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Abstract

Human organic anion transporter 4 (hOAT4), mainly expressed in the kidney and placenta, is 

essential for the disposition of numerous drugs, toxins, and endogenous substances. Insulin-like 

growth factor 1 (IGF-1) is a hormone generated in the liver and plays important roles in systemic 

growth, development, and metabolism. In the current study, we explored the regulatory effects of 

IGF-1 and downstream signaling on the transport activity, protein expression, and SUMOylation 

of hOAT4. We showed that IGF-1 significantly increased the transport activity, expression, and 

maximal transport velocity Vmax of hOAT4 in kidney-derived cells. This stimulatory effect of 

IGF-1 on hOAT4 activity was also confirmed in cells derived from the human placenta. The 

increased activity and expression were correlated well with the reduced degradation rate of 

hOAT4 at the cell surface. Furthermore, IGF-1 significantly increased hOAT4 SUMOylation, and 

protein kinase B (PKB)-specific inhibitors blocked the IGF-1-induced regulations on hOAT4. In 

conclusion, our study demonstrates that the hepatic hormone IGF-1 regulates hOAT4 expressed 

in the kidney and placenta through the PKB signaling pathway. Our results support the remote 

sensing and signaling theory, where OATs play a central role in the remote communications 

among distal tissues.
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1. Introduction

Human organic anion transporter 4 (hOAT4) is a member of the organic anion transporter 

family (OATs), essential for the disposition of various clinical therapeutics and endogenous 

substances, such as antibiotics, antiviral drugs, anti-cancer therapeutics, metabolites, and 

environmental toxins (1–3). hOAT4 is mainly expressed at the proximal tubule cells in 

the kidney and the syncytiotrophoblasts in the placenta. In the kidney, hOAT4 is primarily 

involved in the renal reabsorption and excretion of endogenous substances and xenobiotics 

(e.g., drugs and environmental toxins) (4–6). In the placenta, hOAT4 is mainly responsible 

for fetal protection and detoxification by removing toxic molecules from the fetus (7,8). 

Given such importance in physiology and pharmacology, investigating the regulation of 

hOAT4 has profound clinical significance.

The transport activity of OATs is determined by their protein expression level at the cell 

surface. Our previous studies have revealed that OATs expressed on the cell membrane are 

constitutively internalized from and recycled back to the cell membrane, controlling their 

cell surface expression (3,9–11). The activity and expression of OATs are often regulated by 

post-translational modifications (PTMs), which alter OAT trafficking and stability through 

covalent modifications on specific amino acid residues of OATs (3,9–11). The modification 

by Small Ubiquitin-like Modifier (SUMO) has been discovered as a critical PTM, regulating 

the trafficking and stability of proteins on plasma membrane and in cell nucleus (12–15). 

The SUMOylation process is carried out in a three-step mechanism requiring available 

SUMO molecules and the collective actions of SUMO activating enzymes (E1), SUMO 

conjugating enzymes (E2), and SUMO ligating enzymes (E3) (12,13). As for the individual 

SUMO molecules, there are four members (SUMO1/2/3/4) of the SUMO family discovered 

in mammalian cells. SUMO2 and SUMO3 are 97% identical in protein sequences but they 

only share 46% identity with SUMO1. The precursor of SUMO4 cannot produce a mature 

SUMO protein available for SUMO conjugation (12,13). SUMO modification occurs when 

SUMO molecules (single or multiple) are covalently conjugated to lysine residue(s) of a 

target protein. Both SUMO2 and SUMO3 can form poly-SUMO chains since they have 

internal lysine residues matching the consensus motif for SUMOylation. SUMO1, without 

such lysine residues, is not able to form poly-SUMO chains (12,13,16). Our previous studies 

have discovered that hOAT3, another member of the OAT family, is a substrate for SUMO 

modification (17,18). However, whether hOAT4 is a target for SUMO modification and what 

factors potentially modulate this process have not been investigated.

Recent publications have introduced a hypothesis called Remote Sensing and Signaling. 

This theory suggests a network of remote communications to maintain homeostasis. And 

membrane transporters play a central role in this network of communications. These 

communications between organs are usually carried out by metabolites, hormones, and 

cell signaling pathways (19,20). For instance, hormones are often synthesized in one organ 

and released into the blood to regulate transporters in distal tissues through specific cell 

signaling pathways. Insulin-like growth factor 1 (IGF-1) is such a hormone produced by the 

hepatocytes in the liver, secreted into the circulation, and arrives at distal tissues to exert its 

physiological functions (21,22).
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Changes in IGF-1 level in the body would lead to several diseases, including Laron 

syndrome (deficiency in IGF-1 secretion) and Acromegaly (excessive secretion of IGF-1) 

(23). IGF-1 also plays important roles in renal development and maintaining renal functions. 

