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SUMMARY

Inhibition of Naþ/Hþ exchanger NHE3 in the intestine is a
major cause of diarrhea. Using humanized mice expressing
human NHE3, we explore the unique properties of hNHE3
that contribute to diarrheal symptoms occurring in
humans.

BACKGROUND & AIMS: Diarrhea is one of the most common
illnesses and is often caused by bacterial infection. Recently,
we have shown that human Naþ/Hþ exchanger NHE3
(hNHE3), but not non-human NHE3s, interacts with the E3
ubiquitin ligase Nedd4-2. We hypothesize that this property of
hNHE3 contributes to the increased severity of diarrhea in
humans.

METHODS: We used humanized mice expressing hNHE3 in the
intestine (hNHE3int) to compare the contribution of hNHE3 and
mouse NHE3 to diarrhea induced by cholera toxin (CTX) and
enteropathogenic Escherichia coli (EPEC). We measured Naþ/
Hþ exchange activity and fluid absorption. The role of Nedd4-2
on hNHE3 activity and ubiquitination was determined by
knockdown in Caco-2bbe cells. The effects of protein kinase A
(PKA), the primary mediator of CTX-induced diarrhea, on
Nedd4-2 and hNHE3 phosphorylation and their interaction
were determined.
RESULTS: The effects of CTX and EPEC were greater in
hNHE3int mice than in control wild-type (WT) mice, resulting in
greater inhibition of NHE3 activity and increased fluid accu-
mulation in the intestine, the hallmark of diarrhea. Activation of
PKA increased ubiquitination of hNHE3 and enhanced inter-
action of Nedd4-2 with hNHE3 via phosphorylation of Nedd4-2
at S342. S342A mutation mitigated the Nedd4-2–hNHE3
interaction and blocked PKA-induced inhibition of hNHE3.
Unlike non-human NHE3s, inhibition of hNHE3 by PKA is in-
dependent of NHE3 phosphorylation, suggesting a distinct
mechanism of hNHE3 regulation.

CONCLUSIONS: The effects of CTX and EPEC on hNHE3 are
amplified, and the unique properties of hNHE3 may contribute
to diarrheal symptoms occurring in humans. (Cell Mol Gastro-
enterol Hepatol 2022;13:695–716; https://doi.org/10.1016/
j.jcmgh.2021.11.006)

Keywords: Diarrhea; Sodium Transporter; Phosphorylation;
Ubiquitination.

nfectious diarrhea caused by enteropathogenic bac-
Iteria is a major cause of mortality in young children
worldwide and in the wider population within developing
countries.1 The pathogenesis of diarrhea is multifactorial,
but infectious diarrhea often results from altered intestinal
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transport of electrolytes and fluid.2 The major Naþ

absorptive mechanism in the intestine is electroneutral NaCl
absorption mediated by the Naþ/Hþ exchanger 3 (NHE3),
which is functionally linked to a Cl-/HCO3

- exchanger. Inhi-
bition of NHE3 activity in the intestine is associated with
decreased fluid absorption, which can contribute to diar-
rheal symptoms.3 The direct evidence linking NHE3 to
diarrhea has come from the studies of mice deficient in
NHE3 that develop mild chronic diarrhea and intestinal
distention, resulting from retention of alkaline fluid in all
intestinal segments.4 In humans, recessive mutations in the
NHE3 gene (Slc9A3) cause congenital diarrhea.5 Diarrhea is
one of the most common symptoms in patients with in-
flammatory bowel disease, including Crohn’s disease and
ulcerative colitis.6 Recent genome-wide association studies
have established a strong association between ulcerative
colitis and the Slc9A3 gene locus, whereas a single nucleo-
tide polymorphism in Slc9A3 gene is linked to decreased
NHE3 activity.7,8

