
Regulation of Na,K-ATPase β1-subunit in TGF-β2-mediated
epithelial-to-mesenchymal transition in human retinal pigmented
epithelial cells

Sridevi Monya, Seung Joon Leea, Jeffrey F. Harperb, Sonali P. Barwea, and Sigrid A.
Langhansa

aNemours Biomedical Research, Alfred I. duPont Hospital for Children, Wilmington, DE 19803,
USA
bDepartment of Biochemistry and Molecular Biology, University of Nevada, Reno, NV 89557, USA

Abstract
Proliferative vitreo retinopathy (PVR) is associated with extracellular matrix membrane (ECM)
formation on the neural retina and disruption of the multilayered retinal architecture leading to
distorted vision and blindness. During disease progression in PVR, retinal pigmented epithelial
cells (RPE) lose cell-cell adhesion, undergo epithelial-to-mesenchymal transition (EMT), and
deposit ECM leading to tissue fibrosis. The EMT process is mediated via exposure to vitreous
cytokines and growth factors such as TGF-β2. Previous studies have shown that Na,K-ATPase is
required for maintaining a normal polarized epithelial phenotype and that decreased Na,K-ATPase
function and subunit levels are associated with TGF-β1-mediated EMT in kidney cells. In contrast
to the basolateral localization of Na,K-ATPase in most epithelia, including kidney, Na,K-ATPase
is found on the apical membrane in RPE cells. We now show that EMT is also associated with
altered Na,K-ATPase expression in RPE cells. TGF-β2 treatment of ARPE-19 cells resulted in a
time-dependent decrease in Na,K-ATPase β1 mRNA and protein levels while Na,K-ATPase α1
levels, Na,K-ATPase activity, and intracellular sodium levels remained largely unchanged. In
TGF-β2–treated cells reduced Na,K-ATPase β1 mRNA inversely correlated with HIF-1α levels
and analysis of the Na,K-ATPase β1 promoter revealed a putative hypoxia response element
(HRE). HIF-1α bound to the Na,K-ATPase β1 promoter and inhibiting the activity of HIF-1α
blocked the TGF-β2 mediated Na,K-ATPase β1 decrease suggesting that HIF-1α plays a potential
role in Na,K-ATPase β1 regulation during EMT in RPE cells. Furthermore, knockdown of Na,K-
ATPase β1 in ARPE-19 cells was associated with a change in cell morphology from epithelial to
mesenchymal and induction of EMT markers such as α-smooth muscle actin and fibronectin,
suggesting that loss of Na,K-ATPase β1 is a potential contributor to TGF-β2-mediated EMT in
RPE cells.
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1. Introduction
Fibrotic diseases in the eye disrupt the normal tissue architecture required to maintain a clear
visual axis and lead to compromised vision and blindness. Fibrotic EMT follows
rhegmatogenous retinal detachment (RRD) where retinal pigmented epithelial cells (RPE)
undergo a change to a fibroblastic morphology via a process known as epithelial-to-
mesenchymal transition (EMT) and start to produce extracellular matrix (ECM) membranes
leading to aberrant wound healing and scar formation around the site of injury [1]. These
contractile fibrocellular membranes lead to tractional retinal detachments characteristic of
proliferative vitreoretinopathy (PVR) and complicate the prognosis for primary retinal
detachment surgery [2]. During the progression of PVR and fibrosis, an increase in the total
and active levels of TGF-β2, the predominant isoform in the eye, has been reported in the
vitreous, the subretinal fluid and retinal membranes correlating with the severity of the
disease [3-7]. TGF-β is known to mediate fibrotic EMT in a number of tissues via Smad-
dependent and Smad-independent pathways. Receptor regulated Smads (R-Smads2 and 3)
are recruited to the transphosphorylated type II and type I receptor complex after ligand
activation. R-Smads form a complex with Smad4 to translocate to the nucleus and bind to
transcription factors that act as coactivators or repressors to directly or indirectly regulate
gene transcription [8, 9]. Smad independent signaling of TGF-β recruits members of the
mitogen activated protein kinase (MAPK) signaling pathways such as Erk1/2, p38 MAP
kinase and JNK kinases [8, 9]. TGF-β2 is also associated with RPE cell dedifferentiation,
ECM accumulation and contraction of retinal membranes during fibrosis and wound healing
[3, 10]. The exact mechanisms by which TGF-β2 induces RPE cell EMT are still under
investigation.

The Na,K-ATPase, also known as sodium pump, is vital for several RPE cell functions such
as, vectorial transport of ions and solutes from the choroid to the photoreceptors and
maintaining a high concentration of Na+ in the subretinal space for normal function of the
light-dark cycle [11-13]. Recent studies from our lab have implicated a role for Na,K-
ATPase in kidney fibrosis [14]. But while in kidney and most other epithelia the sodium
pump is expressed basolaterally, RPE cells are unique in that they contain apical Na,K-
ATPase [15, 16] and it remains to be determined whether Na,K-ATPase has similar roles in
retinal fibrosis. The pump itself is composed of two non-covalently linked α and β subunits
[17] and like most epithelia RPE cells express the α1 and β1 isoforms [16-18]. While the α-
subunit is the catalytic subunit of the enzyme, the β subunit functions in translation, folding
and membrane insertion, membrane trafficking and stability of the α-subunit and enzymatic
function of the protein [19-22]. More recently the β1 subunit has been implicated as a
potential cell adhesion molecule [23-28]. Studies from our group have shown that Na,K-
ATPase subunits co-localize at epithelial adherens junctions with other junctional proteins
and that Na,K-ATPase activity is required for tight junction formation and epithelial polarity
[29, 30]. Inhibition of the pump activity increases tight junction permeability of RPE cells
[31] and causes epithelial cell monolayers to detach from their substratum [32, 33]. Reduced
β1 levels prevent tight junction formation and restoring β1 levels is sufficient to establish
cell-cell adhesion in non-polarized cells [23-25, 29]. Interestingly, the β1 subunit levels
decrease in renal fibrosis, in renal epithelial cells that undergo TGF-β1-mediated fibrotic
EMT and in several cancers that undergo EMT [14, 34-36]. Whether loss of Na,K-ATPase
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expression and function is associated with TGF-β2 mediated injury and fibrotic EMT of RPE
cells as observed during PVR is not known.

