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1 | INTRODUCTION
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Abstract

The epithelial Na* channel (ENaC) is traditionally composed of three subunits,
although non-canonical expression has been found in various tissues including
the vasculature, brain, lung, and dendritic cells of the immune system. Studies of
ENaC structure and function have largely relied on heterologous expression sys-
tems, often with epitope-tagged channel subunits. Relevant in vivo physiological
studies have used ENaC inhibitors, mice with global or tissue specific knockout
of subunits, and anti-ENaC subunit antibodies generated by investigators or by
commercial sources. Availability of well-characterized, specific antibodies is im-
perative as we move forward in understanding the role of ENaC in non-epithelial
tissues where expression, subunit organization, and electrophysiological char-
acteristics may differ from epithelial tissues. We report that a commonly used
commercial anti-a subunit antibody recognizes an intense non-specific band on
mouse whole kidney and lung immunoblots, which migrates adjacent to a less
intense, aldosterone-induced full length a-subunit. This antibody localizes to the
basolateral membrane of aquaporin 2 negative cells in kidney medulla. We vali-
dated antibodies against the - and y-subunits from the same commercial source.
Our work illustrates the importance of validation studies when using popular,
commercially available anti-ENaC antibodies.
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gain-of-function mutations leading to hypokalemia and

The epithelial Na* channel (ENaC) is a member of the
ENaC/Degenerin superfamily of proteins that facili-
tates Na® transport across high-resistance epithelia in
the kidney, lung, and colon. The channel plays a role in
the regulation of blood pressure and fluid volume, with

hypertension (Grunder et al., 1997; Hansson et al., 1995;
Shimkets et al., 1994). ENaC canonically consists of an a-,
-, and y-subunit with a §-subunit substituting for the a-
subunit in a tissue- and species-specific manner (Canessa
et al., 1994; Waldmann et al., 1995). More recently, ENaC
expression has been shown in non-epithelial tissues,
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including vascular smooth muscle, endothelium, and den-
dritic cells (Mutchler et al., 2021).

While each subunit contains a similar structure com-
posed of two short intracellular termini connected to a
large extracellular loop via two membrane-spanning do-
mains, the percent identity between the subunits varies
between 23% and 34% (Hanukoglu & Hanukoglu, 2016).
Areas of divergence within the subunits allow for dif-
ferential interaction with regulatory-specific factors in-
cluding intracellular and extracellular [Na*], mechanical
shear stress, acidic phospholipids, and posttranslational
modifications including proteolytic cleavage, palmitoy-
lation, and glycosylation (Kleyman et al., 2018; Kleyman
& Eaton, 2020). Channel activity is also regulated by hor-
mones such as angiotensin II, aldosterone, vasopressin,
and endothelin (Nesterov et al., 2021; Rotin & Staub, 2021;
Vendrov et al., 2022; Zaika et al., 2013).

Proteolytic cleavage is an important regulatory mech-
anism for ENaC, with short inhibitory sequences in both
the a- and y-subunit requiring excision for full channel
activity (Hughey et al., 2003, 2004). Whereas the a tract
is cleaved twice by furin within the biosynthetic path-
way, the y-subunit is only cleaved once by furin (Hughey
et al., 2004). A second cleavage event that releases the
y tract is facilitated by a number of proteases at the
membrane surface, as observed in the settings of aldo-
sterone administration and volume depletion, as well as
in cystic fibrosis and proteinuric kidney disease (Frindt
et al., 2021; Hinrichs et al., 2019; Tan et al., 2014; Zachar
et al., 2015).

ENaC activity has frequently been studied through
patch clamp recording and Ussing chamber experiments.
Mouse knockout models utilizing cre-lox technology have
also provided important physiological data in a cell type-
or tissue- specific manner. With ENaC expression being
reported beyond epithelia, the need for subunit-specific
antibodies has become increasingly important, as chan-
nel activity, subunit composition, and expression levels
in non-epithelial tissues vary widely. We aimed to vali-
date commonly used commercial ENaC antibodies from
StressMarq to ensure the integrity of our experimental re-
sults. We share here our findings regarding the validity of
ENaC subunit-specific antibodies and methodologies op-
timized for detection. Our results raise concerns with the
anti-o subunit antibody, as an intense non-specific band
appears on whole kidney immunoblots and a basolateral
localization of the subunit was noted in immunostained
kidney sections. The use of a previously characterized
(Sorensen et al., 2013) anti-a subunit antibody developed
by the Loffing group along with results from epitope tagged
ENaC expressed in Fisher rat thyroid cells confirmed the
need to carefully evaluate results from experiments utiliz-
ing the Stressmarq anti-a subunit antibody.

2 | METHODS

2.1 | Animal studies

All animal protocols conform to the National Institute of
Health's Guide for the Care and Use of Laboratory Animals
and were approved by the University of Pittsburgh
IACUC. Male C57Bl/6 mice (Jackson Laboratories) were
housed in a temperature-controlled facility on a 12 h light/
dark cycle. They were kept on standard laboratory chow,
a 10% KCl diet (Envigo TD.09075) for 4days, an 8% NaCl
diet (Envigo TD.92012) for 4 weeks, or given aldosterone
at a rate of 240 pg/kg/day via a subcutaneous minipump
(DURECT Corporation, model 2002) for 2weeks before
sacrifice. Kidneys were collected and flash frozen or fixed
in 4% paraformaldehyde for 24 h before being embedded
in OCT.