Inhibition of NHE3 and the resulting diarrhea can be
caused from infection of the gastrointestinal tract by a va-
riety of microorganisms, including Vibrio cholerae, entero-
pathogenic Escherichia coli (EPEC), and Clostridium difficile.
These pathogens produce toxins that alter intestinal trans-
port of electrolytes and fluid.9 Infection by Vibrio cholerae
increases Cl- secretion and decreases Naþ absorption due to
the presence of cholera toxin (CTX) secreted by the bacte-
ria.10 CTX activates adenylate cyclase, increases 3’,5’-cyclic
adenosine monophosphate, and activates protein kinase A
(PKA). PKA phosphorylates and decreases NHE3 protein
abundance in the plasma membrane via stimulation of
NHE3 endocytosis, while also preventing delivery of NHE3
to the surface membrane.11–13 EPEC is a common cause of
diarrhea in infants and young children, and the rapid onset
of diarrhea in EPEC infections is a result of reduced ab-
sorption of ions and solutes.2,14 EPEC specifically inhibits
NHE3 activity via a mechanism requiring the effector pro-
tein EspF of a type III secretion system, but the signaling
cascade inhibiting NHE3 has not been elucidated.15

Ubiquitination is a regulated, post-translational modifi-
cation that conjugates ubiquitin (Ub) to Lys residues of
target proteins and controls their intracellular fate. The
covalent ligation of the 76-amino acid peptide Ub to sub-
strate proteins is a highly conserved process that occurs via
the sequential action of 3 enzymes: Ub-activation enzyme
E1, Ub-conjugating enzyme E2, and Ub ligase E3. E3 ligases
play a pivotal role in ubiquitination because these recognize
the acceptor proteins and hence dictate the high specificity
of the ubiquitination reaction.16 We have shown recently
that NHE3s of human and non-human primates differ from
NHE3s of other animals by having a PY (PPxY) motif.17 A PY
motif is necessary for the interaction of a neural precursor
cell expressed, developmentally down-regulated 4 (Nedd4)
family of E3 Ub enzymes.18 The presence of a PY motif in
human NHE3 (hNHE3) permits ubiquitination of NHE3 by
Nedd4-2 in PS120 cells and has also been shown to increase
the basal rate of internalization of hNHE3.17 Recently,
ubiquitin-specific peptidase 7 (USP7), USP10, and USP48
have been identified as deubiquitinating enzymes (DUBs)
targeting hNHE3.19,20 Therefore, ubiquitination of hNHE3 is
coordinated by the on-reaction by Nedd4-2 and off-reaction
by the DUBs.

The use of small animals such as mice and rats as sur-
rogates for humans in scientific studies has advantages
because of their small size, short reproductive cycle, and
ease of genetic manipulation. However, several components
of mouse biological systems are incongruent with those of
humans.21 For instance, small animals such as mice and rats
are not perceived to develop diarrhea as often, or as
severely, as humans, although a direct comparison of free-
living humans exposed to a variety of pathogens that may
cause diarrhea and laboratory animals living in a controlled
environment is difficult. To overcome such a limitation, we
generated a humanized mouse strain expressing hNHE3 in
the intestinal epithelial cells (IECs). The goal of this study is
to test the hypothesis that ubiquitination of hNHE3 by
Nedd4-2 renders hNHE3 more reactive to enteropathogenic
agents, thus contributing to increased severity of diarrhea.
We used an IEC line and the humanized mouse to establish
that hNHE3 displays the unique biochemical property of
ubiquitination-dependent regulation, which significantly
amplifies the effects of CTX and EPEC, thereby contributing
to increased intestinal water loss.

