in the regulation of
these membrane proteins have been investigated. Recently, it
has become obvious that ubiquitin and SUMO, although
performing different biological functions, frequently commu-
nicate and cooperatively affect the properties of shared
substrate proteins, in certain cases by modifying the same
site in a competitive manner (20,21). Whether OAT is subject
to the regulation by SUMOylation is currently unknown.

Contrary to the inhibitory effect of PKC on OATs,
protein kinase A (PKA) has been shown to stimulate OAT
activity (22–24). However, its mechanism of action is not well
understood. A thorough understanding of PKA-regulated
OAT activity is of high significance because various physio-
logical stimuli such as insulin-like growth factor exert its
biological effect through the activation of PKA (25). In the
present study, we examined the mechanism of PKA action on
OAT3. We demonstrated that PKA stimulated OAT3 expres-
sion and transport activity by altering the trafficking kinetics
of the transporter possibly through the crosstalk between
ubiquitination and SUMOylation.

MATERIALS AND METHODS

Materials

COS-7 cells were obtained from ATCC (Manassas, VA).
[3H]-labeled estrone sulfate (ES) was obtained from
PerkinElmer (Waltham, MA). Membrane-impermeable bio-
tinylation reagent NHS-SS-biotin, streptavidin-agarose beads,
and protein G-agarose beads were obtained from Pierce
(Rockford, IL). cDNAs for HA-tagged SUMO-1, SUMO-2,
SUMO-3, and Ubc9 were kindly provided by Dr. Jorge A
Iñiguez-Lluhí from the University of Michigan Medical
School. Mouse anti-Myc antibody (9E10) was obtained from
Roche (Indianapolis, IN). Rabbit anti-HA antibody and
mouse anti-E-Cadherin antibody were obtained from Abcam
(Cambridge, MA). Mouse anti-ubiquitin antibody and mouse
anti-β-actin were obtained from Santa Cruz (Santa Cruz,
CA). Dibutyryl cyclic-AMP sodium salt (Bt2-cAMP), H-89
dihydrochloride hydrate (H-89), Insulin-like Growth Factor I
human (IGF-1), and all other reagents were from Sigma-
Aldrich (St. Louis, MO).

Cell Culture and Transfection

Parental COS-7 cells were cultured in DMEM medium
(Invitrogen, Carlsbad, CA) containing10% fetal bovine
serum at 37°C in 5% CO2. Cells stably expressing human
OAT3 (hOAT3) were maintained in DMEM containing
0.2 mg/ml G418 (Invitrogen, Carlsbad, CA), 10% fetal bovine
serum.

Transfection with cDNA plasmids was done for 48 h
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), fol-
lowing the manufacturer’s instructions.

Transport Measurements

The uptake solution consisted of PBS/Ca2+/Mg2+

(pH 7.3) and [3H] estrone sulfate (ES) (0.3 μM). The uptake
solution was added to the cells. At an indicated period of
time, uptake was ended by aspirating the uptake solution and
rapidly washing the cells with ice-cold PBS solution. The cells
were then lysed in 0.2 N NaOH, neutralized in 0.2 N HCl, and
aliquoted for liquid scintillation counting.

Cell Surface Biotinylation

The amount of hOAT3 at the cell surface was deter-
mined using the membrane-impermeable biotinylation re-
agent, NHS-SS-biotin as described in our previous
publications (9,26). The hOAT3 in the pool of surface
proteins was detected by SDS-PAGE and immunoblotting
using an anti-Myc antibody 9E10.

Recycling Assay

We followed the procedure previously established in our
laboratory (7). hOAT3-expressing cells were biotinylated with
sulfo-NHS-SS-biotin at 4°C to label hOAT3 at the plasma
membrane. Then, one set of cells was unceasingly biotinyl-
ated at 4°C. The duplicate set of cells was warmed to 37°C
and unceasingly biotinylated at 37°C. At the indicated time
points, biotinylation was ended and biotin-labeled hOAT3
was examined by SDS-PAGE and immunoblotting as de-
scribed above. Recycled hOAT3 was calculated as the
difference between hOAT3 biotin-labeled at 37°C and
hOAT3 biotin-labeled at 4°C.