Abnormal IGF-1 signaling would lead to multiple kidney diseases, including acute kidney 

failure and kidney cancer (21,22,24). At the molecular level, IGF-1 exerts its functions 

through binding to the IGF-1 receptor at the cell surface. Upon binding, the intracellular 

domains of IGF-1 receptor auto-phosphorylate and activate downstream signaling proteins 

(25). IGF-1 regulates target proteins through downstream signaling proteins such as Ras-

mitogen-activated protein kinase and protein kinase B (PKB) (21,25,26). PKB, also known 

as Akt, is a serine/threonine-specific protein kinase which regulates many cell functions 

such as transcription, cell cycle, metabolism, and apoptosis (27). By phosphorylating its 

substrates, PKB regulates the activity, expression, and localization of substrate proteins, 

including glycogen synthase kinase 3β (cell metabolism) and Bcl2-associated agonist of cell 

death (cell apoptosis) (25,27). However, whether hOAT4 can be regulated by IGF-1 or PKB 

signaling has never been studied.

In the current study, we investigated the effects and potential mechanism of the regulation 

of hOAT4 by IGF-1. Our data elucidated the connections between IGF-1 and the transport 

activity, protein expression, and SUMOylation of hOAT4.

2. Materials and methods

2.1. Materials

Parental COS-7 cells were purchased from ATCC (Manassas, VA). Parental BeWo cells 

were generously provided by Dr. Erik Rytting from University of Texas Medical Branch 

(Galveston, TX). [3H]-labeled estrone sulfate (ES) was purchased from PerkinElmer 

(Waltham, MA). Membrane-impermeable biotinylation reagent Sulfo-NHS-SS-biotin, 

streptavidin agarose beads, protein G agarose beads, protease inhibitor cocktail, anti-mouse 

secondary antibody (7076), and anti-rabbit secondary antibody (7074) were purchased 

from Cell Signaling Technology (Danvers, MA). Plasmids for HA-tagged SUMO1, 

SUMO2, and SUMO3 were kindly provided by Dr. Jorge A Iñiguez-Lluhí from the 

University of Michigan Medical School (Ann Arbor, MI). Mouse anti-myc antibody 

(11667203001) was obtained from Roche (Indianapolis, IN). Anti-HA (ab9110), anti-

SUMO1 (ab32058), anti-SUMO2/3 (ab3742), anti-E-cadherin (ab76055) antibodies were 

obtained from Abcam (Waltham, MA). Anti-GAPDH antibody (sc47724) was obtained from 

Santa Cruz Biotechnology (Dallas, TX). 10-DEBC and ipatasertib were purchased from 

Selleck Chemicals (Houston, TX). IGF-1 was purchased from Sigma-Aldrich (St. Louis, 

MO). The antibotic G418 was obtained from Invitrogen (Carlsbad, CA). Phosphate-buffered 

saline, Tween-20, CaCl2, and MgCl2 were purchased from Life technologies (Carlsbad, 

CA).

2.2. Cell Culture and Transfection

Parental COS-7 cells were cultured in DMEM medium from Invitrogen (Carlsbad, CA) 

containing 10% fetal bovine serum purchased from ThermoFisher Scientific (Waltham, 

MA) at 37°C in 5% CO2. Cells stably expressing human OAT4 (hOAT4) were previously 
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generated by our lab (5) and maintained in DMEM medium containing 0.5 mg/mL G418 

(Invitrogen, Carlsbad, CA) and 10% fetal bovine serum. Parental BeWo cells were grown 

in Dulbecco’s modified Eagle’s/F-12K medium obtained from ATCC (Manassas, VA) 

supplemented with 10% fetal bovine serum at 37°C in 5% CO2. Transfection with cDNA 

plasmids was done using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA) following 

the manufacturer’s standard protocol. After transfection the cells were incubated for 48 h 

before following experiments.

2.3. Transport Activity Measurement (uptake assay)

In brief, parental or cells stably expressing hOAT4 were plated in 48-well cell culture plates 

one day before uptake assay. In cells transiently transfected with the plasmids, uptake was 

performed 48 h after transfection. After removing treatment media, 120 μL of the uptake 

solution consisting of phosphate-buffered saline (PBS) (pH 7.5) with 1 mM CaCl2, 1 mM 

MgCl2, and [3H]-estrone sulfate (ES) (0.3 μM) was added to each well to start the 4-min 

uptake assay at room temperature with gentle shaking. The uptake process was terminated 

by aspirating the uptake solution and rapidly washing the cells twice with 500 μL of ice-cold 

PBS. The cells were then lysed with 200 μL of 0.2 N NaOH for 30 min with shaking, 

neutralized with 200 μL of 0.2 N HCl. The lysates were subjected to liquid scintillation 

counting (1-min per sample) by a multi-purpose scintillation counter (Beckman LS6500). 

Transport activity was expressed as a percentage of the uptake values measured in control 

cells. Uptake data were adjusted for uptake values measured in mock cells (parental COS-7 

cells transfected with empty plasmid).

2.4. Biotinylation assay

The measurement of cell surface hOAT4 was conducted by using a biotinylation strategy. In 

brief, cells were seeded in 35-mm cell culture petri dishes. Sulfo-NHS-SS-biotin (0.5 mg/ml 

in PBS with 1mM CaCl2 and 1mM MgCl2, pH 8.0) was added to each dish to label surface 

proteins. After biotinylation labeling, the unreacted sulfo-NHS-SS-biotin was quenched by 

rinsing the cells with 100 mM glycine in PBS (pH 8.0). The cells were then lysed on ice 

for 45 min. After 15 min centrifugation at 15000 xg at 4 °C, supernatants of cell lysates 

were added to 40 μL of pre-washed streptavidin-agarose beads to purify the labeled cell 

membrane proteins. Cell surface hOAT4 (tagged with myc epitope) was detected in the pool 

of surface proteins by SDS-PAGE and immunoblotting using anti-myc antibody. E-cadherin 

was also examined as a cell surface protein marker. Total hOAT4 in the cell lysates was 

directly detected by SDS-PAGE and immunoblotting using anti-myc antibody. GAPDH was 

measured as a total cellular protein marker.

