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ABSTRACT 
 

Regulation of NHE3 by βPix-Shank2 protein complex 

 

 

 

Jung-Soo Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Min Goo Lee) 

 

 

Na+/H+ exechanger 3 (NHE3) plays an important role in neutral Na+ 

transport in mammalian epithelial cells. The Rho family of small GTPases 

and the PSD-95/discs large/ZO-1 (PDZ) domain-based adaptor Shank2 are 

known to regulate membrane expression and activity of NHE3. In this study 

the role of βPix, a guanine nucleotide exchange factor for the Rho GTPase 

and a strong binding partner to Shank2, was examined in NHE3 regulation 

using integrated molecular and physiological approaches. 

Immunoprecipitation and pulldown assays revealed that NHE3, Shank2 and 

βPix form a macromolecular complex when expressed heterologously in 

PS120 fibroblastic cells as well as endogenously in rat colon, kidney and 

pancreas. The expression of these proteins was mostly confined to the apical 

region of rat colonic epithelial cells in immunofluorescence staining. When 

expressed in PS120/NHE3 cells, βPix increased membrane expression and 
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basal activity of NHE3. The effects of βPix on NHE3 were abolished by 

cotransfection with dominant-negative Shank2 mutants and by treatment 

with Clostridium difficile toxin B, a Rho GTPase inhibitor. These indicate 

that Shank2 and Rho GTPases are involved in βPix-mediated NHE3 

regulation. Knockdown of endogenous βPix by RNA interference decreased 

Shank2-induced increase of NHE3 membrane expression in HEK 293T cells. 

These results indicate that βPix upregulates membrane expression and 

activity of NHE3 by Shank2-mediated protein-protein interaction and by 

activating Rho GTPases in the apical regions of epithelial cells.  
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I. INTRODUCTION 

The Na+/H+ exchanger (NHE) family are integral membrane 

proteins that catalyze the extrusion of intracellular proton (H+) ions in 

exchange for extracellular sodium (Na+) ions and play vital roles in the 

regulation of cellular pH as well as transepithelial ion and water transport.1,2 

To date, eleven mammalian NHE proteins, including nine NHE isoforms 

belonged to the SLC9A family and two Na+/H+ anti-porter proteins,3,4 have 

been identified with unique tissue distribution and functional properties. As 

one of the better characterized isoforms, Na+/H+ exchanger 3 (NHE3, or 

SLC9A3) is known to be expressed in the apical membrane of epithelial cells 

of the renal proximal tubules and gastrointestinal tract where it plays a major 

role in acid-base and systemic fluid volume homeostasis.5 NHE3 knock-out 

mice have chronic diarrhea and altered salt and water homeostasis.6 NHE3 is 
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known to be regulated by many hormones, neurotransmitters, and associated 

signaling systems such as cAMP, cGMP, and elevated intracellular calcium, 

but the underlying mechanisms are still only partially understood.5  

It has been shown that adaptor proteins with PSD-95/discs 

large/ZO-1 (PDZ) domains play an important role in the membrane 

expression and acute regulation of NHE3 activity in polarized epithelia. For 

example, the NHERF family of adaptor proteins, which have two or four 

PDZ domains, are linked to cAMP-dependent inhibition of NHE3 in colon 

and kidney epithelia.7,8 In addition, recent studies have indicated that another 

PDZ based adaptor, Shank2, participates in the regulation of transepithelial 

salt and water transport by affecting NHE3 expression and activity.5,9 

The Shank family of proteins was initially known to make 

molecular scaffolds in neuronal cells, where they serve as central 

coordinators of membrane and cytoplasmic protein complexes in the 

postsynaptic density (PSD).10,11 Shank polypeptides contain multiple sites for 

specific protein-protein interactions, including ankyrin repeats, an SH3 

domain, a PDZ domain, a long proline-rich region, and a sterile α motif 

(SAM).10 Currently there are three known members of the Shank family: 

Shank1, Shank2, and Shank3. Among them, Shank2 is localized to the apical 

poles of pancreatic, colonic, hepatic, and renal epithelia and to modulate the 

activity of specific membrane transport proteins, such as the cystic fibrosis 

transmembrane conductance regulator (CFTR) and the type IIa sodium 

phosphate co-transporter.9,12-14 In addition, Shank2 associates with NHE3 

and upregulates the membrane expression and basal activity of NHE3 in 

epithelial cells.5 However, the underlying mechanisms of these functions are 

still unclear.  

Shank proteins interact with βPix and promote synaptic 
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accumulation of βPix associated signaling molecules at the PSD of 

excitatory synapses.15 It is believed that these associations may contribute to 

Shank dependent organization of the PSD and to the regulation of dendritic 

spine dynamics.15 PAK-interacting exchange factor (Pix)/cloned out of 

library (Cool) is a family of guanine nucleotide exchange factors (GEFs) for 

the Rho family of small GTPases.16,17 A very interesting feature is that Rho 

GTPases are critical for the retention and targeting of NHE3 in the apical 

membrane of epithelial cells.18,19 Therefore, it is conceivable that βPix also 

associates with the Shank2-NHE3 complex and participates in NHE3 

regulation by activating Rho GTPases near the apical pole in epithelial cells. 