We now show that EMT in RPE cells is associated with a significant reduction in Na,K-
ATPase β1-subunit levels and is specific to TGF-β signaling. Na,K-ATPase α1-subunit
expression, its activity and intracellular Na+ levels largely remained unaltered during TGF-
β2-mediated EMT in ARPE-19 cells. shRNA-mediated knockdown of the β1 subunit was
sufficient to induce an EMT-like response by altering cell morphology and inducing
fibronectin accumulation in ARPE-19 cells. Promoter analysis of the β1-subunit revealed
putative binding sites for HIF and Smad transcription factors in close proximity and both,
HIF-1α and Smad3 bound to the β1 gene promoter during TGF-β2 mediated EMT suggesting
that they could function as potential transcriptional repressors for the Na,K-ATPase
β1-subunit. Together, we show that Na,K-ATPase β1-subunit is regulated by TGF-β2
signaling and might be an important contributor to the TGF-β2-mediated EMT response in
RPE cells.

2. Materials and methods
2.1. Cell lines and reagents

ARPE-19 cells were obtained from American Type Culture Collection (ATCC, Manassas,
VA) and cultured in DMEM-F12 media with 10% FBS, 1mM glutamine and 100U/ml of
penicillin and streptomycin. ARPE-19 cells from passage number 7 to 20 were used for this
study. Sub-confluent ARTPE-19 cells were serum starved for 4-12 hours prior to treatment
and treated daily after media replacement with 4ng/ml of TGF-β2 for short term (2, 4, 8, 12,
24 hours) and long term (24, 48, 72 and 96 hours) time points. Control cells were serum
starved and treated with the vehicle for the duration of the entire treatment. All treatment
sets were lysed simultaneously. Recombinant human TGF-β2 was obtained from R&D
Systems, Inc. (Minneapolis, MN), epidermal growth factor (EGF) and basic fibroblast
growth factor (bFGF) were obtained from Invitrogen (Carlsbad, CA) and stock solutions
were prepared as recommended by the manufacturer. Cells were treated for 48 and 96 hours
with 10ng/ml of EGF and 10ng/ml of bFGF. Ouabain was obtained from Fluka (Steinheim,
Germany). Cells were treated for 48 and 96 hours with 10μM of ouabain in ethanol. Control
cells were treated with the vehicle (HCl-BSA for TGF-β2 and ethanol for EGF, bFGF and
ouabain). Echinomycin (NSC-13502) was obtained from A.G. Scientific, Inc. (San Diego,
CA) and stock solutions were prepared in DMSO. Cells were treated once for 24, 48 and 72
hours with 0.3μM echinomycin. Control cells were treated with the vehicle (DMSO). The
cell titer blue cell viability assay was obtained from Promega Corporation (Madison, WI)
and performed as per manufacturer’s recommendation.

For knockdown studies the shRNA sequence (5′-GTGATGCTGCTCACCATCA-3′) that
targets human Na,K-ATPase β1 and cloned into the pSilencer 5.1 (Ambion, Austin, TX) was
described earlier [14]. Na,K-ATPase β1-shRNA transfection of ARPE-19 cells was
performed using the Amaxa cell line Nucleofector Kit V (Lonza, Walkersville, MD) as per
manufacturer’s instructions. Single clones were selected after two to three weeks of
treatment with 10μg/ml of puromycin (Sigma-Aldrich Co. LLC, St. Louis, MO) and
knockdown of Na,K-ATPase β1 was confirmed by immunoblotting. Representative clones
transfected with the control vector in parallel were selected as vector control. All vector
control cells selected displayed similar morphology and Na,K-ATPase β1 expression (data
not shown).

Primary antibodies used for immunoblotting or immunofluorescence were fibronectin and
HIF-1α (BD Biosciences, San Jose, CA), α-smooth muscle actin (α-SMA) and β-actin
(Sigma-Aldrich Co. LLC, St. Louis, MO), ZO-1 (Zymed, San Francisco, CA), Na,K-
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ATPase α1 (M7-PB-E9) and β1 (M17-P5-F11, kind gifts of Dr. J. Ball), Na,K-ATPase α2,
α3 and β2 (all Upstate Biotechnology, Lake Placid, NY), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and EGFR (Cell Signaling Technology, Beverly, MA). HRP-
conjugated secondary antibody was obtained from Cell Signaling Technology, Beverly, MA,
FITC-and Cy5-conjugated secondary antibodies from Jackson ImmunoResearch
Laboratories (West Grove, PA) and Texas red-conjugated phalloidin from Sigma Chemical
Co.

2.2. Immunoblotting and cell surface biotinylation
Immunoblotting was performed as described previously [25]. Briefly, after treatment, the
cells were washed with ice cold phosphate-buffered saline (PBS) and lysed in 1X SDS lysis
buffer (95mM NaCl, 25mM Tris pH 7.4, 0.5mM EDTA, 2% SDS). The lysates were
sonicated and clarified by centrifugation at 13,000 rpm for 10 min. Equal amount of protein
was loaded and separated on 10% SDS-PAGE gels and transferred onto nitrocellulose
membranes. Nitrocellulose membranes were blocked using 5% blocking solution (5% nonfat
dry milk in Tris buffered saline with 0.1% Tween-20 (TBS-T)). The blots were incubated
overnight at 4°C with primary antibodies diluted in 5% blocking solution, washed with
TBS-T and incubated for one hour with HRP-conjugated secondary antibody in 5% blocking
solution. After TBS-T washes, bound antibody was detected by enhanced
chemiluminescence western lighting system (Perkin-Elmer, Waltham, MA). Densitometric
analysis was performed using the Tina image analysis software.