Results
Inhibition of hNHE3 by Forskolin is Greater Than
Non-Human NHE3

To demonstrate that the extent of inhibition of hNHE3 is
greater than of non-human NHE3, we compared the effect of
the adenylate cyclase activator forskolin (FSK) on hNHE3
and rabbit NHE3 (rbNHE3) expressed in Caco-2bbe cells.
Naþ/Hþ exchange activity of NHE3 was determined by the
rate of initial Naþ-dependent intracellular pH (pHi) recov-
ery.17,22 All NHE3 activity measurements were conducted in
the presence of 30 mmol/L Hoe-694 or 2 mmol/L dimethyl
amiloride, which inhibit endogenous NHE1 and NHE2 ac-
tivities. Cells expressing hNHE3 and treated with FSK for 30
minutes showed a concentration-dependent inhibition of
NHE3 activity. The rate of Naþ/Hþ exchange by hNHE3 was
reduced by 24% ± 4% and 55% ± 2% when treated with
1 mmol/L and 10 mmol/L FSK, respectively (Figure 1).
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Figure 1. Inhibition of hNHE3 by FSK is greater than non-
human NHE3. NHE3 activity was determined in Caco-2bbe/
hNHE3 (h) and Caco-2bbe/rbNHE3 (rb) cells treated with 1 or
10 mmol/L FSK for 30 minutes. Results are presented as
percent (mean ± SD) of NHE3 activity at 0 mmol/L FSK. Each
experimental point represents the rate of initial Naþ-depen-
dent pH recovery of an independent group of cells. Data are
representative of 3 experiments. n ¼ 10–16. ***P < .001.
Statistical analysis was performed by two-way ANOVA with
Tukey post hoc test.
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In comparison, the activity of rbNHE3 was inhibited by
17% ± 2% by 1 mmol/L FSK, and increasing FSK treatment
concentration to 10 mmol/L did not result in further inhi-
bition of rbNHE3 activity (18% ± 3%).
Generation of a Humanized Mouse Expressing
Human NHE3

The amplified effects of FSK on hNHE3 suggest that this
may contribute to increased diarrheal symptoms. However,
diarrhea that results from the loss of water in the intestine
cannot be assessed using in vitro systems. To determine
whether the presence of hNHE3 increases the severity of
diarrhea in humans, we generated a transgenic mouse
strain expressing hNHE3 in the IECs. We used the villin
promoter to drive the expression of hNHE3 tagged with a
VSVG tag at the C-terminus (Figure 2A). The transgenic
mice were subsequently crossed with Nhe3-/- mice,
resulting in a mouse strain that expresses hNHE3 in IECs in
the absence of mouse NHE3 (Figure 2B). This mouse is
called hNHE3int. Comparing transgenic expression of
hNHE3 with mouse NHE3 by Western blotting showed that
hNHE3 expression levels in the jejunum, ileum, and prox-
imal colon are greater compared with mouse NHE3
expression in wild-type (WT) mice (Figure 2C). However,
because the anti-NHE3 antibody (EM450) was raised
against a peptide from hNHE3,22 it is likely that the amount
of mouse NHE3 was underestimated. The mRNA expres-
sion levels of the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) and the Cl-/HCO3

- exchanger DRA
(down-regulated in adenoma) were not altered in the IECs
of hNHE3int mice (Figure 2D). However, NHE2 mRNA
expression was decreased in hNHE3int mice (Figure 2D),
which could be associated with the increased expression of
the transgenic hNHE3.
Previous studies have shown that Nhe3-/- mice exhibit
mild chronic diarrhea and intestinal distention caused by
retention of fluid.4 hNHE3int mice did not show any sign of
diarrhea or water accumulation in the intestine, and unlike
Nhe3-/- mice, formed fecal pellets were present in hNHE3int

mice (Figure 2E), demonstrating that the expression of
hNHE3 has restored the Naþ/Hþ exchange activity in the
intestine. In addition, Nhe3-/- and WT mice had similar
histologic appearances of the intestinal tract with well-
formed villi in the small intestine (Figure 2F, upper
panels) and the absence of hyperplasia and increased im-
mune cell infiltration in the colon that are observed in
Nhe3-/- mouse colon (Figure 2F, lower panels).

It has been shown previously that NHE3 deficiency
causes dysbiosis with reduced microbial diversity in the
intestine.23 To determine whether the expression of hNHE3
alters the gut microbiota, we compared the cecal microbiota
from WT, Nhe3-/-, and hNHE3int mice by profiling the major
microbial taxonomic groups. As shown previously,23 there
were increased levels of Bacteriodetes and Proteobacteria in
Nhe3-/- mice, whereas Firmicutes expression was reduced
compared with WT mice (Figure 3). This shift in the
microbiota composition was largely reversed in hNHE3int

mice, and this class level analysis of microbiota, although
limited in depth, ascertains the importance of intestinal
NHE3 expression for the homeostasis of gut microbiota. The
absence of NHE3 is also associated with male infertility due
to a defect in acidification of the epididymal fluid so that
male Nhe3-/- mice are infertile.24 Although we did not spe-
cifically detect the presence of hNHE3 in the male repro-
ductive system of hNHE3int mice, all the hNHE3int male mice
that were used for breeding were reproductive, indicating
that Naþ/Hþ exchange activity in the epididymal duct was
restored in hNHE3int mice.
Effects on Naþ/Hþ Exchange Activity and
Naþ-dependent Water Absorption by CTX Are
Enhanced in hNHE3int Mice