The present study was undertaken to identify and characterize the role of 

βPix in NHE3 regulation and show that regulates transepithelial salt and 

water transport through affecting NHE3 expression and activity.  
 



- 6 - 

II. MATERIALS AND METHODS 

  1. Antibodies, chemicals, plasmids, and cell culture 

  Polyclonal antibodies against NHE3 (#1568 and #1314) were obtained 

from Dr. Orson Moe (University of Texas Southwestern Medical Center, 

Dallas, TX).20,21 Shank2 (#1136 and #3856), and βPix (#1254 and #1257) 

were obtained from Dr. E. Kim at Korea Advanced Institute of Science and 

Technology.11,15 The anti-HA epitope monoclonal antibody (#2367, Cell 

Signaling Technology, Danvers, MA) and anti-GFP (sc-8334, Santa Cruz 

Biotechnology, Santa Cruz, CA) and β-actin (sc-1616, Santa Cruz 

Biotechnology, Santa Cruz, CA) polyclonal antibodies were purchased from 

commercial sources. The acetoxymethyl ester of 2',7'-bis(carboxyethyl)-5(6)-

carboxyfluorescein (BCECF) and Clostridium difficile toxin B (TxB) were 

purchased from Molecular Probes (Eugene, OR) and TechLab (Blacksburg, 

VA), respectively. Dithiobis(succinimidyl propionate) (DSP, cross-linking 

reagent), sulfo-NHS-SS-biotin, and NeutrAvidin were obtained from Pierce. 

All other chemicals, including nigericin, were purchased from Sigma 

(St.Louis, MO). The pcDNA3-HA-rShank2 and pcDNA3.1-

rShank2/CortBP1 plasmids5,9 containing wild-type rShank2/CortBP1 cDNA 

and the pcDNA3.1-rShank2/H109A plasmid harboring the H109A mutation 

in the PDZ domain of rShank2 was used in this experiment.14 To generate 

pcDNA3.1-rShank2/ΔSAM, the SAM domain deleted rShank2 (amino acids 

1–1163 and amino acids Δ1164–1253) was PCR amplified and subcloned 

into pcDNA3.1 using BamHI and NotI restriction sites. The pCMV-rNHE3 

was obtained from Dr. K. Park at Juseong University. The pCMV-

rNHE3'38HA3 was obtained from Dr. S. Grinstein (Hospital for Sick Children, 

Toronto, Canada).18,22 The pEGFP-βPix plasmid was used in this 

experiment.15 PS120 (NHE-deficient hamster fibroblast) and HEK 293T 
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(human embryonic kidney) cells were maintained in Dulbecco’s modified 

Eagle’s medium-high glucose (Invitrogen, Carlsbad, CA) supplemented with 

10 % fetal bovine serum and penicillin (50 IU/ml)/streptomycin (50 μg/ml). 

Plasmids expressing NHE3 were stably transfected into PS120 cells using 

Lipofectamine Plus Reagent (Invitrogen, Carlsbad, CA). NHE3 stable 

transfectants were selected by resistance to the antibiotic Geneticin (G418, 

Invitrogen, Carlsbad, CA) and by an H+-killing method.23 Madin-Darby 

canine kidney (MDCK)-NHE3'38HA3-stable cells (gift from Dr. S. Grinstein, 

Hospital for Sick Children, Toronto, Canada),18 were maintained in the 1:1 

Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 with 5 % fetal 

bovine serum and with G418 selection (500 μg/ml). To knock down 

endogenous βPix expression in HEK 293T cells, 25-bp double-stranded 

RNA oligonucleotides specific for βPix were synthesized (Invitrogen, 

Carlsbad, CA) and transfected into cells using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA). The target small interfering RNA (siRNA) 

sequence was 5'-GGAGGATTATCATACAGATAGACAA-3'. A negative 

control RNA (StealthTM RNAi Negative Control Duplexes, catalog no. 

12935-300, Invitrogen, Carlsbad, CA) was used in appropriate control 

experiments. Two days after transfection, cells were harvested in lysis buffer 

for immunoblotting.  

 

2. Immunohistochemistry  

For immunohistochemistry, colon tissue from Sprague-Dawley rats was 

embedded in OCT (Miles, Elkhart, IN), frozen in liquid N2, and cut into 4 

㎛ sections. The sections were fixed and permeabilized by incubation in 

cold methanol for 10 min. Nonspecific binding sites were blocked by 

incubation for 1 h at room temperature with 0.1 ml of phosphate-buffered 
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saline containing 5 % goat serum, 1 % bovine serum albumin, and 0.1 % 

gelatin (blocking medium). After blocking, the sections were stained by 

incubating them with anti-Shank2 (#3856), anti-NHE3 (#1314), and/or anti-

βPix (#1257) antibodies and then treated with fluorophore-tagged secondary 

antibodies. To cover the surface of the first primary antibody for double 

labeling using primary antibodies from the same host species, sections were 

incubated with unconjugated AffiniPure Fab Fragment Goat Anti-Rabbit IgG 

(H+L) (Jackson ImmunoResearch, West Grove, PA) overnight at 4 . ℃

Images were obtained with a Zeiss LSM 510 confocal microscope. 