For cell surface biotinylation TGF-β2 treated cells were washed in ice cold PBS-CM. Cell
impermeable biotin (EZ-Link Sulfo-NHS-LC-Biotin, ThermoFisher, Hudson, NH) was
freshly prepared in anhydrous DMSO. Cell surface biotinylation was performed as described
earlier [19] and Na,K-ATPase α1 and β1 subunit and EGFR levels were determined by
immunoblotting as described above.

2.3. Immunocytochemistry and laser scanning confocal microscopy
Cells plated on 12 well dishes inlaid with glass coverslips were treated with TGF-β2 as
indicated. The coverslips were washed with PBS containing 1mM of CaCl2 and 1mM of
MgCl2 (PBS-CM) and fixed in 4% paraformaldehyde for 30 minutes in the dark at room
temperature. After quenching with 50mM of NH4Cl, cells were permeabilized with 0.075%
Saponin in PBS-CM. Coverslips were incubated for 1 hour with fibronectin antibody
followed by incubation for 30 minutes with FITC-conjugated secondary antibody. To
visualize F-actin, cells were processed as described above and stained with Texas red-
conjugated phalloidin. For staining with ZO-1, cells were fixed in ice-cold methanol at
−20°C for 30 minutes. After washing with PBS-CM containing 0.5% bovine serum albumin
(PBS-CM-BSA), cells were incubated for one hour with primary antibody followed by 30
minute incubation with Cy5-conjugated secondary antibody. After washing coverslips were
mounted on glass slides with ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA).
Confocal microscopy was performed using a Leica TCS SP5 confocal microscope.
Fibronectin samples labeled with FITC were excited at 488 nm with an Argon laser, Texas
red-labeled F-actin samples and Cy5 labeled ZO-1 samples were excited at 594 nm and 633
nm, respectively, with a HeNe laser. The emitted light was captured and images were
processed using the LAS AF imaging software (version 2.5.1.6757).

2.4. RNA isolation, cDNA synthesis and quantitative PCR (qPCR)
RNA was isolated from treated cells using the Ambion RNAqueous RNA isolation Kit
(Ambion, Inc., Austin, TX) an cDNA was synthesized using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA) according to manufacturers’ instructions. cDNA was amplified via
real-time PCR using the SYBR Green PCR Master Mix (Applied Biosystems, Warrington,
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UK). The following primers were used: Na,K-ATPase β1 subunit (forward: 5′-
ACCAATCTTACCATGGACACTGAA-3′ and reverse: 5′-
CGGTCTTTCTCACTGTACCCAAT-3′), HIF-1α (forward: 5′-
ATCCATGTGACCATGAGGAAATG-3′ and reverse: 5′-
CTCGGCTAGTTAGGGTACACTT-3′), GAPDH (forward: 5′-GCTGTCCAACCACA
TCTCCTC-3′ and reverse: 5′-TGGGGCCGAAGATCCTGTT-3′). qPCR was performed in
a 384 well format on a 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster
City, CA). Samples were assayed in triplicate or quadruplicate. RNA was quantified using
the ΔΔCt method of relative quantification (RQ) and the transcript levels were normalized to
the endogenous control GAPDH.

2.5. Ouabain sensitive rubidium uptake assay and intracellular Na+ ion measurement
The ouabain sensitive ion transport determined by 86Rb+ uptake was described earlier [37].
Briefly, to measure the ouabain-sensitive 86Rb+ transport, one set of samples was pretreated
with 50μM ouabain for 30 minutes at 37°C uptake measurements. Cells were washed with
ice cold wash buffer (144mM NaCl, 10mM HEPES pH 7.4 and 0.5mM CaCl2) and uptake
buffer (144mM NaCl, 10mM HEPES pH 7.4, 0.5mM MgCl2, 0.5mM CaCl2, 1mM RbCl2
and 1mg/ml glucose) containing 1μCi/ml of 86Rb+ (PerkinElmer, Waltham, MA) was added
to the plates and incubated for 10 minutes at 37°C. After three washes, cells were lysed with
0.5N NaOH and 86Rb+ levels were determined using a Beckman LS 6500 Scintillation
Counter (Beckman Coulter, Fullerton, CA). The ouabain sensitive 86Rb+ flux was calculated
as the difference between 86Rb+ counts for ouabain insensitive and total cellular uptake and
the uptake was normalized to the total protein concentration.

Intracellular sodium ion concentration was determined by atomic emission spectrometry as
described previously [30] and the intracellular concentrations for Na+ and Mg2+ were
measured at 589 nm and 279 nm, respectively. Na+ concentrations were normalized to the
total internal Mg2+ content (internal control).

2.6. Promoter analysis and chromatin immunoprecipitation assay (ChIP assay)
The MatInspector software tool (Genomatix Software GmbH, Munich, Germany) was used
to examine the 1141bp Na,K-ATPase β1 promoter region for potential transcription factor
binding sites. Binding sites with a quality based rating of 0.80 and higher were examined for
determining potential transcription factor binding sites in the Na,K-ATPase β1 promoter
region.