To determine whether the regulation of hNHE3 and
mouse NHE3 differs in vivo, we assessed the effects of FSK
on NHE3 activity by injecting FSK or dimethyl sulfoxide into
a small segment of mouse ileum ligated on both ends to
form a closed loop (Figure 4A). The mice were kept for 90
minutes under anesthesia on a warming bed, with the
abdomen covered with a moist towel. Mice were then
euthanized, and intestinal villi were isolated for the mea-
surement of NHE3 activity as previously described.25 The
basal activity of hNHE3 was higher than that of mouse NHE3
in WT mice, which correlates with increased expression of
hNHE3 than the endogenous level in control mice. However,
FSK resulted in significantly greater inhibition of NHE3 ac-
tivity in hNHE3int mice compared with that in WT mice
(D82.3% for hNHE3int vs D43.4% for WT), so that hNHE3
activity in the presence of FSK was lower than mouse NHE3
activity (Figure 4A).

Naþ absorption by NHE3 in the IECs facilitates trans-
epithelial water absorption across the intestinal epithelial
barrier.3 Hence, NHE3 inhibition leads to decreased



Figure 2. Generation of humanized mice expressing hNHE3 in mouse intestine. (A) Schematic map of the transgenic
construct consists of a villin gene promoter (P), a VSVG-tag, and hNHE3 gene. The drawing is not to scale. (B) NHE3
expression was determined in jejunum mucosal lysates of WT mice, NHE3 knockout (Nhe3-/-) mice, transgenic mice
expressing both human and mouse NHE3 (TG hNHE3), and hNHE3int mice expressing only human NHE3 in intestinal tissue.
Cell line Caco-2bbe transfected with human NHE3 was included as a positive control. Western blots were performed using
P5D4 anti-VSVG antibody and EM450 polyclonal NHE3 antibody to detect hNHE3 and total NHE3, respectively. b-actin was
used as loading control. (C) Western blot comparing mouse NHE3 in WT and hNHE3 in hNHE3int mouse intestine using
EM450 anti-NHE3 antibody. Col, proximal colon; Ile, ileum; Jej, jejunum. (D) mRNA expression of CFTR, DRA, and NHE2 in
the small intestinal mucosa was determined by quantitative real-time PCR of WT and hNHE3int mice. Relative expression is
presented as fold changes relative to expression level in WT mice. Results are mean ± SD (n ¼ 3). *P < .05 by unpaired t test.
(E) Representative appearance of the intestinal tract of WT, Nhe3-/-, and hNHE3int mice. (F) Histology of proximal ileum and
distal colon of WT, Nhe3-/-, and hNHE3int mice are shown. Bar, 100 mm. Results are representative of 3 independent
experiments.
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Figure 3. Microbial profiles of cecum contents of WT, Nhe3-/-, and hNHE3int mice. Cecum contents of (A) WT (n ¼ 5),
(B) Nhe3-/- (n ¼ 4), and (C) hNHE3int (n ¼ 5) mice were collected under sterile conditions, and bacterial genomic DNA was
extracted. Microbial profiles were determined by real-time PCR using specific primers (Table 1) as described previously.23

Data were analyzed by two-way ANOVA. *P < .01. Data are representative of 2 experiments. SEM, standard error of the
mean.
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Naþ absorption, which causes luminal water accumulation, a
proxy for diarrhea. CTX treatment for 5 hours resulted in
accumulation of fluid in the intestinal loop of WT mice as
evidenced by increased weight-to-length ratios (Figure 4B).
Although increased water accumulation in the intestinal
loop was evident in both mouse strains, CTX treatment
almost doubled the effect in hNHE3int mice compared with
WT mice. However, CTX can cause both decreased absorp-
tion by NHE3 and increased secretion by CFTR, resulting in
fluid accumulation.10 To evaluate whether the CFTR-
dependent secretory activity was altered, fluid accumula-
tion in an intestinal loop was determined in the presence of
NHE3 inhibitor S3226. The rate of fluid accumulation with
NHE3 inhibited was comparable between WT and hNHE3int