 

3. Immunoprecipitation and immunoblotting  

For immunoprecipitation, precleared colon, kidney, pancreas, or PS120 

lysates (500 ㎍ of protein) were mixed with the appropriate antibodies and 

incubated overnight at 4  in lysis buffer. The PS120 cells were treated with ℃

the cross-linking agent DSP (2 mM) for 30 min at room temperature before 

extraction. Immune complexes were collected by binding to protein G beads, 

which were subsequently washed four times with lysis buffer prior to 

electrophoresis. The immunoprecipitates or lysates (50 ㎍ of protein) were 

suspended in SDS sample buffer and separated by SDS-PAGE. The 

separated proteins were transferred to nitrocellulose membranes, and the 

membranes were blocked by 1 h incubation at room temperature in blocking 

solution containing 5 % nonfat dry milk. The membranes were then 

incubated with the appropriate primary and secondary antibodies, and protein 

bands were detected with enhanced chemiluminescence solutions 

(Amersham Biosciences). 

 

4. Pulldown assay  
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cDNA containing full length βPix was generated by PCR amplification 

and subcloned into the glutathione S-transferase (GST) fusion vector 

pGEX4T-1 using SalI and NotI restriction sites. The GST-βPix fusion 

protein was expressed in Escherichia coli (strain B/BL21-DE3) and purified 

with glutathione-Sepharose 4B (Amersham Biosciences). For pulldown 

experiments, HEK 293T cells were transfected with pcDNA3-HA-rShank2 

and pCMV-rNHE3. Two days after transfection, HEK 293T cells were lysed 

on ice in a 1 % Triton X-100 buffer containing 200 mM NaCl, 2 mM MgCl2, 

2 mM CaCl2, 10 mM HEPES (pH 7.4), and proteinase inhibitors (Roche 

Applied Science, Mannheim, Germany). After centrifugation, the 

supernatant was incubated with 50 ㎍ of GST fusion protein for overnight 

at 4 , followed by precipitation with glutathione℃ -Sepharose 4B resin. The 

glutathione-Sepharose resin was pelleted and washed with wash buffer (3 X 

5 min, 4 ) prior to resuspension in SDS sample buffer and immunoblot℃ ting.  

 

5. Surface biotinylation assay  

PS120/NHE3, MDCK/NHE3'38HA3, and HEK 293T cells were washed 

with ice cold phosphate-buffered saline containing 0.1 mM CaCl2 and 1 mM 

MgCl2, and the plasma membrane proteins were then biotinylated by gently 

shaking the cells in phosphate-buffered saline containing sulfo-NHS-SS-

biotin (Pierce) for 30 min at 4 . After biotinylation, the cells were washed ℃

extensively with quenching buffer and phosphate-buffered saline to remove 

excess biotin. The cells were then lysed, and NeutrAvidin solution 

(UltraLink Immobilized NeutrAvidin Beads 10 %, Pierce) was added to the 

supernatant, and the mixture was incubated at 4  overnight. Avidin℃ -bound 

complexes were pelleted (13,000 rpm) and washed three times. Biotinylated 

proteins were eluted in SDS sample buffer, resolved by SDS-PAGE, 
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electrotransferred, and immunoblotted with the anti-NHE3 (#1568) antibody. 

 

6. Measurement of Na+/H+ exchange activity 

Cells grown on glass coverslips were loaded with a pH-sensitive 

fluorescent dye 2’, 7’-bis-(2-carboxyethyl)-5-(and-6)-carboxy fluorescein 

acetoxymethyl ester (BCECF) and intracellular pH (pHi) changes were 

measured. When Shank2 and βPix constructs were transiently expressed, a 

green fluorescent protein-expressing plasmid was co-transfected and pHi 

measurements were performed with cells expressing high levels of green 

fluorescent protein.24 The cells were acidified by an NH4
+ (20 mM) pulse 

and subsequent perfusion with a Na+-free solution. The maximal Na+-

dependent pHi recovery was measured in cells acidified to a pH of 6.4-6.5. 

The standard perfusion solution contained (mM): 140 NaCl, 5 KCl, 1 MgCl2, 

1 CaCl2, 10 glucose, and 10 Hepes (pH 7.4 adjusted with NaOH). Na+-free 

solutions were prepared by replacing Na+ with N-methyl-D glucamine+. The 

osmolarity of all solutions was adjusted to 310 mM with the major salt. The 

490/440 nm ratios were calibrated intracellularly by perfusing the cells with 

solutions containing 145 mM KCl, 10 mM Tris, 5 µM nigericin with pH 

adjusted to 6.2-7.8.5,25 In each experiment, the intrinsic buffer capacity (βi) 

was calculated by measuring pHi in response to 5-20 mM NH4Cl pulses.5 

However, any gene modulation did not significantly change βi. Therefore, all 

of the NHE activity values are expressed as ΔpH/min, and this value was 

directly analyzed without compensating for βi. 