ChIP assay was performed as described previously [38] with the following changes. Cells
were lysed in 1X SDS lysis buffer followed by sonication to shear the DNA into 200 to 2000
bp fragments. Diluted chromatin solution was precleared using a salmon sperm-protein A
agarose slurry (Salmon sperm: Upstate Biotechnology, Lake Placid, NY, Protein A: GE
Healthcare Life Sciences, Piscataway, NJ). 2μg of HIF-1α ChIP grade antibody (Abcam,
Cambridge, MA), total Smad3 or phosphorylated Smad3 (pSmad3) (Cell Signaling
Technology, Beverly, MA) was added to the supernatant followed by overnight rotation at
4°C. Antibody against Histone H3 was used as positive control IP and rabbit anti-mouse IgG
was used as the negative control immunoprecipitation. Salmon sperm-protein A agarose
slurry was added to the lysate-antibody mixture and incubated at 4°C for one hour. The
beads were pelleted and washed once for five minutes each with low salt wash buffer, high
salt wash buffer, LiCl wash buffer and TE wash buffer. DNA was recovered via phenol-
chloroform extraction and ethanol precipitation. 2μl of DNA was used as template for PCR
reaction. The following primers, forward: 5′-CCAAGAATTTTACAGCAGAACAAAGG
-3′ and reverse: 5′-GCAGTGAGTTGTCCCGTAGAAACC -3′, designed to amplify the
HRE and Smad containing regions of the Na,K-ATPase β1 promoter were used for PCR
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amplification of the DNA. The 186 bp amplified product was run on a 1.5% agarose gel and
the images were taken using the Perkin Elmer Geliance 600 imaging system and the
GeneSnap™ Image Acquisition Software.

2.7. Statistics
Data are represented as mean ± SE. Statistical significance was determined via one way
ANOVA followed by Dunnett’s multiple comparison test. P-value < 0.05 was considered
significant.

3. Results
3.1. Regulation of Na,K-ATPase β1 subunit in ARPE-19 cells undergoing TGF-β2-mediated
EMT

In addition to its traditional role in transepithelial ion transport, it has been found more
recently that Na,K-ATPase is required for maintaining the epithelial phenotype, including
junctional complexes and polarity [39]. Other studies from our lab have shown that Na,K-
ATPase subunits may serve as markers for EMT in cancer and fibrosis and that in TGF-β1-
mediated fibrotic EMT in the kidney reduced Na,K-ATPase expression contributes to the
mesenchymal phenotype [14]. Whether TGF-β2 affects Na,K-ATPase α1 and β1 subunits
during fibrotic EMT of RPE cells as observed in PVR is currently unknown. To address this
question, we first confirmed that human RPE cells (ARPE-19) in culture undergo EMT upon
TGF-β2 treatment. To model the disrupted RPE monolayer and RPE cell dispersal following
retinal detachment we used subconfluent ARPE-19 cells for our studies. In addition, we
confirmed that under our experimental conditions (serum starvation and/or TGF-β2
treatment up to 96 hours) RPE cell viability was not affected significantly (Supplementary
Fig. 1). In our initial experiments we found that upon TGF-β2 treatment both protein and
mRNA levels of the EMT markers α-SMA and fibronectin significant increased over time in
TGF-β2 treated cells when compared to control cells (Fig. 1A-D). While the increase in
protein and mRNA levels occurred already after 24 hours and was more obvious for
fibronectin (Figs. 1B and D), the increase in α-SMA, although delayed, was statistically
significant (Figs. 1B and D). Furthermore, the junctional marker protein ZO-1 that usually
localizes to sites of cell-cell junctions was relocalized predominantly to the cytoplasm (Fig.
1C). This was accompanied by a reorganization of the actin cytoskeleton, leading to stress
fiber formation and decreased cell-cell contact points between adjacent cells (Fig. 1C).
Together these data confirmed that ARPE-19 cells were undergoing TGF-β2-mediated EMT
in culture.

Next we tested whether TGF-β2-mediated EMT in ARPE-19 cells affects Na,K-ATPase α1
and β1 subunits. We consistently found a significant decrease of 47.6 ± 3.4% (P<0.05) in the
total Na,K-ATPase β1 levels by 96 hours when compared to untreated cells. However, the
levels of total Na,K-ATPase α1 varied and quantitative analysis obtained from five
independent experiments revealed no significant change (P>0.05) (Fig. 2A, B). Similarly,
the membrane levels of the β1-subunit were significantly decreased by 77.2 ± 16% (P<0.05)
after 96 hours of treatment as determined by cell surface biotinylation. While we seemed to
observe a trend in decreasing membrane α1-subunit levels the changes were not statistically
significant (P>0.05) (Fig, 2A, B). No apparent change in other Na,K-ATPase isoforms (α2,
α3 and β2) that might have compensated for the altered expression in β1 was detected
(Supplementary Fig. 2). In addition, the membrane levels of EGFR did not decrease over
time (Supplementary Fig. 3), suggesting that the changes are specific to the β1-subunit.
Consistent with the unaltered levels of α-subunit, we did not find any significant change in
the ouabain-sensitive uptake of 86Rb+ as a measure of the enzymatic activity (Fig. 2C) or in
intracellular Na+ levels as determined by atomic emission spectrometry (Fig. 2D). In
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addition, inhibition of the Na,K-ATPase enzymatic activity with the cardiac glycoside
ouabain did not induce fibronectin accumulation in ARPE-19 cells (Fig. 2E). Together these
data suggest that inhibition of the pump activity does not mediate the EMT response in
ARPE-19 cells. It is interesting to note that the decrease in Na,K-ATPase β1 and extensive
fibronectin accumulation was observed only with TGF-β2 treatment and not with other EMT
inducing growth factors such as EGF and bFGF (Supplementary Fig. 4) suggesting that
factors specific to the TGF-β2 signaling pathway are involved in regulating Na,K-ATPase β1
levels during EMT in RPE cells.