2.5. Degradation assay

The degradation assay of hOAT4 was carried out following the procedure established in our 

lab (17). In brief, hOAT4-expressing COS-7 cells were subjected to biotinylation labeling 

with 0.5 mg/ml sulfo-NHS-SS-biotin in PBS at 4 °C. The biotinylation was followed by 

quenching of the unreacted NHS-SS-biotin with PBS containing 100 mM glycine at 4 °C. 

The biotin-labeled cells were then incubated in DMEM medium containing IGF-1 at 37°C 

in a cell culture incubator. Those cells were collected at indicated time points and lysed and 

centrifuged at 15,000 ×g at 4 °C for 15 min. The supernatants were incubated with 40 μL 
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of pre-washed streptavidin agarose beads to isolate biotinylated proteins, and cell surface 

hOAT4 survived from degradation was detected by SDS-PAGE and immunoblotting using 

anti-myc antibody.

2.6. Immunoprecipitation

In brief, cells were lysed with cell lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 1 

mM EDTA, 0.1% SDS, 1% Triton X-100, 1% protease inhibitor cocktail) and the same 

amount of total proteins (800–1000 μg) were incubated with 30 μL of protein G-agarose 

beads at 4°C for 4 h to reduce non-specific binding. Meanwhile, appropriate primary 

antibody was incubated with 30 μL protein G-agarose beads at 4°C for 4 h to form antibody-

beads complex. The pre-cleared protein samples were then mixed with antibody-bound 

protein G-agarose beads at 4°C overnight with end-over-end rotating. On the next day, 

the immunoprecipitated proteins on beads were washed three times and denatured with 2x 

Laemmli buffer (ThermoFisher Scientific, Waltham, MA), and analyzed by immunoblotting 

with antibodies indicated in each experiment.

2.7. SDS-PAGE and Immunoblotting

We followed the standard procedures provided by Bio-Rad (Hercules, CA). In brief, protein 

samples were separated on SDS-PAGE minigels (Bio-Rad, Hercules, CA) and electroblotted 

onto PVDF membranes. The blots were incubated with 5% nonfat dry milk for 2 h in PBST 

buffer (0.1% Tween-20 in PBS) at room temperature, followed by incubation overnight 

at 4°C with indicated primary antibodies. Then the blots were washed and incubated 

with horseradish peroxidase-conjugated secondary antibodies for 4 h at room temperature, 

followed by detection with SuperSignal West Dura Extended Duration Substrate kit from 

Thermo Fisher Scientific (Waltham, MA). ChemiDoc imaging system (Bio-Rad, Hercules, 

CA) was used to capture the non-saturating, immunoreactive bands of target proteins. 

Imaging Lab software (Bio-Rad, Hercules, CA) was used to quantify target protein bands.

2.8. Data Analysis

Each experiment was repeated independently for a minimum of three times and multiple 

repeats were used for statistical analysis. Between two groups, statistical analysis was 

performed using Student’s paired t-tests. Among multiple groups, one-way ANOVA with 

Post Hoc Tukey’s test was applied using GraphPad Prism software (GraphPad Software, San 

Diego, CA). A *P value of < 0.05 was considered statistically significant.

3. Results

3.1. Effect of IGF-1 on hOAT4 transport activity

To study the effect of IGF-1 on hOAT4 transport activity, COS-7 cells stably expressing 

hOAT4 were treated with IGF-1 under various doses (1 – 100 nM) and periods of time (1 

– 4 h), followed by the quantification of hOAT4-mediated [3H]-estrone sulfate (ES) uptake. 

ES was widely used as a prototypical substrate for measuring hOAT4 transport activity. As 

shown in Figure 1a and 1b, IGF-1 significantly stimulated hOAT4 transport activity in a 

dose- and time-dependent manner.
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3.2. Effect of IGF-1 on hOAT4 transport kinetics

To explore the mechanism behind the IGF-1-stimulated hOAT4 transport activity, hOAT4-

mediated transport of [3H]-ES was measured with a range of substrate concentrations after 

IGF-1 treatment (100 nM, 2 h). Based on the Eadie-Hofstee plot derived from Michaelis–

Menten equation of enzyme kinetics (Figure 2), IGF-1 treatment effectively increased the 

maximal transport velocity Vmax of hOAT4-mediated ES uptake (from 92.85 pmol/mg*4min 

for control group to 116.36 pmol/mg*4min for IGF-1 group), while the substrate-binding 

affinity (Km) between hOAT4 and ES was not significantly changed (shown as the slopes of 

the trend lines).