2.2 | Cell culture and overexpression of
ENaC subunits

Fisher rat thyroid (FRT) cells were routinely cultured at
37°C and 5% CO, in Gibco DMEM/F-12 medium (Thermo
Fisher, 11330-032) supplemented with 8% FBS (Thermo
Fisher, 10437-028). Cells were seeded in 6-well plates at
70% confluency and transiently transfected with mouse
ENaC plasmids (0.5 pg per subunit) using Lipofectamine
3000 (Invitrogen, L3000008) according to the manufac-
turer's instruction. Only the a-subunit had an N-terminal
HA epitope tag and a C-terminal V5 epitope tag to gen-
erate trimeric channel complex of s oyspy. Following
24-48h incubation, transfected cells were lysed in 400 pl
Goldstein buffer (20mM HEPES, 100mM NaCl, 40 mM
KCl, 1mM EDTA, 10% glycerol, 1% NP40, 0.4% deoxycho-
late, pH 7.4) supplemented with the protease inhibitor
cocktail IIT (Calbiochem, 535140). Undissolved cell debris
was removed by centrifuging at 10,000g for 10 min at 4°C.

2.3 | Immunoprecipitation

Two percent of the FRT cell lysate was saved as inputs
while the remaining lysates were split into three sam-
ples that were incubated with either 2 pg Stressmarq o
antibody (SPC-403) plus 40 pl rec-protein G-Sepharose
(10-1241, Invitrogen), only 40 pl rec-protein G-Sepharose
(negative control) or 40 plV5-beads (positive control,
S190-119, Bethyl) overnight at 4°C on an end-to-end in-
cubator. After extensive washes with PBS, 60 pl Laemmli
sample buffer (1610737, BioRad Laboratories) was added
to the beads and heated to 95°C to elute precipitated pro-
teins. The whole cell lysates and IP samples were split
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and loaded into two identical gels, with one set of samples
blotted with Stressmarq o antibody (0.5 pg/ml) and the
other blotted with HA-HRP (0.05 pg/ml, 3F10, Sigma) as
a positive control.

To pulldown the a-subunit in mouse tissues, 20mg
flash frozen lungs or kidneys of different treatments were
homogenized in 500 pl Goldstein buffer and precleared
with 50 pl protein-G beads on ice for 45min. Three per-
cent of the whole lung lysate were saved as input and the
rest were incubated with 2 pg Stressmarq o antibody (SPC-
403) and 40 pl Protein-G beads on an end-to-end incuba-
tor overnight at 4°C. Immunoprecipitated samples were
washed with PBS and eluted into 30 pl Laemmli sample
buffer.

2.4 | SDS-page electrophoresis and
immunoblotting

Flash frozen kidneys were homogenized in cold
CelLytic lysis buffer (Sigma) supplemented with Halt
protease and phosphatase inhibitor at 1:100 (Thermo
Fisher). Homogenates were spun down at 4°C at 10,0008
for 10 min. Protein was quantified using a BCA assay
(Thermo Fisher). Samples were prepared in 4x Laemmli
buffer (BioRad) and were either (1) left at room tem-
perature for ~10 min, (2) put at 37°C for 30 min, or (3)
heated at 97°C for 3 or 10 min. Samples were prepared
with 40 pg of protein, unless otherwise noted, and run
on 4%-15% Criterion TGX gels (BioRad) at 110V for
~85min. Gels were transferred using a wet transfer sys-
tem at 400 mA for 35 min to a nitrocellulose membrane
(BioRad). Membranes were blocked with 5% milk in PBS
and were put in primary antibody (1 pg/ml) overnight at
4°C: anti-a-subunit (StressMarq, SPC-403, lot #130911),
anti-p-subunit (StressMarq, SPC-404, lot #MK387434),
or anti-y-subunit (StressMarq, SPC-405, lot #1112).
Rabbit secondary HRP-conjugated antibody (Jackson
ImmunoResearch 711-035-152) was added to the blot for
1h at room temperature. HRP-conjugated secondary an-
tibody that specifically recognizes light-chain of rabbit
IgG (LC-only HRP, Jackson ImmunoResearch 211-032-
171)wasused in some experiments. Blots were developed
using Clarity™ Western Blotting Substrate, followed by
ClarityMax when needed (BioRad). Blots were imaged
on a ChemiDoc™ Imaging System (BioRad). Blot quan-
tification was performed using densitometry in Imagel
software, where necessary. Lot numbers represent anti-
bodies utilized for the representative figures; however,
consistent results have usually been noted across mul-
tiple lots. For comparison, an alpha subunit antibody
kindly provided by Dr. Johannes Loffing was also uti-
lized (Sorensen et al., 2013).
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2.5 | Immunofluorescent imaging

Tissue was fixed in 4% paraformaldehyde for 24 h at 4°C.
After three washes in PBS for 10 min each, fixation was
quenched by washing the tissue in 0.2 M ammonium
chloride for 10 min. A PBS wash was again performed
before the tissue was placed in 20% sucrose in PBS
overnight at 4°C. Tissues were embedded in OCT and
sectioned at 7 pm. Slides were placed in cold PBS con-
taining 0.1% Triton-X for 10 min followed by a PBS wash.
Blocking was performed with a solution containing 0.6%
fish skin gelatin and 10% horse serum at room tempera-
ture for 30 minutes. Primary antibodies were diluted
in the same solution at the following concentrations:
a-subunit (10 pg/ml, StressMarq, SPC-403), B-subunit
(10 pg/ml, StressMarq, SPC-404), y-subunit (10 pg/ml,
StressMarq, SPC-405), and aquaporin 2 (AQP2) (1:200,
Novus Biologicals, NBP1-70378). Primary antibod-
ies were left overnight at 4°C. After three washes in
PBS, fluorescently conjugated secondaries were added
for 1 h at room temperature, the slides were washed,
and 4’,6-diamidino-2-phenylindole (DAPI) was added
to label nuclei. After one final wash, slides were dried
and mounted with ProLong Gold Antifade Mountant
(Thermo Fisher). Slides were imaged on a confocal mi-
croscope as stacks, presented as maximum projections.