3.2. shRNA-mediated knockdown of Na,K-ATPase β1 induces EMT markers
Since Na,K-ATPase β1 can function as a cell-cell adhesion molecule and loss of adhesion
molecules may lead to EMT we next tested whether knockdown of the β1 subunit can induce
EMT in ARPE-19 cells. Using a shRNA approach we selected three stable Na,K-ATPase β1
knockdown clones, Na,K-β1 KD clone 8, 9 and 11, which expressed 77%, 64% and 4% of
the β1-subunit compared to cells transfected with control vector, respectively, for further
characterization (Fig. 3A). While the α1-subunit protein levels remained unchanged in
knockdown cells, loss of the β1-subunit induced a mesenchymal, spindle shaped morphology
compared to vector transfected control cells (Fig. 3B). Furthermore, we observed an
accumulation of actin stress fibers and a decrease in cell-cell contact points in β1-subunit
knockdown cells (Fig. 3C) accompanied by increased expression of fibronectin (Fig. 3A, C).
Together these data suggest that a reduced expression of β1-subunit of Na,K-ATPase could
induce an EMT-like phenotype independent of the α1-subunit, and thus might contribute to
the pathogenesis of PVR.

3.3. Transcriptional regulation of Na,K-ATPase β1 during TGF-β2-mediated EMT
TGF-β induces EMT through both transcriptional and post-transcriptional mechanisms.
Thus, we determined the mRNA levels of Na,K-ATPase β1 in TGF-β2 treated ARPE-19
cells by quantitative real time PCR (qPCR) analysis. β1 mRNA levels were reduced as early
as eight hours after TGF-β2 treatment when compared to untreated control cells and
remained low for the duration of treatment (Fig. 4A) suggesting that activation of the TGF-
β2 signaling pathway leads to transcriptional repression of Na,K-ATPase β1. Consistent with
our observations on Na,K-ATPase α1 protein levels, TGF-β2 treatment did not result in any
significant decrease in α1 subunit mRNA levels (P>0.05) (Fig. 4A). Thus, TGF-β2 signaling
may activate transcription factors that specifically regulate the β1-subunit. We have
previously shown that the transcription factor Snail that is also associated with TGF-β-
induced EMT, can transcriptionally repress Na,K-ATPase β1 [36]. However, we were not
able to detect Snail protein in control or TGF-β2 treated ARPE-19 cells (Supplementary Fig.
5) indicating that other transcription factors activated by TGF-β2 signaling may play a role
in Na,K-ATPase β1 regulation. Analysis of the 1141 bp Na,K-ATPase β1 gene promoter
described by Derfoul et al., [40] for potential transcription factor binding sites revealed
among others, a putative hypoxia response element (HRE) (−750 and −746 bp) in close
proximity to a Smad binding domain (SBD) (−728 and −721 bp) upstream to the Na,K-
ATPase β1 gene transcriptional start site (Fig. 4B), suggesting that hypoxia inducible factors
(HIFs) that bind to HREs or Smads that bind to the palindromic SBD [9, 41] could be
transcriptional regulators of Na,K-ATPase β1.

HIF-1α and Smads, major transcription factors that cooperate and activate multiple genes
during TGF-β signaling [42], have been implicated in mediating EMT and renal fibrosis
[43-47]. In ARPE-19 cells TGF-β2 treatment resulted in activation of Smad3 but not Smad2
(Fig. 4C) suggesting that Smad3 is the predominant R-Smad activated in response to TGF-β2
signaling in these cells. HIF-1α, the HIF isoform predominantly expressed in RPE cells [48]
is usually stabilized under hypoxia (1% O2) but can also be upregulated under normoxia
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(15% O2) by TGF-β [49, 50]. Indeed, TGF-β2 treatment of ARPE-19 cells resulted in an
increase in HIF-1α mRNA (Fig. 4A) and protein (Fig. 4D, E) levels. The increase in
activated Smad3 and HIF-1α protein levels prior to (Smad 3) or around the same time as
(HIF-1α) the decrease in Na,K-ATPase β1 mRNA levels further suggests that these factors
may play a role in the transcriptional repression of Na,K-ATPase β1.

3.4. HIF-1α and Smad3 bind to the Na,K-ATPase β1 promoter
To further test HIF-1α’s potential role in repressing Na,K-ATPase β1 transcription we
treated ARPE-19 cells with TGF-β2 in the presence of the drug echinomycin (NSC-13502)
and determined the β1-subunit levels. Echinomycin is a peptide antibiotic that intercalates
into the DNA specifically at the HRE, blocking HIF-1α binding to its response element [51,
52]. We found that in the presence of 0.3μM echinomycin, TGF-β2 treatment failed to
decrease Na,K-ATPase β1-subunit levels and fibronectin accumulation was blocked (Fig. 5A
and B), suggesting that HIF-1α DNA binding is important for down regulating Na,K-
ATPase β1 upon activation of the TGF-β2 signaling cascade.

Next, to determine if HIF-1α and Smad3 directly bind to the Na,K-ATPase β1 promoter, we
performed a ChIP assay. Antibodies against HIF-1α, total Smad3 and phosphorylated
Smad3 (pSmad3) were used to pull down fragmented chromatin. Histone H3 served as a
positive control. Primers that encompass the region containing the HRE and SBD in the
1141bp Na,K-ATPase β1 promoter were used for amplification of the precipitated DNA
fragments. We found that HIF-1α (Fig. 5C, lanes 3-5) and Smad3 (Fig. 5D, lanes 1-3) bound
to the Na,K-ATPase β1 promoter in stimulated and in control cells. Interestingly, the
activated, phosphorylated form of Smad3 appeared to bind more efficiently to the β1
promoter in TGF-β2-treated cells (Fig. 5D, compare lanes 5 and 6 with lane 4). While these
data support the potential for HIF-1α and Smad3 to act as transcriptional regulators of Na,K-
ATPase β1, it remains to be determined whether HIF-1α and Smad3 cooperate to
transcriptionally repress Na,K-ATPase β1 in TGF-β2-treated RPE cells.