3.3. PKB inhibitors blocked IGF-1-induced stimulation of hOAT4 transport activity

IGF-1 has been reported to regulate target proteins through multiple signaling pathways 

including the PKB pathway (25,27). Therefore, we utilized a PKB-specific inhibitor 10-

DEBC to explore the involvement of PKB pathway. As shown in Figure 3a, 7 μM of 10-

DEBC completely blocked the stimulatory effect of IGF-1 on hOAT4 transport activity. And 

10-DEBC did not show much cytotoxicity effect when used alone at the same concentration. 

During the past decade, the PKB signaling pathway has drawn much attention in the 

field of oncology as a novel therapeutic target for multiple types of cancer. Several drug 

candidates targeting PKB have already entered clinical development (28,29). Therefore, we 

explored the effect of ipatasertib, a drug under clinical trials for solid tumors and specifically 

inhibiting PKB, on the hOAT4 transport activity regulated by IGF-1. As shown in Figure 3b, 

10 μM of ipatasertib (Ipa) blocked the IGF-1-induced increase of hOAT4 transport activity, 

and ipatasertib alone didn’t show any non-specific cytotoxicity under the same condition. 

Our results suggest that PKB signaling plays an essential role in the regulation of hOAT4 

transport function by IGF-1.

3.4. Effects of IGF-1 and ipatasertib on hOAT4 protein expression

The increase of the maximal transport velocity (Vmax) we observed in Figure 2 could be due 

to either an increase of the amount of hOAT4 at the cell surface or an increased transporter 

turnover rate. Therefore, we utilized a biotinylation method to determine the underlying 

cause for the increased transport activity induced by IGF-1. After IGF-1 treatment (100 

nM, 2 h) in the absence or presence of ipatasertib (10 μM), we measured hOAT4 protein 

expression both at the cell surface and in total cell lysates. Our results showed that treatment 

with IGF-1 increased the expression of hOAT4 both at the cell membrane (Figure 4a, 

top panel and Figure 4b) and in total cell lysates (Figure 4c, top panel and Figure 4d), 

while ipatasertib (Ipa) reversed the increasing effects back to control level. Such changes 

in hOAT4 expression were not due to unequal protein loadings since the expression of cell 

surface protein marker E-cadherin and total cellular protein marker GAPDH were similar 

among all groups (Figure 4a, bottom panel and Figure 4c, bottom panel).

3.5. Effect of IGF-1 on hOAT4 protein stability

Previously our lab has discovered that protein trafficking and degradation significantly 

affect the cell surface and total expression of OATs (3,9,30,31). Thus, we further explored 

whether IGF-1 could affect the degradation rate of cell surface hOAT4, which would directly 
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contribute to the increased amount of hOAT4 at the cell surface. hOAT4-expressing cells 

were labelled with membrane impermeable biotinylation reagent, followed by incubation 

with or without IGF-1 (100 nM) for 2 h and 6 h. The biotin-labeled membrane proteins 

were subject to immunoblotting (IB) with anti-myc antibody to detect the non-degraded cell 

surface hOAT4. Our results showed that the degradation rate of hOAT4 was significantly 

lower after both 2 h and 6 h treatment of IGF-1 when compared to the control group (Figure 

5a, top panel and Figure 5b). And at each indicated time points, the cell membrane protein 

marker E-cadherin showed comparable expression between the control and IGF-1-treated 

groups (Figure 5a, bottom panel), suggesting the differences in hOAT4 expression were not 

due to the alteration of overall cell surface proteins. Together, these results indicated that 

IGF-1 reduces the degradation rate of hOAT4, which leads to an increased amount of the 

transporter at the cell surface.

3.6. Effects of IGF-1 and ipatasertib on hOAT4 SUMOylation

Previously our lab discovered that hOAT3, another important member of the OAT family, 

is a substrate for SUMOylation modification and the increasing in hOAT3 SUMOylation 

is correlated with its increased transport activity (17,18). Therefore, we further explored if 

hOAT4 is a target for SUMO modification and whether IGF-1 can regulate SUMOylation 

of the transporter. Due to the heterogeneity of SUMO1, SUMO2, SUMO3 in their 

sequences and roles in SUMOylation, we first investigated whether IGF-1 affects hOAT4 

SUMOylation and if so, which of the SUMO isoforms are involved in this process. After 

IGF-1 treatment (100 nM, 2 h), hOAT4 was immunoprecipitated (IP) and anti-SUMO1 or 

anti-SUMO2/3 antibodies (IB) were used to detect endogenously SUMOylated hOAT4. The 

data showed that hOAT4 was indeed modified by endogenous SUMO1/2/3 and IGF-1 only 

increased the amount of hOAT4 modified by endogenous SUMO2 and SUMO3 (Figure 6b, 

top panel and 6c). The level of hOAT4 conjugated to SUMO1 remained unchanged after 

IGF-1 treatment (Figure 6a, top panel and 6c). Similar amount of hOAT4 were pulled down 

among all groups (Figure 6a, bottom panel and Figure 6b, bottom panel), suggesting the 

differences in SUMOylated hOAT4 were not caused by unequal amount of hOAT4 pulled 

down. Since SUMO2 and 3 are small proteins with a molecular weight of ~18 kDa and 

SUMO1 is about 12 kDa, the attachment of multiple SUMO molecules (individually to 

different sites or as a poly-SUMO chain) could significantly increase the molecular weight 

of SUMOylated hOAT4 detected in immunoblots as shown in these results.