Internalization Assay

We followed the procedure established in our laboratory
(7,9) using a biotinylation approach in conjunction with
immunoblotting. Relative OAT3 internalized was calculated
as % of the total initial cell surface OAT3 pool.

Degradation Assay

The procedure previously established in our laboratory was
followed (9,27). The hOAT3-expressing cells were subjected to
biotinylation with 0.5 mg/ml sulfo-NHS-SS-biotin at 4°C,
followed by the quenching of the unreacted NHS-SS-biotin with
2 ml PBS containing 100 mM glycine. The biotin-labeled cells
were incubated with Bt2-cAMP at indicated time points and
then lysed in lysis buffer with protease inhibitor cocktail, and
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centrifugated at 16,000×g at 4°C; 40 μl of streptavidin-agarose
beads were then added to the supernatant to isolate plasma
membrane proteins, followed by immunoblotting with anti-Myc
antibody.

Immunoprecipitation

We followed the procedure previously established in our
laboratory (27,28). The cells were lysed with lysis buffer.
Protein concentration for each sample was measured and
same amount of proteins (1000 μg) were incubated with 30 μl
protein G-agarose beads at 4°C for 2 h to reduce the
nonspecific binding. Meanwhile, appropriate primary anti-
body (1:100) was incubated with 30 μl protein G-agarose
beads (Pierce, Rockford, IL) at 4°C for 2 h. After the 2-h
incubation, the precleared protein sample was mixed with
antibody-bound protein G-agarose beads at 4°C overnight.
On day 2, the immunoprecipitated proteins were washed with
lysis buffer three times, followed with elution and immuno-
blot with indicated antibodies.

Electrophoresis and Immunoblotting

We followed the procedure previously established in our
laboratory (27,28). Protein samples were separated on SDS-
PAGE minigels (Bio-Rad, Hercules, CA) and electroblotted
on to PVDF membranes (Invitrogen, Carlsbad, CA). The
blots were treated with 5% nonfat dry milk for 1 h in PBS-
Tween 20 (PBST; 0.05% Tween-20 in PBS) at room
temperature, washed, and incubated at 4°C with appropriate
primary antibodies. Then the blots were incubated with
horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature, followed by detection with
SuperSignal West Dura Extended Duration Substrate kit
(Pierce, Rockford, IL). FluorChem 8000 imaging system
(Alpha Innotech Corp., San Leandro, CA) was used to
quantify the nonsaturating, immunoreactive protein bands.

Data Analysis

Each experiment was repeated a minimum of three
times. The statistical analysis was from multiple experiments.
Between two groups, statistical analysis was performed using
Student’s paired t tests. Among multiple treatments, one-way
ANOVA (Figs. 1, 3, 7d, 8, and 9a) or two-way ANOVA
(Figs. 4, 5, and 6) Tukey’s test was applied by using GraphPad
Prism software (GraphPad Software Inc., San Diego, CA). A
P value of < 0.05 was considered significant.

RESULTS

Effect of PKA on hOAT3 Transport Activity

To examine the role of PKA in hOAT3 function, we
treated hOAT3-expressing COS-7 cells with PKA activator
Bt2-cAMP, followed by the measurement of hOAT3-
mediated uptake of [3H] estrone sulfate (ES), a prototypical
substrate for hOAT3. As shown in Fig. 1a, Bt2-cAMP
induced a dose-dependent rise in the uptake compared with
that in control cells with a ~ 40% stimulation at Bt2-cAMP
concentration of 10 μM. Such Bt2-cAMP-induced increase in