3 | RESULTS
3.1 | Preparation of lysates at different
temperatures

Each ENaC subunit antibody was initially tested with four
different conditions to determine if temperature made a
difference in the efficacy of detection of ENaC subunits.
These conditions were tested in kidney tissue from mice
on control diet that was flash frozen and run immediately
after lysing (no freezing and thawing). The samples were
prepared as one master mix that was aliquoted for the
separate temperature treatments. The treatments were (1)
10 min at room temperature, (2) 30min at 37°C, (3) 3min
at 97°C, or (4) 10 min at 97°C.

For both the a-subunit and the p-subunit immunoblots,
the lower temperatures showed increased background
bands in the lower half of the membrane as compared
to the 97°C treated samples (Figure 1a,b). However, all
temperatures showed a band corresponding to the correct
size for the subunits, denoted by an asterisk. With the y-
subunit, different temperatures altered the intensity of the
full-length y-subunit band in comparison to the cleaved
y-subunit band (Figure 1c). The lower temperatures also
caused less separation between the full-length and cleaved
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FIGURE 1 ENaC expression in kidney lysates prepared at different temperatures. Kidney homogenate was prepared in Laemmli buffer
with beta-mercaptoethanol either at room temperature (RT) for 10 min, 37°C for 30 min, or 97°C for 3 or 10 min (denoted for each lane).
Three separate replicates of these conditions were run and the subsequent membranes were probed with Stressmarq antibodies directed
against each ENaC subunit: (a) a, (b) B, or (c) y. Asterisks denote the expected a- and p-subunits on their respective membranes. The y-
subunit displays both a full-length band and a cleaved product. Blots are representative of results from at least three separate validations.

bands, which could impact the ability to quantify these
two populations separately.

3.2 | Kidney but not lung shows
difference in ENaC «- and y-subunit
expression with aldosterone

Aldosterone regulates ENaC expression in the kidney by
inducing the expression of the a-subunit and increasing
activating cleavage events in the y-subunit. This is tissue
specific, as aldosterone does not have these effects in the
lung, where expression is regulated by glucocorticoids
(Renard et al., 1995). We utilized this differential regula-
tion to test the antibodies in tissue homogenates to de-
termine if we could observe well known trends in ENaC
expression. Mice either were given a high salt (8% NaCl)
diet to suppress aldosterone signaling or received exog-
enous aldosterone through a subcutaneous minipump
to increase ENaC expression in the kidney. Both kidney
and lung were collected, flash frozen, and homogenized.
A total of 40 pg of protein per sample were added to 4%
Laemmli buffer. Samples sat for at least 10 min at room
temperature for the a-subunit, they were put at 37°C for
30min for the f-subunit, and they were heated at 97°C for
3 min for the y-subunit.

In the kidney, a band of high intensity immediately
developed when probing for the a-subunit (Figure 2a,
denoted by **). However, this band had a calculated

molecular mass of ~80kD, which is smaller than that
expected for the o-subunit (Masilamani et al., 1999;
Sorensen et al., 2013). Additionally, its intensity was
similar across all samples, showing no difference in ly-
sates from the high salt versus aldosterone treated kid-
neys (Figure 2e). Following a longer exposure, a single
or doublet band was observed to migrate just above the
80kDa band (Figure 2a, top panel). Importantly, this
band (~95kDa, denoted by *) was present in the aldoste-
rone treated kidneys at a higher intensity than the high
salt kidneys, showing its expression was induced by aldo-
sterone (Figure 2e). In the lung, the doublet pattern was
more pronounced, with expression not being dependent
upon aldosterone (Figure 2a). The blot was stripped and
reprobed with a well-characterized a-subunit antibody
developed by Dr. Johannes Loffing's group to confirm
the pattern of increased expression with aldosterone
stimulation. This antibody demonstrated that expres-
sion of the 95kDa a-subunit is induced in aldosterone
treated kidney (Figure 2e) whereas similar expression is
maintained in the lungs of all mice regardless of treat-
ment (Figure 2b, top). Additionally, it demonstrated
increased levels of the ~30kDa N-terminal a-subunit
cleavage product in kidneys from mice treated with aldo-
sterone as compared to those given high salt (Figure 2b,
bottom). This cleavage product was absent from any
blots probed with the Stressmarq a-subunit antibody
despite the fact both antibodies were produced against
N-terminal epitopes and should recognize this cleavage
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fragment. When detected using the Stressmarq antibody
followed by a light-chain only (LC-only) secondary anti-
body, the intensity of the non-specific band (denoted by
**) was reduced, allowing longer exposure to detect the
full length a-subunit (denoted by *) in the lung lysate
(Figure 2f). In addition, the molecular weight of the full
length a-subunit is consistent with the Loffing antibody,
as demonstrated by stripping and reprobing of the same
blot to allow for exact alignment (Figure 2f).

The p-subunit appeared as a band at ~90kDa
(Figure 2c, denoted by *). Its expression in the kidney and
the lung did not appreciably change with aldosterone
treatment (Figure 2e). When probed for the y-subunit,
the renal samples demonstrated that the subunit ex-
isted predominantly in its full-length, uncleaved form
of ~80kDa (Figure 2d, top band) in the kidneys from
high salt animals, while the administration of aldoste-
rone caused cleavage of the subunit as demonstrated by
an increase in the intensity of a faster migrating band of
~70kDa (Figure 2e), representing C-terminal cleavage
fragments (Frindt et al., 2021; Masilamani et al., 1999).
The lung tissue from all samples, regardless of treat-
ment, exhibited a high level of cleavage, although the
full-length band was visible. This demonstrates that the
antibody can distinguish between the cleaved and full-
length forms of the y-subunit.