 

7. Statistical Analysis  

The results of multiple experiments were presented as the means ± SEM. 

Statistical analysis was performed with analysis of variance followed by 
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Tukey multiple comparison test. P < 0.05 was considered statistically 

significant. 
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III. RESULTS 

1. Shank2 mediates associations between NHE3 and βPix. 

To investigate an interaction between NHE3, βPix, and Shank2, PS120 

cells that stably express a triple HA epitope-tagged form of NHE3 

(PS120/NHE3'38HA3) were cotransfected with expression plasmids containing 

GFP-βPix singly or in combination with wild type and dominant negative 

forms of Shank2. Following 48 h of transfection, direct and indirect 

interactions among these proteins were examined by immunoprecipitation 

using the cross-linking agent DSP. As shown in Figure 1A, an association 

between NHE3 and βPix was evident when wild type Shank2 was 

coexpressed in the PS120/NHE3'38HA3 cells, whereas very little NHE3 

immunoprecipitate was detected in cells transfected with βPix alone. This 

latter weak signal presumably reflects a complex of exogenous NHE3'38HA3 

and βPIX with low levels of endogenous Shank2 that are present in PS120 

cells (Figure 1A). Although a weak association between βPix and NHE3 can 

be detected without using the cross-linking agent DSP, treatment with DSP 

evoked a much stronger interaction in immunoprecipitation (Figure 1B), 

implying that the association between βPix and NHE3 is mediated by an 

indirect interaction. Further, the direct interaction of βPix with Shank2, but 

not with NHE3, was confirmed by the pulldown assay using GST-βPix 

fusion protein (Figure 1C). The PDZ domain of Shank2 has been shown to 

mediate Shank2-NHE3 and Shank2-βPix interactions.5,15 In general, the first 

histidine residue of the second α-helix of the PDZ domain (position αB1, 

His-109 in rShank2) plays an important role in class I PDZ interaction by 

forming a strong hydrogen bond between its N-3 nitrogen and the hydroxyl 

group of the -2 serine/threonine residue of the ligand.14 Interestingly, the 

dominant negative Shank2 PDZ (H109A) mutant completely abolished the 
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association between NHE3 and βPix (Figure 1A), indicating that the PDZ 

domain of Shank2 is critically involved in the NHE3-βPix association. 

Because Shank2 contains only one PDZ domain, it is unlikely that a Shank2 

molecule can bind simultaneously to both NHE3 and βPix. Instead, Shank 

proteins can multimerize via the SAM domain, a domain known to mediate 

oligomerization.26 Thus, the role of Shank2 multimerization in the NHE3-

βPix association by using the SAM domain deleted Shank2 (ΔSAM) 

construct was examined. Notably, deletion of Shank2 SAM domain also 

completely abolished the NHE3-βPix interaction (Figure 1A). Collectively, 

these results imply that oligomerization of Shank2-NHE3 and Shank2-βPix 

creates a large protein complex, resulting in association between NHE3 and 

βPix. 

 

2. βPix increases surface expression and basal activity of NHE3 in      

PS120 cells in a Shank2-dependent manner 

To investigate the functional role of βPix, the surface distribution and 

activity of NHE3 were investigated in PS120/NHE3 cells. In these 

experiments, I used non-HA-tagged NHE3 to better approximate its native 

structure. Plasma membrane expression of NHE3 was examined using a 

surface biotinylation assay. NHE activity was measured as the Na+-

dependent increase in pHi after intracellular acidification induced by an NH4 

pulse. These experiments were used serum-supplemented conditions to 

preserve the innate regulation of NHE3 in PS120 cells. In addition, it has 

been shown that molecular scaffold-induced effects were better observed in 

the serum-supplemented condition.5 Notably, βPix increased the surface 

expression and activity of NHE3 (Figure 2). The basal NHE activity of 

PS120/NHE3 cells was 0.106 ± 0.016 ΔpH/min, and this value was increased  
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Figure 1. Interaction of βPix, Shank2, and NHE3 in PS120/NHE3'38HA3 cells. 

(A) Immunoprecipitation was performed in PS120/NHE3'38HA3 cells that stably 

express triple HA epitope-tagged NHE3. PS120/NHE3'38HA3 cells were 

cotransfected with the plasmids expressing GFP-βPix and Shank2. In some 

experiments, the Shank2 PDZ domain mutant (Shank2/H109A) and SAM domain 

deleted mutant (Shank2/ΔSAM) were transfected to identify the role of these 

domains in protein complex formation. The PS120/NHE3'38HA3 cells were treated 

with the cross-linking agent DSP (2 mM) for 30 min at room temperature before 

harvesting. Protein samples were precipitated with anti-βPix (#1254) and anti-

GFP antibodies and immunoblotting was carried out using monoclonal anti-HA, 
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polyclonal anti-GFP, and polyclonal anti-Shank2 (#1136) antibodies. (B) Effects of 