mice (Figure 4C), suggesting that the transgenic hNHE3
expression did not significantly alter CFTR function. How-
ever, we could not assess NHE3-dependent fluid absorption
by using the closed-loop model in the presence of a CFTR
inhibitor, because attempts to do so resulted in shrinkage of
the intestinal segment. We hypothesize that this was due to
reabsorption of entire luminal fluid in the absence of any
secretory activity. To circumvent this limitation, we used the
in vivo perfusion system in which a small loop of intestine of
an anesthetized mouse is perfused in a recirculating
manner.26 Mice were administered a CFTR inhibitor,
CFTRinh-172, intraperitoneally 1 hour before the start of
perfusion to block CFTR-mediated secretion. Similar treat-
ment was shown to block about 90% of CFTR activity.27,28

The basal rate of water absorption was greater in
hNHE3int mice than WT mice (Figure 4D), which is consis-
tent with the higher expression levels of hNHE3 versus
mouse NHE3. Administration of CTX in the perfusion buffer
resulted in a significant decrease in the rate of water ab-
sorption in both strains. Importantly, CTX decreased the
rate of water absorption by 50% in hNHE3int intestine
compared with 27% in WT intestine. As such, the rate of
water absorption with CTX in hNHE3int intestine was
significantly lower than what was observed in the WT in-
testine (Figure 4D). We confirmed the differential effects on
water absorption by determining the antiporter activity in
isolated villi from the closed intestinal loops. The effect of
CTX on the hNHE3 activity of hNHE3int mouse villi was
significantly greater compared with mouse NHE3 activity
(D76.8% for hNHE3int vs D49.1% for WT) (Figure 4E).



Figure 4. CTX-induced inhibition of NHE3 and water loss are greater in humanized mice. (A) Two adjacent segments of
WT and hNHE3int ileum were ligated on both ends. One segment was administered with 10 mmol/L FSK and the other with the
same volume of dimethyl sulfoxide as the control for 90 minutes. Villi were isolated, and the initial rate of Naþ-dependent
intracellular pH recovery was determined. n � 10. *P < .05, ***P < .001. (B) Closed intestinal loops were injected with CTX (10
mg in 100 mL HBSS) or the same volume of HBSS (Con) as described above. Five hours later, weight (g) and length (cm) of the
ligated segments were measured. Upper, representative appearance of ligated loops is shown. Lower, ratios of weight/length
are presented. n ¼ 8 for WT, n ¼ 9 for hNHE3int mice. **P < .01, ***P < .001. (C) Fluid accumulation in closed ileal loops was
determined in the presence of NHE3 inhibitor S3226. Upper, representative images of closed intestinal loops. Lower, ratios of
weight/length (mean ± SD). n ¼ 8–12. ***P < .001. Data are representative of 2 independent experiments. (D) Fluid absorption
in the mouse ileum was determined by in vivo perfusion system as described in the Methods section in the presence of the
CFTR inhibitor, CFTRinh-172. Rates of fluid absorption in the absence (Con) or presence of CTX are shown. n ¼ 5. **P < .01,
***P < .001. (E) NHE3 activities were determined in isolated villi from the closed intestinal segments treated with CTX or HBSS.
n � 9. **P < .01, ***P < .001. Statistical significance was determined by two-way ANOVA with Tukey post hoc test.
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Inhibition of hNHE3 Is Dependent on Nedd4-2
Our previous study showed that hNHE3 uniquely in-

teracts with Nedd4-2, which ubiquitinates and internalizes
hNHE3 under basal conditions.17 We therefore hypothe-
sized that the increased reactivity of hNHE3 in response to
CTX is a result of Nedd4-2–dependent regulation of hNHE3.
To test the hypothesis, we examined the effect of loss of
Nedd4-2 function by knocking down Nedd4-2 in Caco-2bbe
cells. Figure 5A shows that Nedd4-2–specific lentiviral short
hairpin (sh) RNA, shNedd4-2, led to decreased Nedd4-2
protein expression compared with cells treated with
scrambled control shRNA (shCon). Importantly, silencing
Nedd4-2 expression blocked FSK-induced inhibition of
hNHE3 (Figure 5B). Our previous study demonstrated that
the hNHE3–Nedd4-2 interaction requires the presence of
723PPNYDEE729 motif, called the extended PY motif (ePY), in
hNHE3.17 To further assess the role of Nedd4-2, we
expressed hNHE3 with the ePY motif mutated to Ala
(ePYmut) in Caco-2bbe cells. Consistent with the effect of
Nedd4-2 knockdown, Nedd4-2/ePYmut rendered hNHE3
nonresponsive to FSK (Figure 5C).