3.3 | Immunoprecipitation
confirms the non-specific a-subunit band

The presence of the high intensity 80kDa band recog-
nized by the StressMarq anti-a-subunit antibody in kid-
ney lysates is likely an off-target protein as the intensity
of the 80kDa band did not change with aldosterone
treatment (Figure 2e) and it migrated faster than the full
length a-subunit recognized by the antibody raised by
the Loffing laboratory (Figure 2b). To provide additional
evidence that the 80kDa band is an off-target protein,
immunoprecipitations of the a-subunit were performed
from both mouse tissues and FRT cells transfected with
afy ENaC cDNAs where the a-subunit had a C-terminus
V5 tag and an N-terminus HA tag. Prior to immunopre-
cipitation, the 80kDa band was present in both lung
lysates and in mock transfected FRT cells when immu-
noblots were probed with the StressMarq anti-a-subunit
antibody (Figure 3, denoted by **). Additionally, a
slower-migrating band (~95kDa), representing the full
length a-subunit, was observed in lung lysates and in
ENaC-transfected FRT cell lysates (Figure 3, denoted by
*) when blots were probed with the StressMarq anti-a-
subunit antibody.

)
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The StressMarq anti-a-subunit antibody and an
anti-V5 antibody were used for the FRT immunopre-
cipitation. The membrane was either blotted with the
StressMarq anti-a-subunit antibody (Figure 3c, left) or
an antibody against the HA tag (Figure 3c, right side).
Both antibodies revealed the presence of bands at
~95kDa, expected to be the full length a-subunit. The
anti-HA antibody also revealed the 30kDa cleavage
product, regardless of the antibody utilized for pull-
down, suggesting that the StressMarq o antibody was
able to recognize and bind to both the full length and
the cleaved a-subunit during the immunoprecipitation,
but it was not able to detect the cleaved product when
used in blotting (Figure 3c). More importantly, immu-
noprecipitation of the a-subunit with the StressMarq
anti-a-subunit from mouse lung tissue followed by blot-
ting with the same antibody eliminated the off-target
80kDa band (Figure 3a, denoted by **), while still rec-
ognizing the 95kDa full length a-subunit (denoted by
*). ENaC a-subunit was also pulled down from mouse
kidneys using the StressMarq o antibody and blotted
for with the validated antibody from the Loffing group.
Both the full length and cleaved a-subunit can be de-
tected using the Loffing antibody in both total lysate and
immunoprecipitated samples (Figure 3b), further con-
firming the specificity of the StressMarq o antibody for
immunoprecipitation.

3.4 | Linear quantification of ENaC
subunits on immunoblot with serial
dilution of lysate

To detect differences in the level of protein expression
between experimental samples, antibodies must have a
large linear detection range. While this range can vary
based on experimental methodology (i.e., method of de-
tection, amount of protein loaded, etc.), knowing that
an antibody can provide this working range is impor-
tant. We tested whether the three ENaC subunit spe-
cific antibodies could provide this by performing serial
dilutions of mouse tissue samples to test for linearity.
Lung (a-subunit) or kidney (p- and y-subunit) homoge-
nates were first assessed by BCA to determine protein
content and then prepared with 4x Laemmli buffer to
achieve a mixture with 40 pg of protein per 12 pl. This
was serially diluted 1:2 with buffer to achieve lower con-
centrations, while increasing amounts of the mixture
were added per well for the two higher concentrations.
When quantified, the density of the indicated bands
plotted against the concentration of protein added per
well showed a relatively linear range of detection for the
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FIGURE 2 Mouse kidney, but not lung, demonstrate differences in ENaC a- and y-subunit expression with aldosterone. Lysate from
mouse kidney and lung collected from animals on a high salt diet (HS) or with an aldosterone infusion (Aldo) were blotted for the presence
of each ENaC subunit. (a) The Stressmarq anti-a-subunit antibody revealed an intense 80kDa nonspecific band, denoted by ** and a 95kDa
full length a-subunit, denoted by *. The top panel was exposed for a longer period (~7 min) to show the 95kDa band and the bottom panel
shows a quick initial exposure (~5 s) before saturation of the 80kDa band occurred. (b) The blot was stripped and reprobed with a previously
characterized antibody, produced in the Loffing laboratory. The panel shows two exposures, separated by a dashed line, to reveal both

the full-length 95kDa a-subunit, denoted by *, and a 30kDa a-subunit N-terminal cleavage product. (c) The Stressmarq antibody directed
against the $-subunit shows the presence of a band at 90kDa (denoted by *). (d) The Stressmarq antibody directed against the y-subunit
revealed bands corresponding to a full-length 80kDa y-subunit and 70kDa cleavage products, as indicated. (e) Signal from the kidney
samples was quantified by densitometry, with each band normalized to total protein. Quantification is shown as a fold change from the
average HS signal with p values shown for relationships that were significant (p <0.05) as assessed by multiple #-tests. (f) Mouse lung lysate
was first probed with the Stressmarq « antibody, followed by a light chain only secondary antibody (LC-only HRP). The blot was then
stripped and reprobed again with the Stressmarq a antibody but followed by a whole IgG secondary antibody (H + L HRP). The blot was then
stripped again and reprobed with the Loffing a antibody, followed by a whole IgG secondary antibody (H + L HRP). The Stressmarq antibody
revealed an intense nonspecific band of ~80kDa (denoted by **) and a full length a-subunit migrating ~95kDa (denoted by *). The Loffing
antibody reveal both the full-length 95kDa a-subunit and a 30kDaN-terminal a-subunit cleavage product. Blots are representative of results

from at least three separate experiments.

a-subunit between 2.5 to 80 pg of protein (Figure 4a,b),
and a similar linear range of detection for the p-subunit
(Figure 4c,d) and y-subunit (Figure 4e,f).