the cross-linking agent dithiobis-(succinimidylpropionate) (DSP) on the interaction 

between βPix and NHE3. Immunoprecipitation was performed in 

PS120/NHE3''38HA3 cells that stably express triple HA epitope-tagged NHE3. The 

PS120/NHE3''38HA3 cells were treated with or without DSP (2 mM) for 30 min at 

room temperature before harvesting. PS120/NHE3''38HA3 cells were cotransfected 

with the plasmids expressing GFP-βPix and Shank2. Protein samples were 

precipitated with anti-GFP (βPix) antibodies and immunoblotting was carried out 

using monoclonal anti-HA, polyclonal anti-GFP, and polyclonal anti-Shank2 

(#1136) antibodies. (C) Pulldown assay. The GST-βPix fusion protein was 

expressed in E. coli and purified with glutathione-Sepharose 4B. HEK 293T cells 

were transfected with mock, HA-rShank2, or rNHE3 plasmids, and protein samples 

were incubated with 50 μg of GST alone or GST-βPix fusion protein. The pelleted 

protein by glutathione-Sepharose resin was immunoblotted with anti-HA or anti-

NHE3 (#1568) antibodies. Left-hand image shows a Ponceau S stain of immunoblot, 

and right-hand images represent Shank2 and NHE3 immunoblots.  
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to 0.382 ± 0.036 ΔpH/min by βPix expression (Figure 2C). As reported 

previously,5 Shank2 also upregulated the surface expression and basal 

activity of NHE3. However, neither the surface expression nor the basal 

activity of NHE3 was further increased by coexpression of βPix and Shank2 

(Figure 2), suggesting that βPix and Shank2 share a common pathway in 

upregulating NHE3. Next, we explored the role of Shank2 in the βPix-

induced upregulation of NHE3. The Shank2 PDZ (H109A) mutant 

completely nullified the effects of βPix on NHE3 surface expression and 

activity (Figure 3, A–C). Similar effects were observed with the Shank2 

SAM domain deleted (ΔSAM) mutant (Figure 3C). These results indicate 

that the PDZ domain-mediated protein-protein interaction and 

multimerization of Shank2 molecules are required for the βPix-induced 

upregulation of NHE3. 

 

3. βPix is required for Shank2-induced upregulation of NHE3. 

To determine whether βPix is involved in Shank2-induced upregulation 

of NHE3, RNA interference technique was used to knockdown βPix 

expression in HEK 293T cells that endogenously express human βPix. 

Compared with scrambled siRNA control, treatment with βPix siRNA 

induced a pronounced reduction in βPix protein expression and a partial 

decrease in Shank2 expression and cytosolic expression of NHE3 without 

affecting β-actin expression. Interestingly, knockdown of βPix was 

paralleled by the loss of NHE3 surface expression (Figure 4A). Although 

partial decrease in Shank2 might contribute, the profound loss of βPix      

would give a better explanation for the comparable decrease in NHE3 

surface expression. Importantly, knockdown of βPix completely abolished 

the Shank2-induced upregulation of NHE3 surface expression. Comparable  
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Figure 2. Effects of βPix expression on NHE3 surface expression and activity in 

PS120/NHE3 cells. PS120/NHE3 cells that stably express non-HA epitope tagged 

NHE3 were cotransfected with βPix, Shank2, and each mock plasmid. (A)   

Surface-biotinylated proteins and whole cell lysates were immunoblotted with anti-

NHE3 (#1568), anti-GFP, and anti-Shank2 (#1136) antibodies. A low level of 

endogenous Shank2 expression is observed in lanes 1 and 2. (B) PS120/NHE3 cells 

were transfected with each plasmid, and NHE activities were measured. The cells 

were kept in serum supplemented conditions. (C) A summary of multiple NHE 

activity measurements.  
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Figure 3. Role of Shank2 in the βPix-induced upregulation of NHE3 in 

PS120/NHE3 cells. PS120/NHE3 cells were cotransfected with βPix and/or 

Shank2/H109A, and surface biotinylation and NHE activity measurements were 

performed. (A) Surface-biotinylated proteins and whole cell lysates were 

immunoblotted with anti-NHE3 (#1568), anti-GFP, and anti-Shank2 (#1136) 

antibodies. (B) PS120/NHE3 cells were transfected with each plasmid, and NHE 

activities were measured. (C) A summary of multiple NHE activity measurements. 

Summarized results from cells transfected with Shank2/ΔSAM instead of 

Shank2/H109A are also illustrated in the last two columns.  
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results were also observed in the NHE3 activity measurements (Figure 4, B 

and C). These results suggest that association of βPix with the Shank2-NHE3 

complex is an important underlying mechanism for the Shank2-induced 

NHE3 upregulation.  