4. DISCUSSION
4.1. TGF-β2-induced EMT in RPE cells is associated with reduced Na,K-ATPase β1 subunit
expression

Na,K-ATPase was historically known as an ion pump that maintains intracellular ion
homeostasis and drives transepithelial transport. In recent years it has become evident that
both Na,K-ATPase expression and function are required for maintaining a normal polarized
epithelial phenotype. Decreased subunit levels, especially of the β1-subunit have been
associated with EMT in cancer and fibrosis [14, 25, 30, 35]. We have previously shown that
despite its apical localization in RPE cells and opposed to the basolateral localization in
most other epithelia, Na,K-ATPase activity is crucial for proper tight junction structure and
function in primary cultures of human RPE cells [31]. However, whether Na,K-ATPase
plays a role in RPE EMT and fibrosis as observed in pathogenic processes such as PVR is
not known. In this study, using cultured human ARPE-19 cells, we show that loss of Na,K-
ATPase β1 expression may contribute to the disease process in TGF-β2 mediated EMT and
fibrosis in the retinal pigment epithelium. Upon activation of TGF-β2 signaling, a major
factor involved in fibrotic eye diseases, EMT markers such as fibronectin, α-SMA and actin
stress fibers were induced while β1-subunit expression decreased. This effect was likely
mediated by suppression of β1 transcription by the transcription factors HIF-1α and/or
Smad3 that are known to be induced by TGF-β. The effect of TGF-β2 on Na,K-ATPase
seemed to be specific to the β1-subunit since α1-subunit levels or the enzymatic activity of
the pump were not affected. In support of this, knockdown of Na,K-ATPase β1 induced an
EMT-like process with change of the epithelial to a mesenchymal morphology and the
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induction of fibronection and actin stress fibers. There are no specific pharmacological
treatments available to date that can be used to prevent the development of RPE cell EMT.
Identification of potential Na,K-ATPase β1 regulators and determining the mechanisms by
which TGF-β2 controls Na,K-ATPase β1 levels in ARPE-19 cells might help in the
development of novel treatments for fibrotic eye diseases.

4.2. Na,K-ATPase β1 subunit as a possible mediator of TGF-β2-induced EMT in RPE cells
In addition to mesenchymal EMT (type 1) that occurs during normal development in
gastrulation and neuronal crest formation, pathological EMT is divided into two major
subtypes, EMT type 2 in inflammation and fibrosis and type 3 in cancer, invasion and
metastasis. In cancer, changes in Na,K-ATPase subunit levels and activity, either as an
increase or inhibition, have been reported in numerous studies [39] suggesting a tissue and
cell type-specific mechanism of regulation. In fibrotic EMT in the kidney we recently
showed that both Na,K-ATPase α1 and β1 were reduced [14]. However, in the present study
TGF-β2-mediated EMT in ARPE-19 cells affected only the β1 but not α1-subunit (Fig. 2),
suggesting that not only in cancerous but also in fibrotic EMT tissue-specific factors might
be involved in Na,K-ATPase regulation. In addition, in EMT of several cancers such as
bladder, colon, and pancreatic cancer that are poorly differentiated, the intracellular Na+

levels were elevated when compared to well-differentiated cells [14, 36, 53]. Similarly, we
found in TGF-β1-mediated EMT in the kidney increased intracellular Na+ [14] but in
ARPE-19 cells the pump activity was unaltered and there was no associated increase in Na+

(Fig. 2). At this point we don’t know whether these differences are due to intrinsic variations
in the TGF-β1 and TGF-β2-associated signaling pathways or other innate differences in
kidney and RPE cells.

It is well established that the α-subunit is the catalytic subunit of the Na,K-ATPase and the
β1-subunit acts as a chaperone protein for the α1 subunit for its transport to and stabilization
at the cell membrane [21, 22, 29]. In addition, the β1 subunit functions as a cell-adhesion
molecule [23-28] and our earlier studies showed that knockdown of Na,K-ATPase β1 in
kidney epithelial cells can induce EMT [14]. Similarly, knockdown of β1 in ARPE-19 cells
gave rise to a mesenchymal cell morphology, actin stress fibers and the accumulation of
fibronection that are usually observed during EMT. Interestingly, while knockdown of β1 in
kidney was accompanied by reduced α1 levels, we did not observe a significant change of
α1 in ARPE-19 cells with β1 knockdown even though the cells expressed only 4% of the β1
subunit found in vector control cells (Fig. 3B). While this seems contradictory to the notion
that the β-subunit is required for the α-subunit to be transported to the plasma membrane, we
cannot exclude the possibility that due to the unique location of the Na,K-ATPase in the
apical plasma membrane in RPE cells other apical proteins may take over the chaperone
function of the β1 in these cells.

Our previous studies in kidney cells have shown that both high β1-subunit levels and the
pump activity are required for functional tight junctions and epithelial polarization [14, 25,
30]. However, and in contrast to kidney cells, in ARPE-19 cells the Na,K-ATPase activity
was not affected during TGF-β2-induced EMT, which is consistent with our observation that
the α1 subunit levels were not significantly reduced. Interestingly, in our previous studies in
primary cultures of human RPE cells, inhibition of the pump activity decreased the tight
junction contact points and increased permeability [31]. Nevertheless, the cells did not lose
tight junctions or polarization per se, both of which are hallmarks of EMT. In addition,
while in kidney and RPE cells inhibition of Na,K-ATPase activity reduced actin stress fibers
[30, 31], TGF-β2 treatment of ARPE-19 cells induced the formation of stress fibers further
supporting our finding that the pump activity was not affected in these cells. Thus, while in
certain tissues such as kidney, reduced Na,K-ATPase may be contributing to EMT, loss of
the Na,K-ATPase enzymatic function appears to be neither sufficient nor required to induce
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EMT in RPE cells. The apical Na,K-ATPase α1 in RPE cells functions normally to maintain
a high concentration of Na+ in the subretinal fluid required for photoreceptor excitability and
their ability to convert light to electrical signals [12]. Thus, this function might be preserved
despite RPE cell EMT in an attempt to maintain normal photoreceptor function and vision
even during wound healing.