3.5 | ENaC subunit localization in
mouse kidney

We examined the localization of each ENaC subunit in
mouse tissue to determine if the antibodies were suffi-
cient for immunofluorescent imaging. Kidney tissue from
mice that were unstimulated (controls) or that had been
given a high K* diet for 4days to increase in aldosterone
levels were stained for each of the subunits. An anti-
aquaporin-2 (AQP2) antibody was utilized to denote prin-
cipal cells (PCs). While it was expected that the a-subunit
would be present at low levels under control conditions,
the antibody failed to demonstrate a strong signal in the
apical membrane of PC in kidneys from mice on a high
K™ diet. Instead, kidneys from both sets of mice showed
no distinct apical a-subunit signal in AQP2-positive tu-
bules (Figure 5a). Moreover, in kidneys from both con-
ditions we noted a strong basolateral signal from cells in
AQP2 negative tubules in the inner medulla (Figure 5b).
This is not an expected localization of ENaC, and neither
of the other two subunits showed this staining pattern
(Figure 6), suggesting non-specific labeling by the anti-a-
subunit antibody.

For both the p-subunit (Figure 6a) and the y-subunit
(Figure 6b), localization was cytosolic in the control tis-
sue, but localized more to the apical surface with high
K* diet, as assessed by its movement toward the AQP2-
labeled surface. This suggests the p and y antibodies can
be used to identify ENaC subunits with immunostaining,
as both subunits are known to be constitutively expressed

but trafficked to the surface with aldosterone stimulation
(Masilamani et al., 1999).

4 | DISCUSSION

The purpose of our study was to determine whether
antibodies to the three ENaC subunits, commercially
available through StressMarq, correctly identified these
subunits by immunoblotting and immunofluorescent
imaging in mouse tissues. Previously, work focused on
the identification and quantification of the endogenous
ENaC subunits had been challenging given the limited
availability of well-characterized commercial antibod-
ies. However, even as more companies have developed
subunit specific anti-ENaC antibodies, characterization
is often limited. In our hands, we found that anti-p- and
y-subunit antibodies from a commonly used commer-
cial source, StressMarq, work well in identifying ENaC
subunit expression with both immunoblotting and im-
munofluorescence imaging in murine tissues. However,
we found an intense background band on immunoblots
with the a-subunit antibody that is likely a nonspecific
band. Furthermore, the antibody gives an incorrect o-
subunit localization in mouse kidney with immuno-
fluorescent staining. The correct full length a-subunit
is detected with this antibody on immunoblots, but the
signal is quite low compared to the closely migrating
non-specific band. Additionally, the StressMarq anti-
a-subunit antibody, raised against a synthetic peptide
mapping to the amino acids 46-68 in the N-terminus
of the a-subunit, does not detect the N-terminal 30kDa
a-subunit cleavage product. In contrast, the anti-a-
subunit antibody produced by Loffing and colleagues
raised against a sequence mapping to amino acids 2-21
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FIGURE 3 Immunoprecipitation eliminates the non-specific a- subunit band in mouse lung tissue and FRT cells. (a) Mouse lungs
were homogenized and incubated with the a-subunit StressMarq antibody, followed by immunoprecipitation with protein G beads. Both
the pulldown (left) and the lysate (right) were run together on a gel and blotted for the a-subunit with the same StressMarq antibody

as utilized for the IP. (b) Mouse kidneys collected from animals on a high salt diet (HS) or with an aldosterone infusion (Aldo) were
immunoprecipitated with the StressMarq o antibody and protein G beads. Both the IP (left) and the kidney lysate (right) were run next
to each other on an 8%-16% gel to probe for the a-subunit with the Loffing o antibody. (c) Lysate from FRT cells either mock transfected
or transfected with the three ENaC subunits were run for comparison (first two lanes). The lysate was incubated with either StressMarq
(SM) anti-a-subunit antibody, beads alone, or V5-tagged beads and subsequent pulldown was performed. The product was run on two
separate gels simultaneously, with one being probed with the StressMarq anti-a-subunit antibody while the other was probed with an
antibody directed against the HA tag. In all panels * illustrates the a-subunit band while ** indicates to the non-specific band. Results are

representative of three separate experiments.

within the N-terminus, detects both the full-length o-

subunit and the cleavage

fragment.

We demonstrated that all three antibodies produce

a signal in immunoblots with lysate treatments ranging
from room temperature to 97°C (Figure la-c). However,
these initial tests were done with fresh lysates that were
never frozen and thawed. These conditions are not pos-
sible for many experiments where tissues are precious
and where homogenates have been aliquoted and frozen

for later use. In our experience, we have found that back-
ground bands near the B-subunit increase after multiple
freeze—thaws, making it difficult to determine the correct
band for quantification. Additionally, the y-subunit bands
become less defined, making separate analysis of the full-
length and cleaved protein more difficult. We have found
the optimal conditions to prepare samples for SDS-PAGE
and prevent deterioration in quality after freeze-thaw are
30minutes at 37°C for the f-subunit and 3 min at 97°C for
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the y-subunit. Furthermore, our work and studies from
other groups have shown that pretreating samples with N-
glycanase to remove N-glycans enhances the ability to dis-
tinguish non-cleaved, single-cleaved, and double-cleaved
y-subunits (Frindt et al., 2021). Importantly, all samples
must be treated equally within the same blot and when
combining replicates across multiple blots, given the dif-
ferences that occur in the ability to separate the full-length
and cleaved bands for the y-subunit. The temperature of
the lysate can also affect the intensity of the full-length
band, demonstrating the need for stringent adherence to
the same protocol.