hOAT3 transport activity was abrogated in the presence of a
PKA-specific inhibitor H-89 (H-89 alone did not show
nonspecific cytotoxicity) (Fig. 1b), confirming the specific
regulation of hOAT3 by PKA. To investigate the mechanism
underlying PKA-induced increase in hOAT3 activity, we
measured hOAT3-mediated uptake of [3H] ES at various
substrate concentrations. An Eadie-Hofstee analysis (Fig. 2)
revealed that activation of PKA by Bt2-cAMP caused an
augmented maximal transport velocity Vmax of hOAT3
(147.33 ± 18.72 pmol mg−1 4 min−1 with control cells and
230.18 ± 16.46 pmol mg−1 4 min−1 with cells treated with Bt2-
cAMP) without notable alteration in the substrate-binding
affinity Km of the transporter (6.08 ± 0.65 μM with control
cells and 5.84 ± 0.56 μM with cells treated with Bt2-cAMP).

Effect of PKA on hOAT3 Expression

Two possibilities could be responsible for a rise in the
maximal transport velocity Vmax of hOAT3 shown in Fig. 2:
either the quantity of the transporter at the plasma mem-
brane could be increased or the transporter turnover rate
could be enhanced. We conducted analyses that differentiate
between these likelihoods by looking at the expression of the
transporter both at the plasma membrane and in the total cell
extracts. We revealed that PKA activation by Bt2-cAMP led
to an increase of hOAT3 expression at the cell surface (Fig.
3a, top panel), without altering its total expression (Fig. 3d,
top panel). Such a change in hOAT3 expression at the plasma
membrane was not because of the overall disturbance of
membrane proteins since the expression of plasma membrane
protein marker E-cadherin was not affected under these
situations (Fig. 3a, bottom panel; Fig. 3c).

Effect of PKA hOAT3 Trafficking

We earlier demonstrated that the members of the OAT
family naturally internalizes from and recycle back to the
plasma membrane. In the current experiment, we assessed
whether PKA-induced increase of OAT expression at the cell
surface could result from altered trafficking kinetics. First, we
examined whether PKA activation alters the rate of hOAT3
recycling. We observed that the quantity of surface-labeled
hOAT3 recycled to the cell surface in the presence of PKA
activator Bt2-cAMP was higher than that in the absence of
Bt2-cAMP (Fig. 4a, top panel), while the amounts of
membrane protein marker E-cadherin were comparable
between Bt2-cAMP-treated group and non-treated group at
indicated time points (Fig. 4a, bottom panel), suggesting that
PKA activation enhanced the rate of hOAT3 recycling. We
next examined whether PKA activation alters the rate of
hOAT3 internalization. We observed that the quantity of
surface-labeled hOAT3 internalized with the PKA activator
Bt2-cAMP present was similar as that in the absence of Bt2-
cAMP (Fig. 5), indicating that PKA activation does not affect
the rate of hOAT3 internalization.

Effect of Long-Term PKA Activation on hOAT3 Stability

The above experiments were carried out with a short-term
PKA activation (with 30-min Bt2-cAMP treatment). The effect
of long-term activation of PKA (Bt2-cAMP treatment for 3 h
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and 6 h) on cell surface hOAT3 was next evaluated using a
biotinylation approach. Our results (Fig. 6) showed that there
was significantly less amount of hOAT3 degraded after 3 h and
6 h of treatment with PKA activator Bt2-cAMP as compared to
that of control (Fig. 6a, top panel), while the amounts of
membrane protein marker E-cadherin were comparable be-
tween Bt2-cAMP-treated group and non-treated group at

indicated time points (Fig. 6a, bottom panel), indicating that
PKA activation slowed down the degradation rate of hOAT3.