 

4. Rho GTPases are involved in βPix-induced upregulation of NHE3.  

NHE3 requires an intact cytoskeleton for its optimal function. In most 

cells, small GTP-binding proteins of the Rho family are major regulators of 

the actin cytoskeleton.27,28 In fact, Rho GTPases have been shown to play a 

critical role in the surface retention of NHE3 in MDCK epithelial cells.18 

Because βPix works as an activating factor for Rho GTPases,16,17 I 

considered the possibility that Rho GTPases are involved in the βPix- 

induced upregulation of NHE3. Because the role of Rho proteins in the 

surface expression of NHE3 was investigated in MDCK cells18 the surface 

level of NHE3 was analyzed in MDCK-NHE3'38HA3 cells after treatment with 

the Rho GTPase inhibitor C. difficile TxB. As depicted in Figure 5, treatment 

with TxB resulted in a 66.2 ± 9.2 % reduction in the surface expression of 

NHE3. Further, TxB completely blocked the βPix-induced increase in NHE3 

surface expression. These findings are consistent with the notion that Rho 

GTPases are involved in the regulation of NHE3 mediated by βPix-Shank2 

complex. 

 

5. NHE3, βPix, and Shank2 associate in Vivo. 

The relationship of NHE3, βPix, and Shank2 was examined in epithelial 

tissues to explore its physiological relevance. Expression of Shank2 protein 

was initially confirmed in rat pancreas, ileum, colon, and kidney by 

immunoblotting (Figure 6A). As reported previously, kidney tissues express 
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Figure 4. Effect of βPix knockdown on Shank2-induced upregulation of NHE3 

in HEK 293T cells. HEK 293T cells expressing NHE3 were cotransfected with 

Shank2 or mock plasmids, and were treated with scrambled RNA or siRNAs against 

human βPix 1 day after plasmid transfection. Forty-eight hours after siRNA 

treatment, cell surface biotinylation and NHE measurements were carried out. (A) 

Surface-biotinylated proteins and whole cell lysates were immunoblotted with anti-

NHE3 (#1568), anti-βPix (#1254), anti-Shank2 (#1136), and anti-β-actin antibodies. 

(B) NHE activities were measured in HEK 293T cells transfected with each plasmid 

and treated with siRNAs. Ethyl-isopropyl-amiloride (EIPA, 5 μM) was 

administered during NHE activity measurements to block endogenous NHE1 

activity in HEK 293T cells. (C) A summary of multiple NHE activity measurements.  
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Figure 5. Effect of Rho GTPase inhibition on βPix-induced upregulation of 

NHE3 in MDCK cells. MDCK cells stably expressing NHE3'38HA3 were transfected 

with βPix or mock plasmids. Forty-eight hours after transfection, cells were kept 

with or without the Rho GTPase inhibitor C. difficile TxB (4 μg/ml) for 4 h at 37 °C. 

(A) Surface NHE3 was visualized using surface biotinylation assay. (B) A summary 

of densitometric analysis from four separate experiments (relative density to NHE3 

alone). 
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only the long isoform of Shank2 (Shank2E),13 whereas colon and pancreas 

express both the short (CortBP1) and the long (Shank2E) forms of Shank2 

(Figure 6, A and B). Importantly, coimmunoprecipitation results showed that 

NHE3 associates with both βPix and Shank2 in rat tissues, indicating that a 

protein complex of NHE3-βPix-Shank2 exists in rat epithelial tissues (Figure 

6B). Lastly, the localization of NHE3, βPix, and Shank2 was determined 

immunohistochemically in rat colon (Figure 6C). NHE3 was principally 

expressed in the apical membrane of colonic epithelial cells. Although small 

fractions of βPix and Shank2 were observed in the basolateral area, these two 

proteins were highly concentrated in the apical pole. Consequently, NHE3, 

βPix, and Shank2 were all located near the apical membrane in colonic 

epithelial cells. 
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Figure 6. Formation of an NHE3, βPix, and Shank2 complex in vivo. (A) 

Expression of Shank2 proteins in the rat gastrointestinal organs and kidney. In small 

intestines and colons, protein samples were prepared from the mucosal layer. 

Immunoblotting was carried out using polyclonal anti-Shank2 (#1136) and anti-β-

actin antibodies. (B) Coimmunoprecipitation of NHE3 with βPix and Shank2 in rat 

colon, kidney, and pancreas. Detergent extracts of each rat tissue fraction were 
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immunoprecipitated with control (nonimmune IgG), anti-Shank2 (#3856), or 

βPix(#1257) antibodies and characterized by immunoblotting with anti-NHE3 

(#1568), anti-βPix (#1254), and anti-Shank2 (#1136) antibodies. (C) Rat colon 

slices were immunofluorescently stained with anti-NHE3 (#1314), βPix (#1257), 

and Shank2 (#3856) antibodies. To perform a double labeling experiment using 

primary antibodies from the same host species, sections were incubated with 

unconjugated AffiniPure Fab Fragment Goat Anti-Rabbit IgG (H+L) after the first 

staining of NHE3. Then, the second labeling for βPix or Shank2 was conducted.  
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IV. DISCUSSION 