Next, since immunoblotting could not distinguish between endogenous SUMO2 and 

SUMO3 due to their high homology, HA-tagged HA-SUMO2 or HA-SUMO3 were 

individually transfected into hOAT4-expressing cells. After IGF-1 treatment (100 nM, 2 

h), hOAT4 was immunoprecipitated (IP) and anti-HA antibody (IB) was used to detect 

SUMOylated hOAT4. Our results showed that IGF-1 significantly increased the amount of 

hOAT4 modified by SUMO2 and SUMO3, though HA-SUMO2 modification displayed a 

higher degree of increase (Figure 7a, top panel and Figure 7b). Similar quantities of hOAT4 

were pulled down among all samples (Figure 6a, bottom panel), suggesting the differences 

in SUMOylated hOAT4 were not caused by unequal amount of total hOAT4 pulled down. 

These results indicated that IGF-1 specifically regulates the amount of hOAT4 SUMOylated 

by both SUMO2 and SUMO3.
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Furthermore, we investigated the involvement of PKB pathway in the regulation of hOAT4 

SUMOylation. HA-SUMO2 was transfected into hOAT4-expressing cells. After IGF-1 

treatment, hOAT4 was immunoprecipitated and anti-HA antibody was utilized to detect 

SUMOylated hOAT4. As shown in the top panel of Figure 8a and Figure 8b, IGF-1 

significantly increased the amount of SUMOylated hOAT4, and this stimulatory effect was 

abrogated by ipatasertib (Ipa), an anticancer drug and PKB-specific inhibitor. The changes 

of hOAT4 SUMOylation were not due to the variation in the amount of total hOAT4 

since similar quantities of hOAT4 were pulled down among all samples (Figure 8a, bottom 

panel). These results suggested that IGF-1 up-regulates hOAT4 SUMOylation through PKB 

signaling.

3.7. Effects of IGF-1 and ipatasertib on hOAT4 transport activity in placental BeWo cells

hOAT4 is known to be mainly expressed in the kidney and placenta. Since all our findings 

above were from kidney-derived cells, in this experiment, we explored the effect of IGF-1 

on hOAT4 expressed in BeWo cells derived from human placenta. As shown in Figure 9, the 

stimulatory effect of IGF-1 on hOAT4 transport activity in BeWo cells was comparable to 

that in renal COS-7 cells. Again, ipatasertib (Ipa) blocked this stimulatory effect by IGF-1 

on hOAT4 while itself did not show non-specific cytotoxicity. Our results indicated that in 
vivo IGF-1 may be capable of regulating hOAT4 expressed in both kidney and placenta.

4. Discussion

Human organic anion transporter 4 (hOAT4) is a member of the OAT family, mainly 

localized in the kidney and the placenta (1–3,32). In the kidney, hOAT4 is localized to 

the proximal tubule cells and plays important roles in the reabsorption and elimination 

of many drugs and endogenous metabolites (4–6). In the placenta, hOAT4 is expressed 

at the syncytiotrophoblasts and is responsible for removing endogenous substances and 

xenobiotics from the fetus (7,8). Therefore, investigating the regulatory mechanisms of 

hOAT4 at molecular and cellular levels is of great clinical importance. The current study 

explored the regulatory effects of insulin-like growth factor 1 (IGF-1) on hOAT4 and the 

potential mechanism behind this regulation. Our data demonstrated that IGF-1 modulates the 

transport activity, expression, and SUMOylation of hOAT4 through protein kinase B (PKB) 

signaling.

Since hOAT4 is primarily expressed in the kidney and the placenta, we conducted our 

study in kidney-originated COS-7 cells and placenta-originated BeWo cells. Both are 

considered suitable and reliable systems for studying the activity, expression, and regulation 

of membrane transporters (2,33–36). Our results showed that IGF-1 stimulated hOAT4-

mediated uptake of [3H]-ES in a dose- and time-dependent manner in COS-7 cells (Figure 

1) and BeWo cells (Figure 9). These findings in cultured cells will pave the way for 

further understanding the regulation of hOAT4 in vivo. The IGF-1 concentrations at the nM 

range used throughout this study are consistent with those described in other publications 

investigating IGF-1 functions (26,36,37). In humans, the serum level of IGF-1 usually 

reaches maximum during adolescence to facilitate whole-body growth and keeps decreasing 

during adulthood (21). In a clinical study, the median level of IGF-1 in the serum of healthy 
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adults is about 380 ng/mL (50 nM) at the age of 18 and 180 ng/mL (24 nM) at the age of 70 

(38). Thus, the IGF-1 concentrations used throughout our study are physiologically relevant.

Next, the transport kinetics behind this stimulatory effect from IGF-1 on hOAT4 activity was 

investigated. The uptake data and corresponding dot plot (Figure 2) demonstrated that IGF-1 

increased the maximal transport velocity Vmax of hOAT4 without changing its substrate-

binding affinity Km. Higher amount of hOAT4 expressed at cell surface or an increased 

turnover rate of the substrate transport can both contribute to the increased Vmax of hOAT4 

transport. Therefore, we examined the effect of IGF-1 on hOAT4 protein expression. The 

cell surface and total expression of hOAT4 were elevated after IGF-1 treatment (Figure 4), 

which correlated well with the enhanced transport activity and Vmax observed. Furthermore, 

we also revealed that the rate of hOAT4 degradation was significantly slowed after IGF-1 

treatment (Figure 5), contributing to the higher amount of hOAT4 at the cell surface and in 

total lysates.