Effect of PKA on hOAT3 SUMOylation

The SUMO family consists of three functional isoforms
SUMO1–3. To examine whether hOAT3 is a substrate for
SUMOylation, we transfected hOAT3-expressing cells with
epitope HA-tagged SUMO-1, SUMO-2, or SUMO-3 together
with Ubc9, an enzyme catalyzing the conjugation of SUMO to
its protein substrate. Transfected cells were then lysed, and
hOAT3 was immunoprecipitated with anti-Myc antibody
(hOAT3 was tagged with the Myc epitope), followed by
immunoblotting (IB) with anti-HA antibody to detect
SUMOylated hOAT3. As shown in Fig. 7a, top panel, hOAT3
was SUMOylated by SUMO-2 and SUMO-3 but not by
SUMO-1. hOAT3 SUMOylation depended on the amount of
Ubc9 transfected with the maximum SUMOylation at 2.4 μg
of Ubc9 (Fig. 7b, top panel). When cells were treated with
PKA activator Bt2-cAMP, hOAT3 SUMOylation by SUMO-
2 conjugation was significantly enhanced in comparison to
that in control cells (Fig. 7c, top panel). Moreover, Bt2-
cAMP-enhanced hOAT3 SUMOylation was abrogated in the
presence of PKA-specific inhibitor H-89 (Fig. 7c, top panel),
suggesting that hOAT3 SUMOylation is PKA-dependent.
The difference in the hOAT3 SUMOylation was not due to
the variance in the amount of hOAT3 immunoprecipitated
because similar quantity of hOAT3 was pulled down in all
samples (bottom panels of Fig. 7a, b, and c).

Effect of PKA on hOAT3 Ubiquitination

We earlier demonstrated that protein kinase C (PKC)
downregulates hOAT3 activity by enhancing ubiquitin conjuga-
tion to the transporter. In contrast to the inhibitory effect of PKC
on hOAT3, PKA activation stimulated hOAT3 activity. We,

[
f

o
e

k
at

p
U

3
H

] 
e

n
o

rt
s

e
)l

o
rt

n
o

c
f

o
%

(
et

afl
u

s

*

*

Control                   1μM                      10μM   (Bt2-cAMP)

*

Treatment          Control             Bt2-cAMP       Bt2-cAMP + H-89          H-89

U
p
ta

k
e
 o

f 
[3

H
] 
e

s
tr

o
n
e

s
u
lf
a
te

 (
%

 o
f 
c
o
n
tr

o
l)
 

a b

Fig. 1. a Effect of PKA activator Bt2-cAMP on hOAT3 transport activity. hOAT3-expressing cells were treated with Bt2-cAMP at various
doses for 30 min. Four-minute uptake of [3H] estrone sulfate (ES, 0.3 μM) was then determined. Transport activity was expressed as % of the
uptake in control cells (mock cells). The data correspond to the uptake into hOAT3-expressing cells minus uptake into mock cells and was
normalized to protein concentration. Values are mean ± SD (n = 3). *P < 0.05. b Selectivity of PKA on hOAT3 transport activity. hOAT3-
expressing cells were pretreated with or without a PKA inhibitor H-89 (4 μM, 10 min). After that, the cells were treated with PKA activator
Bt2-cAMP (10 μM, 30 min) with or without PKA inhibitor H-89 (4 μM, 30 min), or H-89 alone, followed by measuring the uptake of [3H]
estrone sulfate (ES, 4 min, 0.3 μM). Transport activity was expressed as % of the uptake in control cells. The data correspond to the uptake
into hOAT3-expressing cells minus uptake into mock cells and was normalized to protein concentration. Values are mean ± SD (n = 3).
*P < 0.05
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Fig. 2. Effect of PKA activator Bt2-cAMP on the kinetics of hOAT3-
mediated transport of estrone sulfate. hOAT3-expressing cells were
treated with the Bt2-cAMP (10 μM, 30 min), and initial uptake
(4 min) of [3H] estrone sulfate was determined at the concentration of
0.1–10 μM. The data correspond to uptake into hOAT3-expressing
cells minus uptake into mock cells. Values are mean ± SD (n = 3). V,
velocity; S, substrate concentration

30 Page 4 of 11 The AAPS Journal (2019) 21: 30



IB: anti-Myc (hOAT3)