4.3. Transcriptional regulation of the Na,K-ATPase β1 subunit during TGF-β2-mediated
EMT

TGF-β induces EMT through mechanisms that can occur both at the transcriptional and the
post-transcriptional levels. Surprisingly, while TGF-β treatment resulted in reduced β1
expression in both kidney and RPE cells, the β1 mRNA levels were only reduced in RPE
cells (Fig. 4) but not in kidney cells [14]. Thus, the regulation of Na,K-ATPase β1 in kidney
epithelial cells treated with TGF-β1 seemed to occur at the post-translational level and in
RPE cells treated with TGF-β2 by transcriptional repression. While at this point we cannot
exclude additional post-translational regulation of β1 in RPE cells it appears that depending
on the cell type, TGF-β signaling can regulate the same molecule by different mechanisms.

We previously showed in various cell lines that the transcription factor Snail suppresses
Na,K-ATPase β1 [36]. But although TGF-β2 treatment reduced Na,K-ATPase β1 mRNA
levels we did not find Snail to be induced in ARPE-19 cells indicating that other
transcription factors activated by TGF-β2 signaling may play a role in Na,K-ATPase β1
downregulation. Na,K-ATPase β1 promoter analysis revealed among others, a putative
hypoxia response element and a Smad binding domain upstream to the transcription start
site. Smad transcription factors mediate TGF-β signaling by recruiting co-activators or co-
repressor proteins to the nucleus to modulate target gene transcription [8, 46, 54, 55].
HIF-1α is a transcription factor well-known to be induced by hypoxia but the HIF signaling
cascade can also be activated by growth factors such as TGF-β. Interestingly, HIF-1α
expression displayed a biphasic pattern of upregulation (Fig. 4) a pattern that was also
reported in earlier studies examining HIF-1α levels in RPE cells. In these studies it was
shown that HIF-1α can modulate its own levels during hypoxia via transcriptional
repression and by upregulating PHD proteins [49]. Since the mRNA and protein levels of
HIF-1α seemed to decrease by 24 hours and by 96 hours of TGF-β2 treatment in ARPE-19
cells, it is possible that HIF-1α regulates its own levels via transcriptional repression during
TGF-β2 treatment. However, it remains to be verified if TGF-β2 increases HIF-1α stability
by affecting PHD levels and if their levels are upregulated during the increase in HIF-1α
expression as well in ARPE-19 cells.

Treatment of ARPE-19 cells with echinomycin suppressed the TGF-β2 induced increase in
HIF-1α but also prevented the TGF-β2 induced reduction in Na,K-ATPase β1 and increase in
fibronectin levels suggesting that a common signaling pathway may link HIF-1α to Na,K-
ATPase β1 and fibronectin regulation. However, our ChIP analysis revealed that HIF-1α
bound to the Na,K-ATPase β1 promoter even in the absence of TGF-β2 suggesting that other
factors might be involved in TGF-β2 induced Na,K-ATPase β1 suppression. Smad3 and
HIF-1α are known to interact and act as transcriptional co-activators of gene transcription;
however, their ability to interact as co-repressors has not been described. Nevertheless, we
found that the active phosphorylated form of Smad3 binds to the β1-subunit promoter and
binding appeared to increase in TGF-β2-treated cells. Studies are in progress to confirm
whether HIF-1α and pSmad3 bind to the putative HRE and SBD identified in the Na,K-
ATPase β1 promoter and transcriptionally repress Na,K-ATPase β1.
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5. ConclusionS
EMT is a multi-step process that occurs in many fibrotic diseases and is characterized by
epithelial cells losing their well-differentiated polarized phenotype, changing into
mesenchymal cells and thereby losing their normal function. We found that in TGF-β
mediated EMT that is often observed in fibrotic diseases, repression of Na,K-ATPase β1 is
not only associated with EMT but seems to directly contribute to the disease process. To
date, in primary retinal detachment no specific pharmacological treatments are available that
could be used to prevent the development of PVR [56]. Most of the drugs used in
conjunction with primary and secondary retinal detachment surgeries are steroidal or
chemotherapeutic drugs to block inflammation and cell proliferation [57],[56]. These drugs
lack specificity and as a result, can affect the normal surrounding ocular tissue and also have
systemic side effects on the patient [2].

With what appears to be a quite specific process in RPE cells, determining the mechanisms
by which TGF-β2 controls Na,K-ATPase β1 levels in cells undergoing EMT could thus
provide the basis to develop suitable drugs to improve the prognosis and visual outcome of
primary RRD surgery and subsequently prevent PVR development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• TGF-β2 treatment of RPE cells results in reduced Na,K-ATPase β1-subunit
expression

• Loss of Na,K-ATPase β1-subunit may contribute to EMT and fibrosis in RPE
cells.

• HIF-1α and Smad3 bind to the Na,K-ATPase β1-subunit promoter.
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• Transforming growth factor (TGF)-β2-mediated epithelial-to-mesenchymal
transition in retinal pigmented epithelial (RPE) cells results in reduced Na,K-
ATPase β1-subunit expression.

• Loss of Na,K-ATPase β1-subunit is implicated in contributing to EMT and
fibrosis in RPE cells.