If hNHE3 inhibition is dependent on Nedd4-2, we
postulated that ubiquitination of hNHE3 must be increased
by CTX treatment. Therefore, we immunoprecipitated
hNHE3 from Caco-2bbe cells before or after FSK treatment.
FSK induced a significant increase in ubiquitination levels of



Figure 5. Inhibition of hNHE3 by FSK requires Nedd4-2. (A) Nedd4-2 expression was stably silenced in Caco-2bbe cells by
using lentiviral shNedd4-2. Scrambled shRNA (shCon) was used as a control. Expression of endogenous Nedd4-2 was
determined by Western blotting using anti-Nedd4-2 antibody. Representative blots from more than 3 independent experiments
are shown. (B) Caco-2bbe/hNHE3 cells stably transduced with shNedd4-2 or shCon were treated with FSK or equal volume of
dimethyl sulfoxide (Con) for 30 minutes. NHE3 activity was determined as the rate of Naþ-dependent pHi recovery. Results are
presented as mean ± SD. n ¼ 17. ***P < .001. (C) Caco-2bbe/hNHE3 cells transfected with pcDNA control or pcDNA/Nedd4-2-
ePYmut were treated with FSK as described above. n ¼ 20. ***P < .001 by one-way ANOVA. (D) Caco-2bbe/rbNHE3 and
Caco-2bbe/hNHE3 cells transduced with shNedd4-2 or shCon were treated with 10 mmol/L FSK for 30 minutes. NHE3 was
immunoprecipitated with P5D4 antibody, and ubiquitination of NHE3 was determined by using P4D1 anti-Ub antibody. The
panel below shows immunoprecipitated NHE3 blotted with EM450 antibody. Knockdown of Nedd4-2 is shown in the lower
panel with b-actin as control. Representative blots from 3 independent experiments are shown. The lower graph shows the
quantification of Ub normalized to NHE3 immunoprecipitated. *P < .05, ***P < .001 by two-way ANOVA Tukey post hoc test. (E)
Mouse NHE3 and hNHE3 were immunoprecipitated from intestinal mucosal lysates of WT and hNHE3int mice, respectively, with
EM450 anti-NHE3 antibody. Ubiquitination levels of NHE3 were determined and normalized to the amount of NHE3 immu-
noprecipitated. Quantification from 3 independent experiments is shown on the right. ***P < .001 by two-way ANOVA.
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hNHE3, which was blocked by shNedd4-2 (Figure 5D). In
comparison, FSK or Nedd4-2 knockdown did not alter
rbNHE3 ubiquitination, consistent with the previous finding
in PS120 cells that rbNHE3 or rat NHE3 is not ubiquitinated
by Nedd4-2.17 To determine whether FSK-induced hNHE3
ubiquitination occurs in vivo, we immunoprecipitated
hNHE3 and mouse NHE3 from hNHE3int and WT mouse
intestine, respectively. Consistent with the results observed
in Caco-2bbe cells, CTX significantly increased hNHE3
ubiquitination levels (Figure 5E). In comparison, the basal
ubiquitination levels of mouse NHE3 were significantly
lower and FSK had no effect.