Cell surface Expression

IB: anti-E-cadherin

80kDa

120kDa

Total expression

IB: anti-Myc (hOAT3)80kDa

Bt2-cAMP         - +                        +                

H-89              - - +               

C
e
ll
 s

u
r
fa

c
e
 e

x
p
r
e
s
s
io

n
 o

f 

h
O

A
T

3
 (

%
 o

f 
c
o
n
tr

o
l)

T
o
ta

l 
e
x
p
r
e
s
s
io

n
 o

f 
h
O

A
T

3
 

(
%

 o
f 
c
o
n
tr

o
l)

a b c

d

*

C
e
ll
 s

u
r
fa

c
e
 e

x
p
r
e
s
s
io

n
 o

f

E
-
c
a

d
h
e
r
in

 (
%

 o
f 
c
o

n
tr

o
l)

IB: anti-β-actin
42kDa

T
o
ta

l 
e
x
p
r
e
s
s
io

n
 o

f 
β

-
a

c
ti
n

(
%

 o
f 
c
o
n
tr

o
l)

e f

Bt2-cAMP         - +         +                

H-89               - - +               

Bt2-cAMP         - +         +                

H-89               - - +               

Bt2-cAMP         - +                        + 

H-89              - - + 

Bt2-cAMP         - +                        +                

H-89              - - +               

Bt2-cAMP         - +                        + 

H-89              - - +
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were pretreated with or without H-89 (4 μM, 10 min). After that, cells were treated with Bt2-cAMP (10 μM, 30 min) in the presence and
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AND METHODS^ followed by immunoblotting (IB) with an anti-Myc antibody (hOAT3 was tagged with the Myc epitope to facilitate the
immunodetection). Bottom panel: The identical blot as the top panel was re-probed with anti-E-cadherin antibody. E-cadherin is a cell
membrane marker protein. b Densitometry analyses of results from a, top panel, along with other experiments. The values are mean ± SD (n =
3). *P < 0.05. cDensitometry analyses of results from a, bottom panel, along with other experiments. The values are mean ± SD (n = 3). d. Total
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therefore, examined the effect of PKAon hOAT3ubiquitination.
hOAT3-expressing cells were incubated with PKA activator Bt2-
cAMP. hOAT3 was then immunoprecipitated with anti-Myc
antibody, followed by immunoblotting (IB) with anti-ubiquitin
antibody to detect ubiquitinated hOAT3. As revealed in Fig. 8a,
top panel, Bt2-cAMP suppressed hOAT3 ubiquitination in a
dose-dependent manner as compared to that in control cells. The
difference in hOAT3 ubiquitination was not due to the variance
in the amount of hOAT3 pulled down because the same amount
of hOAT3 was immunoprecipitated in all the samples (Fig. 8a,
bottom panel).

Effect of Insulin-Like Growth Factor (IGF-1) on hOAT3
Transport Activity and SUMOylation

cAMP signaling pathway has been shown to be an
important mediator for many physiological hormones such
as IGF-1. Therefore, we investigated the effect of IGF-1 on

hOAT3 transport activity and SUMOylation. As shown in
Fig. 9a, IGF-1 (100 nM and 3-h treatment) significantly
increased hOAT3-mediated uptake of estrone sulfate (ES).
This stimulatory effect was blocked by the PKA-specific
inhibitor H-89, indicating that IGF-1 regulates hOAT3
transport activity through PKA pathway. Moreover, IGF-1
greatly stimulated hOAT3 SUMOylation by SUMO2 conju-
gation (Fig. 9b).

DISCUSSION

The active transport of organic anion carried out by
organic anion transporters (OATs) is a major determining
factor of the outcomes of therapeutical and toxic chemicals
(1–6). Thus, it is of clinical and pharmacological importance
to understand the mechanisms governing OAT regulation.
Our current study investigated the regulatory mechanism of
hOAT3 by PKA and revealed that PKA might modulate
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cadherin antibody. E-cadherin is a cell membrane marker protein. b Densitometry analyses of results from a, top panel, along with other
experiments. The amount of undegraded cell surface hOAT3 was expressed as % of total initial cell surface hOAT3 pool. Values are mean ±
SD (n = 3). *P < 0.05

30 Page 6 of 11 The AAPS Journal (2019) 21: 30



hOAT3 expression and transport activity through the
crosstalk between SUMOylation and ubiquitination.