Using the optimal conditions for each subunit, we
demonstrated the large working range of all three anti-
bodies (Figure 4). For a Western blot to be quantitative, the
antibody must accurately reflect the differences in protein
content across a wide range of protein level. We demon-
strate here that all three antibodies were linear across a
range of 2.5 pg up to at least 40 pg of total protein loaded
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per well, with a trend continuing up to 80 pg. While this
may vary depending on the SDS-PAGE gel composition,
blotting membrane, specific HRP substrate, and the meth-
odology used for signal detection, these results show the
utility of these antibodies in being used for quantitation.
However, each experimental setup, especially with differ-
ent tissues or the use of an over-expression system, will
require validation of this linearity.

Our initial immunoblots all revealed the presence of a
strong ~80kDa band with the StressMarq anti-a-subunit
antibody, which we suspected to be a non-specific band
given that its apparent molecular weight was lower than
the predicted and the fact that it was not different between
control kidney and aldosterone-stimulated kidney tissue
(Figure 2). In contrast, we readily detected aldosterone-
dependent differences in a-subunit expression with the
antibody generated by the Loffing group. This 80 kDa band
was also present in mock-transfected FRT cells. However,
immunoprecipitating the a-subunit from both lung and
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the top of the blot, was probed for the
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FRT cells transfected with ENaC eliminated the 80kDa
band, while maintaining the 95kDa band (Figure 3). The
presence of the non-specific band has made quantification
of the full-length a-subunit product challenging, given its

close proximity and high intensity in comparison to the
real band of interest. Using a light-chain only secondary
antibody may help separation by reducing the intensity
of the non-specific band recognized by the StressMarq
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FIGURE 5 The a-subunit antibody demonstrates minimal signal in AQP2-positive cells and is mislocalized in kidney medulla. Kidney
sections from mice kept on control diet (a, top) or 4days of high K* diet (a, middle) were labeled with the StressMarq anti-a-subunit
antibody (red on left and converted to grayscale in second column). AQP2 (green) was used as a marker of the apical lumen of principal
cells. The basolateral surfaces of tubules are denoted by solid lines and the apical surface by dashed lines. A no primary control is shown
for comparison (a, bottom). (b) Positive staining for the a-subunit (red) was only observed in the inner medulla of the kidneys, with
representative images displayed here. While AQP2 positive cells within the medulla (green) did show expression of ENaC (denoted by *),
the majority of the signal was localized to the basolateral side of both AQP2 positive and negative tubules (shown by arrows). Scale bar
represents 20 pm in all images and images are representative of three separate regions examined in three mice of each treatment.

(a) Beta ENaC

Control

High K*

(b) Gamma ENaC

FIGURE 6
staining reveals movement of the - and y-

Immunofluorescent

subunits from an intracellular location to

Control

apical surface with a high K* diet. Kidneys
from mice kept on a control diet (top) or
4days of a high K* diet (bottom) were
probed for expression of (a) the f-subunit
of ENaC or (b) the y-subunit of ENaC.
Sections were counterstained for AQP2
(green) to indicate principal cells. The
basolateral surfaces of tubules are denoted
by solid lines and the apical surface by

High K*

dashed lines. Scale bars represent 20 pm
and images are representative of three
separate regions examined in three mice
of each treatment.

anti-a-subunit antibody (Figure 2f). Immunofluorescent
staining also proved problematic with the StressMarq
anti-a-subunit antibody as no distinct apical signal was
seen in AQP2 positive cells, while strong basolateral stain-
ing in the medulla was observed in AQP2 negative tu-
bules (Figure 5). Given the well characterized expression
of ENaC on the apical surface of AQP2 positive cells, the

Merge

Merge

appearance of this strong basolateral staining suggested
the antibody was detecting a non-specific signal.

From these data, we are confident that this intense
band seen with the StressMarq anti-a-subunit antibody
is not the full length «-subunit, but is a non-specific
protein. A number of manuscripts have been published
with this anti-a-subunit antibody where immunoblots
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quantified this non-specific band rather than the correct
a-subunit signal, given the size of the presented bands.
If proper care is taken in running the gels for longer
times to allow for greater separation of bands and the
blots are given longer exposures or incubated with a
specific LC-only HRP secondary to reveal the correct a-
subunit band, we believe the antibody can be used to
identify and quantify a-subunit expression on immuno-
blots. However, the proper controls must be run, such
as immunoblots of kidney lysates from mice on control
diet versus kidney lysates from mice on a low Na* or
high K* diet or following an aldosterone infusion. This
antibody is not suitable to characterize a-subunit ex-
pression via immunofluorescence in mouse tissue, es-
pecially in tissues where the expression pattern of ENaC
is not well known, that is, tissue other than lung or kid-
ney. For these experiments, other antibodies should be
explored. If feasible, subunit-specific knockout animals
should be used to ensure staining is truly specific. As the
Stressmarq a-subunit antibody, directed against an N-
terminal epitope, does not detect the N-terminal 30kDa
cleavage product, we encourage companies to raise an-
tibodies against amino acids 2-21, the antigen sequence
utilized by Loffing and colleagues.

ACKNOWLEDGMENTS

This study was funded by NIH grants R01 HL147818 (to
TRK), R01 DK130901 (to SS), R01 HL128053 (to TRK
and SS), and P30 DK079307 (the Pittsburgh Center for
Kidney Research). SMM was supported by T32 DK061296,
T32 DKO007052, and a grant from Relypsa. We thank
the Loffing laboratory for providing their anti-ENaC a-
subunit antibody.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to report.

ORCID

Stephanie M. Mutchler
org/0000-0002-4288-4452
Shujie Shi (© https://orcid.org/0000-0003-3785-853X
Thomas R. Kleyman © https://orcid.
org/0000-0002-2413-5415

https://orcid.