PKB signaling has been established as one important signaling pathway downstream of 

IGF-1 (25). In this study, we utilized PKB inhibitors 10-DEBC and ipatasertib to examine 

the involvement of this pathway in the regulation of hOAT4. Our data showed that the 

IGF-1-induced increases in hOAT4 activity and expression were abrogated by 10-DEBC 

and ipatasertib (Figures 3 & 4), suggesting PKB specificity of this regulation by IGF-1. 

Compared to the classic PKB inhibitor 10-DEBC, ipatasertib is developed as a potent anti-

cancer drug that is highly selective for PKB. It has been reported to inhibit the growth of 

cancer cells and prevent tumor growth in xenograft models (39). It is currently under phase 

2 clinical trials for treating solid tumors, including prostate and breast cancer (40,41). Based 

on in vitro kinase inhibition study, ipatasertib exhibits IC50 of 5–18 nM for isoforms of PKB 

(28). According to pharmacokinetic data from a clinical study, the Cmax of ipatasertib in the 

serum was about 1000 ng/mL, which was equal to 2.2 μM (40). Therefore, the ipatasertib 

concentration at the μM range used in our study is pharmacologically relevant. Our work is 

the first to investigate the interactions between ipatasertib and OAT family members.

The clinical implication is that the ipatasertib-induced inhibitory effects on hOAT4 function 

and expression might lead to transporter-mediated drug-drug interactions. In patients treated 

with ipatasertib combined with drugs for non-cancer-related diseases, the down-regulated 

hOAT4 expression and activity via PKB inhibition could reduce the renal elimination of 

other drugs if they are hOAT4 substrates and excreted by the transporter. The reduced renal 

elimination would increase concentrations of those drugs in the kidney and the blood and 

alter their pharmacokinetic profiles, potentially increasing therapeutic effects or causing 

toxicity. There are other specific PKB/Akt inhibitors, such as afuresertib, being developed 

and investigated in clinical studies for various types of cancer (42,43). The regulatory effects 

of PKB-inhibiting drugs on OAT family members will be an excellent topic for our future 

studies.

SUMOylation has become an important post-translational modification in regulating 

proteins after their synthesis. Membrane proteins are reported to be regulated by their 

SUMOylation, including potassium channel K2P1 and type I transforming growth factor-

β receptor (12,14). Our previous studies found that hOAT3, another member of the 
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OAT family, is subject to SUMO modification (18,44). Although hOAT3 and hOAT4 

are both multi-specific transporters from the same family, they differ in various aspects, 

including substrate specificity, tissue localization, and regulations (2,3,9,11,32). These two 

transporters should be studied individually in vitro to elucidate their transport functions and 

regulations. Thus, in this study, we focused on the effect of IGF-1 on hOAT4 SUMOylation 

and the involvement of PKB signaling. Our results (Figure 6) showed that hOAT4 was 

a target for endogenous SUMO modifications by SUMO1/2/3. However, IGF-1 can only 

upregulate hOAT4 conjugated to SUMO2 and SUMO3, and SUMO2 conjugation showed a 

higher degree of increase (Figure 7). Moreover, this increase induced by IGF-1 was reversed 

by the PKB-specific inhibitor ipatasertib (Figure 8), suggesting PKB played a central role 

in the IGF-1-mediated regulation of hOAT4 SUMOylation. This finding is consistent with 

the roles of PKB on hOAT4 expression and activity (Figures 3 & 4). Notably, IGF-1 

upregulated the hOAT4 SUMOylation by SUMO2 and SUMO3, while the modification by 

SUMO1 was not significantly altered by IGF-1 (Figures 6 & 7). The heterogeneity between 

SUMO1 and SUMO2/3 comes in multiple aspects. Some of the SUMOylated proteins are 

modified exclusively by SUMO1 in vivo. And other target proteins can be conjugated to 

SUMO2/3 or all SUMO isoforms. In cells, SUMO2/3 proteins are usually more abundant 

than SUMO1, and the non-conjugated SUMO2/3 will be attached to target proteins promptly 

upon cellular stresses (12,16). Protein SUMOylation is a critical part for cellular responses 

to external stress, such as DNA damage, heat shock, and oxidative stress (45,46). During 

these responses, SUMO1 and SUMO2/3 often display different dynamics and functions. 

For example, SUMO1 shows a distinct distribution pattern and has slower dynamics than 

SUMO2 or SUMO3 (47). The dynamical transition of SUMO1 between SUMOylation and 

deSUMOylation is slower than that of SUMO2 and SUMO3 (12,14). Thereby, the individual 

roles of SUMO1/2/3 in hOAT4 SUMOylation might be different and will need further 

investigation in the future.