Our current work was conducted in COS-7 cells, an
outstanding model system for examining the cloned organic
anion transporter (7,28,29). These cells are originated from
the kidney, and many characteristics of OATs in these cells
are consistent with those observed in other systems such as in
animals (30). Therefore, our study in COS-7 cells will be an
important step for future work focusing on assessing whether
the comparable mechanisms are in play in native epithelia.

The transport activity of OAT is critically reliant on the
expression level of the transporter at the cell surface. Our

laboratory has previously demonstrated that OATs internal-
ize naturally from and recycle back to the cell surface. OAT
expression at the cell surface can be modulated by shifting
the trafficking kinetics of the transporters. For instance, PKC
inhibits OAT expression and transport activity by enhancing
the ubiquitin conjugation to OAT, which then speeds up the
rate of OAT internalization without affecting the rate of
OAT recycling. Lengthy PKC activation leads to the
targeting of the internalized OAT to proteolytic system for
degradation (7,9,10). Our current study showed that PKA
stimulated hOAT3 activity which is opposite to the action of
PKC.
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Fig. 7. a Effects of SUMO1, SUMO2, SUMO3, and Ubc9 on hOAT3 SUMOylation. Top panel: cDNAs for HA-tagged SUMO1, SUMO2, or
SUMO3 were transfected into COS-7 cells separately with 2.4 μg of Ubc9, a SUMO-conjugating enzyme. Forty-eight hours after transfection,
hOAT3 was pulled down by anti-Myc antibody (hOAT3 was tagged with the Myc epitope), with subsequent immunoblotting (IB) using anti-
HA antibody. Bottom panel: The same blot from the top panel was re-probed with anti-Myc antibody to detect the amount of hOAT3 pulled
down. b Effects of Ubc9 on hOAT3 SUMOylation. Top panel: cDNAs for HA-tagged SUMO2 was transfected into COS-7 cells with different
amount of Ubc9 for 48 h. After transfection, hOAT3 was pulled down by anti-Myc antibody (hOAT3 was tagged with the Myc epitope), with
subsequent immunoblotting (IB) using anti-HA antibody. Bottom panel: The same blot from the top panel was re-probed with anti-Myc
antibody to detect the amount of hOAT3 pulled down. c PKA Specificity on hOAT3 SUMOylation. Top panel: hOAT3-expressing cells were
transfected with HA-SUMO2 and 2.4 μg of Ubc9 for 48 h, then pretreated with or without H-89 (4 μM, 10 min). After that, cells were treated
with the Bt2-cAMP (10 μM, 30 min) in the presence and absence of PKA inhibitor H-89 (4 μM, 30 min). hOAT3 was pulled down by anti-Myc
antibody, with subsequent immunoblotting (IB) using anti-HA antibody. Bottom panel: The identical blot from the top panel was re-probed
with anti-Myc antibody. d Densitometry analyses of results from c. Values are mean ± SD (n = 3). *P < 0.05
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Ubiquitinated hOAT3

IB: Anti-Ubquitin

IB: Anti-Myc (hOAT3)