Previous studies have shown that PKA-mediated inhibi-
tion of NHE3 involves internalization of NHE3 from the
brush border membrane.12 To assess whether there is a
difference in endocytic retrieval of hNHE3 and rbNHE3, we
determined NHE3 abundance at the apical membrane of
Caco-2bbe cells by surface biotinylation.26 FSK decreased
surface membrane protein abundance of both rbNHE3 and
hNHE3, but the effect was greater on hNHE3 than rbNHE3
(Figure 6A). Moreover, FSK-induced effect on hNHE3 sur-
face abundance was ablated by shNedd4-2, whereas no
difference was observed on rbNHE3 (Figure 6A), further
demonstrating the importance of Nedd4-2 in hNHE3 regu-
lation. The differential effects on NHE3 internalization by
CTX in Caco-2 cells were confirmed by immunofluorescence
(IF) confocal microscopic analysis of the ligated intestinal
loops of mice. In WT mice, CTX treatment decreased brush
border membrane expression of NHE3, causing the
appearance of NHE3 in the subapical compartment
(Figure 6B, left panels). In comparison, the retrieval of
hNHE3 from the brush border membrane was significantly
enhanced in the hNHE3int mice (Figure 6B, right panels),
indicating that the increased inhibition of hNHE3 activity
results in part from enhanced endocytosis of hNHE3
protein.
Inhibition of hNHE3 by EPEC Is Nedd4-2
Dependent

EPEC is a common cause of diarrhea in infants and
young children, and the rapid onset of diarrhea in EPEC
infections is a result of reduced absorption of ions and
solutes.2,14 EPEC specifically inhibits NHE3 activity via a
mechanism requiring the effector protein EspF of a type
III secretion system.15 To assess whether the Nedd4-2
dependence of hNHE3 extends beyond CTX-mediated in-
hibition, we compared the effects on EPEC on hNHE3 and
rbNHE3 in Caco-2bbe cells. Cells were treated with Luria
Broth or a commensal strain EFC-1, which did not alter the
basal Naþ/Hþ exchange activities of hNHE3 or rbNHE3
(Figure 7A).29 However, when treated with the entero-
pathogenic strain EPEC, the extent of inhibition was
significantly greater for hNHE3 compared with rbNHE3
(Figure 7B). In cells expressing hNHE3, the NHE3 activity
was inhibited by 60.8% compared with 38.5% inhibition
observed for rbNHE3. Moreover, EPEC-mediated inhibi-
tion of hNHE3 activity was abolished by knockdown of
Nedd4-2 (Figure 7C), and EPEC failed to regulate hNHE3/
ePYmut (Figure 7D), indicating that the regulation of
hNHE3 by EPEC is Nedd4-2 dependent. To determine
whether hNHE3 ubiquitination is induced by EPEC, hNHE3
was immunoprecipitated and blotted for Ub. Figure 7E
shows that EPEC increased ubiquitination levels of
hNHE3. It is noteworthy that the mechanism of how the
EPEC effector modulates NHE3 activity is not clear.15

EPEC is known to regulate protein kinase C (PKC), but
there is also prevalent information that heat-stable
enterotoxin secreted by bacteria strains, such as entero-
toxigenic E coli, regulate protein kinase G.30,31 Therefore,
we evaluated the effects of a pan-PKC inhibitor Gö6983
and PKG inhibitor AP-C5 on EPEC-mediated NHE3 regu-
lation in Caco-2bbe cells.32 Inhibition of PKC blocked
EPEC-induced NHE3 inhibition (Figure 7F), and PKG in-
hibition did not, suggesting that EPEC regulates NHE3 via
a PKC-dependent mechanism.

We next compared the effect of EPEC on WT and
hNHE3int mice by oral administration of EPEC daily for
7 days. We determined body weight, water intake, and fecal
water content daily. Water intake or body weight was not
significantly changed during the EPEC treatment in both WT
and hNHE3int mice (Figure 8A and B). However, there was a
moderate trend that fecal water contents in hNHE3int mice
were higher than in WT mice during EPEC treatment,
reaching statistical significance on days 1, 6, and 7
compared with WT mice (Figure 8C).