The present study demonstrates a novel mechanism of NHE3 regulation 

by βPix. NHE3 is expressed on the plasma membranes of many 

gastrointestinal organs and contributes to the maintenance of intracellular pH 

and volume, transcellular absorption of NaCl and NaHCO3, and fluid balance 

as well as regulation of systemic pH.29 NHE3 is both rapidly stimulated and 

inhibited as part of normal digestive physiology, and it contributes to 

multiple pathophysiological states when it is down-regulated for a prolonged 

period.7,29-31 PDZ based adapter molecules are important mediators of NHE3 

regulation, participating in apical targeting, surface retention, and the acute 

control of NHE3 activity in epithelial cells.7 Shank2 is a PDZ based adaptor 

enriched in the apical region of gastrointestinal and kidney epithelia and has 

been shown to directly bind and regulate NHE3.5,12 This association 

increases the membrane expression and basal activity of NHE3, but prevents 

the cAMP-dependent acute inhibition of NHE3.5 It remains unknown how 

Shank2 upregulates the membrane expression and activity of NHE3. Here, 

based on the findings from this study, βPix forms a protein complex with 

Shank2 and increases the membrane expression and activity of NHE3 in a 

Rho GTPase dependent manner.  

Pix proteins constitute a family of GEF proteins for the Rho GTPases. 
16,17,32 Pix was first cloned as p85SPR (SH3 domain containing proline-rich 

protein), and the Pix family contains two members, αPix and βPix.33 These 

GEFs activate Rho small G-proteins by facilitating a switch from an inactive 

GDP-bound to an active GTP-bound state. The activation of Rho proteins 

influences vesicle movement, impacting endocytosis and exocytosis of 

integral plasma membrane proteins.34,35 These encompass a variety of 

membrane transporters, including Na+ channels, K+ channels, nonselective 
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cation channels, and CFTR.35-37 In addition, Rho GTPases play a pivotal role 

in apical retention and targeting of NHE3 in epithelial cells.18 As a major 

activator of Rho GTPases, GEF proteins also play important roles in 

cytoskeleton rearrangement, membrane trafficking, and transporter 

regulation.38,39 However, the molecular nature of the GEF responsible for 

NHE3 regulation remains obscure. These data indicate that βPix forms a 

protein complex with NHE3 in rat epithelial tissues such as colon, kidney, 

and pancreas (Figure 6). In addition, βPix upregulates NHE3 surface 

expression and activity (Figure 2), an effect that is blocked by the Rho 

GTPase inhibitor TxB (Figure 5). These findings strongly suggest that βPix 

is one of the major GEFs responsible for NHE3 regulation at the apical 

membrane of epithelial cells.   

Expression of βPix protein increased the membrane expression and 

basal activity of NHE3, resembling the effects of Shank2 expression. 

Evidence presented in this study indicates that Shank2 is involved in the 

βPix-induced upregulation of NHE3 and vice versa. For example, βPix-

induced upregulation of NHE3 was abolished by the Shank2 PDZ- and 

SAM-domain mutants (Figure 3). Protein complex formation between βPix 

and NHE3 was also abolished by these dominant negative Shank2 mutants 

(Figure 1). The PDZ domain of Shank2 mediates binding to NHE3.5 It is also 

known that PDZ domain of Shank binds to the C-terminal PDZ-binding 

motif of βPix. Interestingly, Shank2 has only one PDZ domain. This raises 

the possibility that βPix and NHE3 may compete with each other to bind to 

Shank2, rather than form a protein complex. However, 

coimmunoprecipitation results showed that Shank2 actually mediates the 

association between βPix and NHE3 (Figure 1). The C terminus of Shank2 

contains a SAM domain, which is known to mediate oligomerization.26 SAM 
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domains are small protein modules that are present in many different 

proteins in diverse cellular compartments and are involved in wide-ranging 

functions, including scaffolding, signal transduction, and transcriptional 

regulation.40 Unlike other common protein modules in Shank2, such as 

proline-rich and SH3 domains, they can bind to other SAM domains and 

self-associate, which suggests that Shank proteins can multimerize in a tail-

to-tail manner. The finding that SAM domain-deleted Shank2 mutants 

abolished the association between NHE3 and βPix suggests that Shank2 

exists as an oligomer, cross-linking multiple sets of protein complexes with 

NHE3 and βPix.  

An interesting finding in this study is that association between βPix and 

NHE3 was readily detectable in rat epithelial tissues (Figure 6), whereas the 

interaction was faint in the heterologous expression system without using the 

cross-linking agent DSP (Figure 1). This raises a possibility that a new 

protein may be involved in the stabilization of βPix-Shank2-NHE3 complex 

in epithelial tissues. A further study that identifies the complete binding 

partners of βPix and Shank2 in epithelial cells will elucidate this question.  

The regulatory mechanisms resulting from the association of NHE3 

with Shank2 and βPix are summarized in Figure 7. Oligomerization of 

Shank2 in the apical cytoskeleton forms a large protein complex. This 

recruits many regulatory and structural proteins, including NHE3 and βPix. 