• Hypoxia-inducible factor (Hif)-1α and Smad3 bind to the Na,K-ATPase β1-
subunit promoter.
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Figure 1. ARPE-19 cells undergo TGF-β2-mediated EMT
(A) Immunoblot for EMT markers fibronectin and α-SMA. Blots are representative of three
different experiments. GAPDH was used as loading control. (B) Quantitative analysis of
fibronectin and α-SMA levels normalized to the loading control. Error bars represent mean
± SE of three independent experiments. (C) Immunofluorescence images of ARPE-19 cells
treated with TGF-β2 for 96 hours. Decrease in staining for the epithelial marker ZO-1 at the
cell junctions (CJ) and increase in cytoplasmic staining by 96 hours. An increase in
fibronectin staining and stress fiber (SF) formation was observed. Scale bars: 30 μm. (D)
qPCR analysis of the mRNA levels of EMT markers α-SMA and fibronectin normalized to
untreated cells (0 h). Error bars represent mean RQ ± SE of five independent experiments.
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Figure 2. Reduced Na,K-ATPase subunit levels in TGF-β2-mediated EMT
ARPE-19 cells were treated with TGF-β2 for 0, 24, 48, 72 and 96 hours. (A) Total Na,K-
ATPase α1- and β1-subunit levels were determined by immunoblotting. I indicates the
immature high mannose ER form (45kDa) and M the mature fully glycosylated form with
complex N-glycans (55kDa) of the β1-subunit. Plasma membrane levels of α1- and β1-
subunit were determined after cell surface biotinylation. GAPDH was used as loading
control. (B) Quantitative analysis of α1- and β1-subunit levels normalized to the loading
control. Error bars represent mean ± SE of five independent experiments for total and
membrane α1-subunits and membrane β1-subunit and seven independent experiments for
total β1-subunit. Statistically significant changes are indicated, P<0.05. (C) Ouabain-
sensitive 86Rb+ uptake assay. Data represent the average percentage Na,K-ATPase activity
of three independent experiments done in triplicates ± SE. Assay did not reveal significant
differences in pump activity (P>0.05, one way ANOVA). (D) Intracellular Na+ levels as
measured by atomic emission spectrometry. Na+ concentrations were normalized to the total
internal Mg2+ content (internal control). The data represent the mean of three independent
experiments performed in triplicates ± SE. Data analysis did not show any significant
change in Na+ levels upon TGF-β2 treatment (P>0.05, one way ANOVA). (E) ARPE-19
cells were treated for 48 and 96 hours with 10 μM of ouabain and β1-subunit and fibronectin
levels were determined by immunoblotting. GAPDH was used as loading control. Image is
representative of three different experiments.
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Figure 3. Knockdown of Na,K-ATPase β1-subunit induces EMT markers
(A) Immunoblot of Na,K-ATPase subunits and fibronectin in shRNA-mediated β1-subunit
knockdown ARPE-19 clones (Na, K-β1 KD clones 8, 9 and 11) and control cells transfected
with vector alone. TGF-β2-treated cells (96 hours) are included for comparison. GAPDH
was used as a loading control. (B) Phase contrast images showing an elongated, spindle-
shaped morphology of Na,K-ATPase β1-subunit knockdown cells compared to vector
transfected control cells (vector control). Inset images represent magnified regions showing
differences in morphology. Scale bars: 200 μm. (C) Immunofluorescence images showing
fibronectin accumulation and stress fiber (SF) formation in Na, K-β1 KD clones 8 and 9
compared to vector control. Scale bars: 30 μm.
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Figure 4. Analysis of potential transcriptional regulators of Na,K-ATPase β1
(A) Relative mRNA levels of Na,K-ATPase β1, Na,K-ATPase α1 and HIF-1α after TGF-β2
treatment. The graph represents mean RQ ± SE of five independent experiments for Na,K-
ATPase β1 and three independent experiments for Na,K-ATPase α1 and HIF-1α, all
performed in triplicates. P<0.05 was considered statistically significant. (B) Promoter
analysis of the 1141 bp Na,K-ATPase β1 gene promoter using the MatInspector software
tool revealed a putative hypoxia response element (HRE, yellow) and Smad binding domain
(SBD, green). (C) Immunoblots for phospho-Smad2 and phospho-Smad3 in ARPE-19 cells
treated for 0, 5, 10, 15, 20, 25, 30, 60 and 120 minutes with TGF-β2. Total Smad2, total
Smad3, and GAPDH were used as loading controls. (D) Immunoblot of HIF-1α and Na,K-
ATPase β1 in ARPE-19 cells treated with TGF-β2-treated for 0, 2, 4, 8, 12 and 24 hours.
GAPDH was used as loading control. Images are representative of three different
experiments. (E) Immunoblot of HIF-1α in ARPE-19 cells treated with TGF-β2-treated for
0, 24, 48, 72 and 96 hours. GAPDH was used as loading control. Images are representative
of three different experiments.
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Figure 5. HIF-1α and Smad3 bind to the Na,K-ATPase β1 promoter
(A) Na,K-ATPase subunit, fibronection and HIF-1α expression in ARPE-19 cells treated
with 4 ng/ml of TGF-β2 and 0.3μM of echinomycin for 0, 24, 48 and 72 hours. GAPDH was
used as loading control. (B) Na,K-ATPase α1 and β1 levels after 0, 24, 48 and 72 hours of
TGF-β2 and Echinomycin treatment and 72 hours of Echinomycin treatment. Graph
represents mean ± SE of three independent experiments. (C and D) ChIP assay in ARPE-19
cells treated for 0, 24 and 48 hours with TGF-β2. IgG, histone H3 and HIF-1α, Smad3 and
pSmad3 represent antibodies used to pull down chromatin fragments (ChIP). Input
represents the total fragmented chromatin before IP. Anti-mouse IgG was used as negative
control IP. IP using Histone H3 was used as positive control. PCR primers were designed to
amplify the specific region in the Na,K-ATPase β1 promoter containing the HRE and SBD
after ChIP and the 185bp PCR product was run on a 1.5% agarose gel. NTC represents no
template PCR control. Images are representative of three independent experiments.
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