The majority of protein SUMOylation occurs around a consensus motif, Ψ-K-X-D/E (Ψ 
is a hydrophobic amino acid, K is the lysine residue for SUMOylation, X is any amino 

acid, D is an aspartic acid, and E is a glutamic acid) (12,48). We predicted potential 

SUMOylation sites of hOAT4 using an online tool called SUMOplot (Abcepta, San Diego, 

CA). The tool predicted that K131, K288, and K321 of hOAT4 could be SUMOylation sites 

with high probability. However, matching the consensus motif does not guarantee that a 

SUMO modification will occur at that site. Some SUMOylation sites are actually outside 

the consensus motif (12,13,48). Therefore, the SUMOylation sites of hOAT4 need to be 

confirmed in direct experimental approaches such as site-directed mutagenesis and mass 

spectrometry analysis.

Remote sensing and signaling is a theory describing communications across multiple tissues 

and organs to maintain overall homeostasis. The remote regulations of transporters are 

one of the central interactions of this network. Signaling molecules such as hormones and 

metabolites are generated from one organ and arrive at distal tissues to modulate transporters 

there (19,20). IGF-1 is an excellent example of this type of remote regulation: it is a 

growth hormone synthesized and secreted by the hepatocytes in the liver. After entering 

blood circulation, IGF-1 is able to regulate multiple transporters in the kidney, such as 

epithelial sodium channel, urate transporter 1, and in the current study, hOAT4 (21,25). The 
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physiological implication is that there are hepatic communications with hOAT4 expressed 

in the kidney and placenta, potentially altering the disposition of numerous therapeutics, 

toxins, and metabolites. Moreover, our study also indicated that this remote regulation of 

hOAT4 is mediated at the level of PKB signaling.

In conclusion, our study demonstrates that the hepatic hormone IGF-1 regulates the transport 

activity, expression, and SUMOylation of hOAT4 through PKB signaling. Our findings are 

consistent with the remote sensing and signaling theory, where OATs play an essential role 

in the remote communications among tissues. This regulation of hOAT4 discovered in the 

current study is mediated by IGF-1 and intracellular PKB signaling (Figure 10).
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Figure 1. Dose- and time-dependent effects of IGF-1 on hOAT4 transport activity in COS-7 cells.
(a) hOAT4-expressing COS-7 cells were treated with various concentrations of IGF-1 for 2 

h, followed by [3H]-estrone sulfate (ES) uptake (4 min, 0.3 μM of ES). Uptake activity was 

expressed as a percentage of the uptake measured in control cells. The data represent uptake 

into hOAT4-expressing cells minus uptake into parental COS-7 cells and were normalized 

by total protein concentration from each group. Values are mean ± S.D. (n = 3). *P < 0.05. 

(b) hOAT4-expressing cells were treated with 100 nM IGF-1 for 1, 2, 4 hours, followed by 

[3H]-ES uptake (4 min, 0.3 μM of ES). Uptake activity was expressed as a percentage of 

the uptake measured in control cells. The data represent uptake into hOAT4-expressing cells 

minus uptake into parental COS-7 cells and were normalized by total protein concentration 

from each group. Values are mean ± S.D. (n = 3). *P < 0.05.
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Figure 2. Effect of IGF-1 on kinetics of hOAT4-mediated estrone sulfate transport.
COS-7 cells expressing hOAT4 were treated with IGF-1 (100 nM, 2 h), and uptake of 

[3H]-estrone sulfate (ES) was measured at a series of concentrations of 0.1 – 10 μM of ES. 

The data represent uptake into hOAT4-transfected cells minus uptake into parental COS-7 

cells and were normalized by total protein concentration from each group. Transport kinetic 

values (Vmax and Km) were calculated using the Eadie-Hofstee transformation. Values are 

means ± S.D. (n = 3). V, velocity; S, substrate concentration.
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Figure 3. PKB inhibitors blocked IGF-1-stimulated hOAT4 transport activity.
(a) hOAT4-expressing cells were treated with 100 nM of IGF-1 for 2 h with or without 7 

μM of 10-DEBC, a PKB-specific inhibitor. hOAT4-mediated uptake (4 min) of [3H]-estrone 

sulfate (ES) was then measured. Uptake activity was expressed as a percentage of the uptake 

measured in control cells. The data represented uptake into hOAT4-expressing cells minus 

uptake into parental cells. Values are mean ± S.D. (n = 3). *p < 0.05. (b) hOAT4-expressing 

cells were treated with 100 nM of IGF-1 for 2 h with or without 10 μM of ipatasertib (Ipa), 

an anti-cancer drug specifically inhibiting PKB. hOAT4-mediated uptake (4 min) of [3H]-ES 

was then measured. Uptake activity was expressed as a percentage of the uptake measured 

in control cells. The data represented uptake into hOAT4-expressing cells minus uptake into 

parental cells. Values are mean ± S.D. (n = 3). *p < 0.05.
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Figure 4. Effects of IGF-1 and ipatasertib on hOAT4 protein expression.
(a) Top panel: cell surface expression of hOAT4. hOAT4-expressing cells were treated with 

IGF-1 (100 nM, 2 h), with or without 10 μM ipatasertib (Ipa). Cells were then labeled 

with biotinylation reagent and lysed. Biotinylated proteins were purified with streptavidin 

beads, followed by immunoblotting (IB) with anti-myc antibody. Epitope myc was tagged 

to hOAT4 for immune-detection. Bottom panel: the same blot from top panel was stripped 

and reprobed with anti-E-cadherin antibody. E-cadherin is a cell membrane protein marker. 