REFERENCES

Canessa, C. M., Schild, L., Buell, G., Thorens, B., Gautschi, I.,
Horisberger, J. D., & Rossier, B. C. (1994). Amiloride-sensitive
epithelial Na* channel is made of three homologous subunits.
Nature, 367, 463-467. https://doi.org/10.1038/367463a0

Frindt, G., Shi, S., Kleyman, T. R., & Palmer, L. G. (2021). Cleavage
state of gammaENaC in mouse and rat kidneys. American
Journal of Physiology. Renal Physiology, 320, F485-F491.
https://doi.org/10.1152/ajprenal.00536.2020

Grunder, S., Firsov, D., Chang, S. S., Jaeger, N. F., Gautschi, I., Schild,
L., Lifton, R. P., & Rossier, B. C. (1997). A mutation causing
pseudohypoaldosteronism type 1 identifies a conserved glycine
that is involved in the gating of the epithelial sodium chan-
nel. The EMBO Journal, 16, 899-907. https://doi.org/10.1093/
emboj/16.5.899

Hansson, J. H., Nelson-Williams, C., Suzuki, H., Schild, L., Shimkets,
R, Lu, Y., Canessa, C., Iwasaki, T., Rossier, B., & Lifton, R. P.
(1995). Hypertension caused by a truncated epithelial sodium
channel gamma subunit: Genetic heterogeneity of Liddle syn-
drome. Nature Genetics, 11, 76-82. https://doi.org/10.1038/
ng0995-76

Hanukoglu, I., & Hanukoglu, A. (2016). Epithelial sodium channel
(ENaC) family: Phylogeny, structure-function, tissue distri-
bution, and associated inherited diseases. Gene, 579, 95-132.
https://doi.org/10.1016/j.gene.2015.12.061

Hinrichs, G. R., Weyer, K., Friis, U. G., Svenningsen, P., Lund, I. K.,
Nielsen, R., Mollet, G., Antignac, C., Bistrup, C., Jensen, B. L.,
& Birn, H. (2019). Urokinase-type plasminogen activator con-
tributes to amiloride-sensitive sodium retention in nephrotic
range glomerular proteinuria in mice. Acta Physiologica
(Oxford, England), 227, e13362. https://doi.org/10.1111/
apha.13362

Hughey, R. P, Bruns, J. B,, Kinlough, C. L., Harkleroad, K. L.,
Tong, Q., Carattino, M. D., Johnson, J. P., Stockand, J. D,
& Kleyman, T. R. (2004). Epithelial sodium channels are
activated by furin-dependent proteolysis. The Journal
of Biological Chemistry, 279, 18111-18114. https://doi.
org/10.1074/jbc.C400080200

Hughey, R. P.,, Mueller, G. M., Bruns, J. B., Kinlough, C. L., Poland,
P. A, Harkleroad, K. L., Carattino, M. D., & Kleyman, T. R.
(2003). Maturation of the epithelial Na* channel involves pro-
teolytic processing of the alpha- and gamma-subunits. The
Journal of Biological Chemistry, 278, 37073-37082. https://doi.
org/10.1074/jbc.M307003200

Kleyman, T. R., & Eaton, D. C. (2020). Regulating ENaC's gate.
American Journal of Physiology. Cell Physiology, 318,
C150-C162. https://doi.org/10.1152/ajpcell.00418.2019

Kleyman, T. R., Kashlan, O. B., & Hughey, R. P. (2018). Epithelial
Na(+) channel regulation by extracellular and intracellular
factors. Annual Review of Physiology, 80, 263-281. https://doi.
org/10.1146/annurev-physiol-021317-121143

Masilamani, S., Kim, G. H., Mitchell, C., Wade, J. B., & Knepper, M.
A. (1999). Aldosterone-mediated regulation of ENaC alpha,
beta, and gamma subunit proteins in rat kidney. The Journal
of Clinical Investigation, 104, R19-R23. https://doi.org/10.1172/
JCI7840

Mutchler, S. M., Kirabo, A., & Kleyman, T. R. (2021). Epithelial so-
dium channel and salt-sensitive hypertension. Hypertension,
77, 759-767. https://doi.org/10.1161/HYPERTENSIONAHA.
120.14481

Nesterov, V., Bertog, M., Canonica, J., Hummler, E., Coleman, R.,
Welling, P. A., & Korbmacher, C. (2021). Critical role of the
mineralocorticoid receptor in aldosterone-dependent and
aldosterone-independent regulation of ENaC in the distal
nephron. American Journal of Physiology. Renal Physiology,
321, F257-F268. https://doi.org/10.1152/ajprenal.00139.2021

Renard, S., Voilley, N., Bassilana, F., Lazdunski, M., & Barbry, P.
(1995). Localization and regulation by steroids of the alpha,
beta and gamma subunits of the amiloride-sensitive Na*


https://orcid.org/0000-0002-4288-4452
https://orcid.org/0000-0002-4288-4452
https://orcid.org/0000-0002-4288-4452
https://orcid.org/0000-0003-3785-853X
https://orcid.org/0000-0003-3785-853X
https://orcid.org/0000-0002-2413-5415
https://orcid.org/0000-0002-2413-5415
https://orcid.org/0000-0002-2413-5415
https://doi.org/10.1038/367463a0
https://doi.org/10.1152/ajprenal.00536.2020
https://doi.org/10.1093/emboj/16.5.899
https://doi.org/10.1093/emboj/16.5.899
https://doi.org/10.1038/ng0995-76
https://doi.org/10.1038/ng0995-76
https://doi.org/10.1016/j.gene.2015.12.061
https://doi.org/10.1111/apha.13362
https://doi.org/10.1111/apha.13362
https://doi.org/10.1074/jbc.C400080200
https://doi.org/10.1074/jbc.C400080200
https://doi.org/10.1074/jbc.M307003200
https://doi.org/10.1074/jbc.M307003200
https://doi.org/10.1152/ajpcell.00418.2019
https://doi.org/10.1146/annurev-physiol-021317-121143
https://doi.org/10.1146/annurev-physiol-021317-121143
https://doi.org/10.1172/JCI7840
https://doi.org/10.1172/JCI7840
https://doi.org/10.1161/HYPERTENSIONAHA.120.14481
https://doi.org/10.1161/HYPERTENSIONAHA.120.14481
https://doi.org/10.1152/ajprenal.00139.2021