Control               1μM                 10μM   Bt2-cAMP

U
b
iq

u
it
in

a
te

d
h
O

A
T

3
(
A

r
b
it
r
a
r
y
 u

n
it
s
)

a b

*
*

140kD

80kD

Fig. 8. The effect of PKA activator Bt2-cAMP on hOAT3 ubiquitination. a Top panel: hOAT3-expressing cells were treated with the Bt2-
cAMP (1 μM or 10 μM, 30 min). Cells were then treated with the PKC activator PMA (1 μM) for 30 min to enhance hOAT3 ubiquitination.
hOAT3 was pulled down by anti-Myc antibody (hOAT3 was tagged with the Myc epitope), with subsequent immunoblotting (IB) using anti-
ubiquitin antibody. Bottom panel: The identical immunoblot from a, top panel, was re-probed by anti-Myc antibody. b Densitometry analyses
of results from a. The values are mean ± SD (n = 3). *P < 0.05
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Fig. 9. The effect of IGF-1 on hOAT3 transport activity and SUMOylation. a The effect of IGF-1 on hOAT3 transport activity. hOAT3-
expressing cells were pretreated with or without a PKA inhibitor H-89 (20 μM, 10 min). After that, the cells were treated with IGF-1 (100 nM,
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uptake into mock cells and were normalized to protein concentration. Values are mean ± SD (n = 3). *P < 0.05. b The effect of IGF-1 on OAT3
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3 h). hOAT3 was pulled down by anti-Myc antibody, in conjunction with immunoblotting (IB) using anti-HA antibody. c Densitometry analyses
of results from b. Values are mean ± SD (n = 3). *P < 0.05
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In contrast to the action of PKC, we showed that PKA
stimulated hOAT3 surface expression and transport activity
(Figs. 1, 2, and 3) by accelerating the rate of hOAT3 recycling
(Fig. 4) without affecting the internalization rate of the
transporter (Fig. 5). Prolonged activation of PKA slowed down
hOAT3 degradation (Fig. 6). We further showed that hOAT3
was SUMOylated by SUMO2 and SUMO3 but not by SUMO1
(Fig. 7a). SUMO2 and SUMO3 contain internal consensus
motifs for SUMO conjugation, and therefore are capable of
forming poly-SUMO chains. Yet, SUMO1 does not share such
property. The molecular size for SUMOylated hOAT3 was ~
180 kDa, 100 kDa larger than the size of hOAT3 (~ 80 kDa).
Given that SUMO is a 12-kDa polypeptide, hOAT3 is most
likely multi- or poly-SUMOylated. (Fig. 7a).

Our results also revealed that the activation of PKA
promoted an enhancement in hOAT3 SUMOylation (Fig. 7c).
Interestingly, the enhanced SUMOylation of hOAT3 by PKA
activation is correlated with a reduced hOAT3 ubiquitination
(Fig. 8a), indicating that there may be a communication
between SUMOylation and ubiquitination. It has been
suggested that SUMOylation and ubiquitination may
crosstalk and mutually influence each other in a competitive
manner (20,21). In this context, SUMO and ubiquitin may
modify the identical lysine residue(s). Alternatively, attach-
ment of SUMO may potentially mask a nearby ubiquitination
site. An increasing number of proteins have been reported to
serve as substrates for both SUMOylation and ubiquitination.
The two modifiers, often viewed as antagonists, enforce an
opposite fate on their shared target and cooperatively exert
regulatory control over a biological process. Therefore, it
seems likely that the PKA-regulated and SUMOylation-
dependent stimulation of hOAT3 expression and transport
activity counters the PKC-regulated and ubiquitination-
dependent inhibition of hOAT3 expression and transport
activity. The work aiming at further identifying the relation-
ship between SUMOylation and ubiquitination on hOAT3 is
currently being pursued in our laboratory.

Most SUMO substrates bear the consensus motif, Ψ-K-x-D/
E (where ψ is a hydrophobic residue, K is the lysine conjugated to
SUMO, x is any amino acid, E is a glutamic acid, and D is an
aspartic acid) (11). Based on the computermodeling, there are ten
intracellular lysine residues on hOAT3, two of which, K285 and
K518, lie within the SUMO-modification consensus motif: indicat-
ing that these lysine residues could be the potential SUMO-
conjugation sites. Additionally, several online programs are
capable of predicting SUMOylation sites. A program called
SUMOplot™ Analysis Program (http://www.abgent.com/
sumoplot.html) predicts K69, K285, K286, K515, and K518 to be
the potential SUMOylation sites. However, it should be noted that
SUMOylation can also occur at lysine residues outside conven-
tional motifs and the presence of conventional motifs do not
guarantee the SUMOylation. Themapping of SUMO-conjugation
sites on hOAT3 is currently underway in our laboratory.