(b) Densitometry plot of results from Figure 4a as well as from other experimental repeats. 

Density values have been normalized to loading control from the same blot. The values are 

mean ± S.D. (n = 3). *P < 0.05. (c) Top panel: cellular total expression of hOAT4. hOAT4-

expressing cells were treated with IGF-1 (100 nM, 2 h), with or without 10 μM ipatasertib. 

Treated cells were lysed and followed by immunoblotting with anti-myc antibody. Bottom 

panel: the same blot from top panel was stripped and reprobed with anti-GAPDH antibody. 

GAPDH is a cellular protein marker. (d) Densitometry plot of results from Figure 4c as well 

as from other experimental repeats. Density values have been normalized to loading control 

from the same blot. The values are mean ± S.D. (n = 3). *P < 0.05.
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Figure 5. IGF-1 reduced the degradation rate of cell surface hOAT4.
(a) COS-7 cells expressing hOAT4 were biotinylated and then treated with 100 nM of 

IGF-1 for 2 or 6 hours under cell culture condition. The degradation of biotinylated 

cell surface hOAT4 was then determined as described in the “Materials and Methods” 

section. E-cadherin was measured on the same blot as a cell membrane protein marker. (b) 
Densitometry plot of results from Figure 5a as well as from other experimental repeats. The 

amount of undegraded cell surface hOAT4 was expressed as a percentage of the total amount 

of initial cell surface hOAT4. Density values have been normalized to loading controls from 

the same blot. Values are mean ± S.D. (n = 3). *P < 0.05.
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Figure 6. The involvement of endogenous SUMO1/2/3 in hOAT4 SUMOylation.
(a) Top Panel: hOAT4-expressing cells were treated with IGF-1 (100 nM, 2 h). Myc-

tagged hOAT4 was then immunoprecipitated (IP) by anti-myc antibody, followed by 

immunoblotting (IB) with anti-SUMO1 antibody to detect hOAT4 SUMOylated by 

endogenous SUMO1. Bottom panel: The same blot from top panel was stripped and 

reprobed with anti-myc antibody to detect the total amount of pulled-down hOAT4. (b) 
Top Panel: hOAT4-expressing cells were treated with IGF-1 (100 nM, 2 h). hOAT4 was 

then immunoprecipitated (IP) by anti-myc antibody, followed by immunoblotting (IB) with 

anti-SUMO2/3 antibody to detect hOAT4 SUMOylated by endogenous SUMO2/3. Bottom 

panel: The same blot from top panel was stripped and reprobed with anti-myc antibody to 

detect the total amount of pulled-down hOAT4. (c) Densitometry plot of results from Figure 

6a and 6b as well as from other experimental repeats. Density values have been normalized 

to total hOAT4 pulled-down from the same blot. Values are mean ± S.D. (n = 3). *P < 0.05.
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Figure 7. The involvement of transfected SUMO2/3 in hOAT4 SUMOylation.
(a) Top panel: hOAT4-expressing cells were individually transfected with HA-SUMO2 

or HA-SUMO3 and treated with IGF-1 (100 nM, 2 h). Myc-tagged hOAT4 was 

immunoprecipitated (IP) by anti-myc antibody, followed by immunoblotting (IB) with anti-

HA antibody to detect SUMOylated hOAT4. Bottom panel: the same blot from top panel 

was stripped and reprobed with anti-myc antibody to detect the total amount of pulled-down 

hOAT4. (b) Densitometry plot of results from Figure 7a as well as from other experimental 

repeats. Density values have been normalized to total hOAT4 pulled-down from the same 

blot. Values are mean ± S.D. (n = 3). *P < 0.05.
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Figure 8. Effects of IGF-1 and ipatasertib on hOAT4 SUMOylation.
(a) Top panel: hOAT4-expressing cells were transfected with HA-SUMO2 and treated with 

IGF-1 (100 nM, 2 h) in the absence and presence of 10 μM ipatasertib (Ipa). Myc-tagged 

hOAT4 was immunoprecipitated (IP) by anti-myc antibody, followed by immunoblotting 

(IB) with anti-HA antibody to detect SUMOylated hOAT4. Bottom panel: the same blot 

from top panel was stripped and reprobed with anti-myc antibody to detect the total 

amount of pulled-down hOAT4. (b) Densitometry plot of results from Figure 8a as well 

as from other experimental repeats. Density values have been normalized to total hOAT4 

pulled-down from the same blot. Values are mean ± S.D. (n = 3). *P < 0.05.
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Figure 9. Effects of IGF-1 and ipatasertib on hOAT4 transport activity in placental BeWo cells.
hOAT4-expressing BeWo cells were treated with IGF-1 (10 – 100 nM, 4 h) with or without 

10 μM ipatasertib (Ipa), followed by [3H]-ES uptake (4 min, 0.3 μM of ES). Uptake activity 

was expressed as a percentage of the uptake measured in control cells. The data represent 

uptake into hOAT4-expressing BeWo cells minus uptake into parental BeWo cells and were 

normalized to total protein concentration from each group. Values are mean ± S.D. (n = 3). 

*P < 0.05.
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Figure 10. 
IGF-1 regulates hOAT4 via the remote sensing and signaling network.
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