MUTCHLER ET AL.

channel in colon, lung and kidney. Pfliigers Archiv, 430, 299-
307. https://doi.org/10.1007/BF00373903

Rotin, D., & Staub, O. (2021). Function and regulation of the epithe-
lial Na(+) channel ENaC. Comprehensive Physiology, 11, 2017-
2045. https://doi.org/10.1002/cphy.c200012

Shimkets, R. A., Warnock, D. G., Bositis, C. M., Nelson-Williams,
C., Hansson, J. H., Schambelan, M., Gill, J. R., Jr.,, Ulick, S.,
Milora, R. V., Findling, J. W., Canessa, C. M., Rossier, B. C.,,
& Lifton, R. P. (1994). Liddle's syndrome: Heritable human
hypertension caused by mutations in the beta subunit of the
epithelial sodium channel. Cell, 79, 407-414. https://doi.
0rg/10.1016/0092-8674(94)90250-x

Sorensen, M. V., Grossmann, S., Roesinger, M., Gresko, N., Todkar,
A. P, Barmettler, G., Ziegler, U., Odermatt, A., Loffing-Cueni,
D., & Loffing, J. (2013). Rapid dephosphorylation of the renal
sodium chloride cotransporter in response to oral potassium
intake in mice. Kidney International, 83, 811-824. https://doi.
org/10.1038/ki.2013.14

Tan, C. D., Hobbs, C., Sameni, M., Sloane, B. F., Stutts, M. J., & Tarran,
R. (2014). Cathepsin B contributes to Na* hyperabsorption in cys-
tic fibrosis airway epithelial cultures. The Journal of Physiology,
592, 5251-5268. https://doi.org/10.1113/jphysiol.2013.267286

Vendrov, A. E., Stevenson, M. D., Lozhkin, A., Hayami, T., Holland,
N. A, Yang, X., Moss, N., Pan, H., Wickline, S. A., Stockand,
J. D., Runge, M. S., Madamanchi, N. R., & Arendshorst, W. J.
(2022). Renal NOXA1/NOX1 signaling regulates epithelial so-
dium channel and sodium retention in angiotensin II-induced

. . 13 0f 13
N/Bog =) Physiological ReportsJ—

hypertension. Antioxidants & Redox Signaling, 36, 550-566.
https://doi.org/10.1089/ars.2021.0047

Waldmann, R., Champigny, G., Bassilana, F., Voilley, N., &
Lazdunski, M. (1995). Molecular cloning and functional ex-
pression of a novel amiloride-sensitive Na®™ channel. The
Journal of Biological Chemistry, 270, 27411-27414. https://doi.
0rg/10.1074/jbc.270.46.27411

Zachar, R. M., Skjodt, K., Marcussen, N., Walter, S., Toft, A., Nielsen,
M. R,, Jensen, B. L., & Svenningsen, P. (2015). The epithelial
sodium channel gamma-subunit is processed proteolytically in
human kidney. Journal of the American Society of Nephrology,
26, 95-106. https://doi.org/10.1681/ASN.2013111173

Zaika, O., Mamenko, M., Staruschenko, A., & Pochynyuk, O. (2013).
Direct activation of ENaC by angiotensin II: Recent advances
and new insights. Current Hypertension Reports, 15, 17-24.
https://doi.org/10.1007/s11906-012-0316-1

How to cite this article: Mutchler, S. M., Shi, S.,
Whelan, S. C. M., & Kleyman, T. R. (2023).
Validation of commercially available antibodies
directed against subunits of the epithelial Na*
channel. Physiological Reports, 11, e15554. https://
doi.org/10.14814/phy2.15554



https://doi.org/10.1007/BF00373903
https://doi.org/10.1002/cphy.c200012
https://doi.org/10.1016/0092-8674(94)90250-x
https://doi.org/10.1016/0092-8674(94)90250-x
https://doi.org/10.1038/ki.2013.14
https://doi.org/10.1038/ki.2013.14
https://doi.org/10.1113/jphysiol.2013.267286
https://doi.org/10.1089/ars.2021.0047
https://doi.org/10.1074/jbc.270.46.27411
https://doi.org/10.1074/jbc.270.46.27411
https://doi.org/10.1681/ASN.2013111173
https://doi.org/10.1007/s11906-012-0316-1
https://doi.org/10.14814/phy2.15554
https://doi.org/10.14814/phy2.15554

	Validation of commercially available antibodies directed against subunits of the epithelial Na+ channel
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Animal studies
	2.2|Cell culture and overexpression of ENaC subunits
	2.3|Immunoprecipitation
	2.4|SDS-­page electrophoresis and immunoblotting
	2.5|Immunofluorescent imaging

	3|RESULTS
	3.1|Preparation of lysates at different temperatures
	3.2|Kidney but not lung shows difference in ENaC α-­ and γ-­subunit expression with aldosterone
	3.3|Immunoprecipitation confirms the non-­specific α-­subunit band
	3.4|Linear quantification of ENaC subunits on immunoblot with serial dilution of lysate
	3.5|ENaC subunit localization in mouse kidney

	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	REFERENCES