PKA, like other protein kinases, regulates the target protein
substrates by either directly phosphorylating the target protein or
phosphorylating a protein that is associated with the target protein.
Whether PKA directly phosphorylates OATs or phosphorylates,
anOAT-interacting protein would be an interesting topic for future
investigation. In addition, protein phosphorylation has been
revealed to play a role in regulating SUMOylation in some
proteins,where it could stimulate or inhibit substrate SUMOylation
depending on what the substrate is (15,31–33). Therefore, if
hOAT3 is a substrate of PKA phosphorylation, a co-regulation
between phosphorylation and SUMOylation may also exist.

IGF-1 plays significant roles in growth, development, and
metabolism (34,35). The abnormalities in the IGF-1 have
been reported to be related to the development of several
diseases, such as Laron syndrome and Acromegaly (36,37).
And a synthetic analog of IGF-1, mecasermin, has been
approved by both the US Food and Drug Administration
(FDA) and European Medicines Agency (EMA) for the
treatment of growth failure (38,39). In our current work, IGF-
1 significantly enhanced OAT3 transport activity through
PKA pathway (Fig. 9a) as well as OAT3 SUMOylation (Fig.
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Fig. 10. The role of PKA in OAT3 transport activity, trafficking, and SUMOylation. S, SUMO;
IGF1, insulin-like growth factor 1
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9b). Renal cortical slices from normal rats and diabetic rats
have been utilized as tools for the studies involving the roles
of PKA signaling pathway induced by hormones in OAT3.
(23,32). However, none of these studies illustrated the
relationship between PKA stimulated SUMOlyation and
OAT3 function in vivo. Therefore, the in vivo investigations
about SUMOlyation and OAT3 activity will be established in
the future. As mentioned above, the abnormalities in the
IGF-1 have been linked to the development of Laron
syndrome. Further studies investigating the activity, expres-
sion, and SUMOylation of OAT3 in kidney from Laron
mouse model would be particularly interesting.

In addition, our findings about the IGF-1 regulation on
OAT3 through PKA signaling are consistent with a remote
sensing and signaling model for transporters (40). Based on
such a model, transporters in networks are regulated by
hormones and growth factors, and effectively communicate
among one another. In doing so, these transporters coordi-
nately maintain the solute balance between multiple organs
and therefore system homeostasis. Hormones/growth factors,
released from one organ under the influence of the stimuli/
environmental changes, enter the blood stream, and then
reach to the target organs and exert their regulatory functions
on transporters through cell signaling. Consistent with this
general model, our data support that IGF-1, which is
produced primarily by the liver under the stimuli, arrives at
the kidney through blood stream, and then binds to its
receptors and upregulates OAT3 through PKA signaling.

Our study clearly illustrates PKA signaling on OAT3
regulation. By comparing our in vitro results with the
metabolomics analyses of the Oat3 knockout mice (41,42),
we observe an interesting connection here. In OAT3 knock-
out mice, many metabolites were accumulated, including
gentisate and bile acids which are capable of activating G
protein-coupled receptors (GPCRs). Following the activation
of GPCRs, the secondary messenger cAMP level may be
elevated leading to the activation of PKA signaling pathway.
Based on our data, PKA activation increased OAT3 surface
expression and transporter activity. Therefore, the interesting
connection is that metabolite variations contributed by the
OAT3 reduction form a negative feedback loop to upregulate
OAT3 expression and function through PKA signaling.

CONCLUSION

We provided the first demonstration that PKA stimu-
lated hOAT3 expression and transport activity by altering the
trafficking kinetics of hOAT3 possibly through the crosstalk
between SUMOylation and ubiquitination (Fig. 10).
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