In addition, Shank2 oligomerization may facilitate dimerization of βPix, 

which is required for activation of Rho GTPases.41 Consequently, activation 

of Rho GTPases upregulates membrane expression and activity of NHE3 at 

the apical membrane of epithelial cells. Identification of βPix as a regulator 

of NHE3 will not only shed new light on electroneutral sodium and hydrogen 

transport in the gastrointestinal and renal epithelia, but also provide another 
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avenue for the correction of disease states caused by fluid electrolyte 

imbalance.  

 

 
 

Figure 7. A proposed model for the regulation of NHE3 through interaction 

with βPix and Shank2. The molecular machinery implicated in the regulation of 

NHE3 at the apical membrane of epithelial cells is illustrated. Both NHE3 and βPix 

form protein complexes through the PDZ domain of Shank2. The multimerization 

of Shank2 via its SAM domain recruits many regulatory and structural proteins, 

including NHE3 and βPix to the complex. Also, the dimerization of βPix facilitates 

the activation of Rho GTPases. Consequently, NHE3 is directed to the cell surface 

by its interaction with βPix and Shank2. SH3, Src homology3; SAM, sterile alpha 

motif; PRR, prolinerich region; DH, Dbl homology; PH, pleckstrin homology; and 

LZ, leucine zipper. 
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V. CONCLUSION  

 

The present study identified a novel mechanism of NHE3 regulation by 

βPix and characterized the role of βPix on NHE3 regulation using molecular, 

biochemical and physiological approaches to conclude:  

 

1. Immunoprecipitation , pulldown and immunofluorescence studies revealed 

that NHE3, Shank2, and βPix form a macromolecular complex in colon, 

kidney, and pancreas and these proteins colocalized at the apical surface in 

the rat colon epithelial cells.  

 

2. In functional studies, βPix increased membrane expression and basal 

activity of NHE3. These effects were abolished by the expression of 

dominant-negative Shank2 mutants and by treatment with C. difficile toxin B, 

a Rho GTPase inhibitor. Also, siRNA mediated knockdown of endogenous 

βPix reduced the Shank2-mediated increase in NHE3 cell surface expression 

and activity. These results suggested that Shank2 and Rho GTPases 

participate in the βPix-mediated upregulation of NHE3. 

 

From these results, it is that βPix upregulates NHE3 membrane expression 

and activity by Shank2-mediated protein-protein interaction and by 

activating Rho GTPases at the apical regions of epithelial cells. These novel 

molecular mechanisms provide insights on electroneutral sodium and 

hydrogen transport in the gastrointestinal and renal epithelia. The findings 

will also influence another avenue for the correction of diseases that are 

caused by fluid electrolyte imbalance. 
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ABSTRACT (IN KOREAN) 

 

βPix 와 Shank2 의 상호작용에 의한 Na+/H+ Exchanger 3 조절 기전 

 

 

<지도교수 이민구> 

 

연세대학교 대학원 의과학과 

이정수 

 

 

우리 몸에 존재하는 호흡계, 비뇨생식계 및 소화계 

상피세포는 물을 포함한 여러 전해질의 흡수와 분비, 세포 용적과 

pH 조절, 신호전달, 세포기능 및 효소작용 유지에 중요한 역할을 

한다. 이러한 기능을 담당하고 있는 양자 교환기 중의 하나가 

NHE3 (Na+/H+ exchanger 3) 이다. NHE3 에 영향을 주는 몇 가지 

신호전달 기전이 알려져 있기는 하나 현재까지 명확한 조절 

기전은 아직 밝혀 지지 않고 있다. 이에 대한 새로운 조절 기전을 

제시하고자 본 연구에서는 소화기 상피세포의 NHE3 기능 조절에 

여러 단백들과의 결합이 필수적이며, 특히 NHE3 의 조절자로써 

G 단백활성인자인 βPix 가 Shank2 연결단백과 함께 단백 복합체를 

형성하고 있음을 밝히고자 하였다. 이러한 단백 복합체의 형성은 

NHE3 나 βPix 를 포함하여 여러 조절단백 또는 구조단백들을 

보급할 수 있다. 또한, 여러 세포막 단백의 발현을 조절하는데 
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중요한 역할을 한다고 알려진 G 단백들의 활성화가 NHE3 의 활성 

조절에서도 중요한 역할을 하고 있음을 발견하였고 이와 관련된 

생리적 역할을 규명하였다.  

따라서 이상의 결과를 통해, 상피세포 내강막에 존재하며 

우리 몸의 수분과 전해질 흡수에 중요한 NHE3의 조절자로써 

새롭게 발견된 βPix는 G단백 활성화와 더불어 Shank2에 의해 매개 

되어지는 단백-단백 상호작용을 통해 NHE3의 기능에 영향을 주며 

이에 대한 새로운 상호 조절 기전을 규명한 것은 앞으로 상피 

세포 내에서의 전해질 이동 제어 조절을 이해하는데 중요한 

기초자료로 활용될 것이며 또한 세포 pH 조절 및 이온 흡수 

조절과 관련된 질환 해결에 많은 도움을 줄 수 있을 것으로 

기대된다. 

 

 

 

 

 

 

 

 

 

 

 

핵심되는 말: NHE3, βPix, Shank2, G단백, 단백 복합체   
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