The moderate difference between hNHE3int and WT mice
could have been due to inefficient colonization of EPEC in
the mouse gut, because the adherence and colonization of
EPEC in mouse intestine are debatable.33,34 Therefore, we
assessed the effect of EPEC on intestinal water absorption
by using the in vivo perfusion system.26 Previous studies
have shown that EPEC infection of cultured human colonic
T84 cells attenuates secretagogue-induced net ion transport
without an effect on Cl- secretion.35 Therefore, we deter-
mined the effect of EPEC infection without CFTR inhibition.
The average rate of fluid absorption in WT was decreased
by 48% in the presence of EPEC in the perfusion buffer. In
comparison, EPEC resulted in 82% decrease in hNHE3int

mice (Figure 8D). To directly determine the effect of EPEC
on NHE3 activity, EPEC was administered into closed in-
testinal loops, and villi were isolated after 90 minutes to
determine the antiporter activity. The extent of decrease in
NHE3 activity was 30% and 62% for WT and hNHE3int mice,
respectively (Figure 8E), confirming the heightened effects
on hNHE3.
Regulation of hNHE3 by PKA Is Dependent on
Phosphorylation of Nedd4-2

The results thus far have highlighted the importance of
Nedd4-2 in enforcing hNHE3 inhibition. Nedd4-2 contains 4
WW domains (protein-protein interaction domains con-
taining 2 conserved tryptophan residues) that bind PY
motifs.36 To identify a WW domain interacting with hNHE3,
each WW domain expressed as a glutathione S transferase
fusion protein was used to pulldown hNHE3 from Caco-
2bbe/hNHE3 cell lysate. Only the third WW (WW3) bound



Figure 6. Internalization of hNHE3 by PKA is dependent on Nedd4-2. (A) NHE3 expression at the apical membrane of Caco-
2bbe cells treated with FSK was determined by surface biotinylation. Surface NHE3 expression was normalized to total NHE3
expression. Relative surface-to-total NHE3 ratios with the result in untreated cells set at 100% (mean ± SD) are shown below
the blots. n ¼ 3. *P < .05, **P < .01 compared with corresponding controls by one-way ANOVA. (B) Cellular localization of
NHE3 in CTX or control treated ileal tissues was determined by confocal IF microscopy. Representative immunolabeling of
NHE3 (green) and DAPI (blue) are shown. Results are representative 2 independent experiments with 4 mice per group. Arrows
indicate internalized NHE3. Scale bar: 10 mm.

2022 Ubiquitination-dependent Regulation of Human NHE3 703
to hNHE3 (Figure 9A), indicating that hNHE3 interacts with
Nedd4-2 via WW3.

We next determined whether FSK regulates the inter-
action between hNHE3 and Nedd4-2. We assessed the
localization of hNHE3–Nedd4-2 interaction by confocal IF
microscopy. Under basal conditions, hNHE3 was localized at
the apical membrane (identified by WGA) with relatively
weak colocalization with Nedd4-2 (Figure 9B). Treatment
with FSK for 5 or 10 minutes decreased hNHE3 at the apical
membrane, whereas colocalization of hNHE3 and Nedd4-2,
quantified by determining Pearson’s coefficient, intensified.
These results demonstrate that FSK increases the interac-
tion of Nedd4-2 with hNHE3.

Previous studies have shown that Nedd4-2 is a substrate
for phosphorylation by PKA at S342 and S448, and phos-
phorylation modulates Nedd4-2 interaction with its sub-
strates.37,38 To determine phosphorylation of Nedd4-2,
Caco-2bbe cells were treated with FSK, and phosphoryla-
tion of endogenous Nedd4-2 at S342 and S448 was detected
using phospho-specific antibodies. FSK increased phos-
phorylation of Nedd4-2 at S342 as early as 10 minutes but
did not affect phosphorylation at S448 (Figure 9C, left
panels). Similar results were obtained in SK-CO15 cells
(Figure 9C, right panels). To determine whether FSK in-
creases the interaction of p-Nedd4-2 with hNHE3, we per-
formed co-immunoprecipitation of hNHE3 and Nedd4-2
from Caco-2bbe cells treated with FSK. We observed
increased amounts of pS342-HA-Nedd4-2 co-
immunoprecipitated with hNHE3 after FSK treatment
(Figure 9D, first row). Because the anti-pS342-Nedd4-2
antibody was not suitable for IF staining, we could not
confirm the interaction of pS342-HA-Nedd4-2 with hNHE3
by IF microscopy. Surprisingly, we did not detect a change
when the immunocomplexes were blotted using anti-
Nedd4-2 antibody (Figure 8D, second row). However, this
could be related to the limitation of co-immunoprecipitation
that cannot detect region-specific interaction.

To determine whether Nedd4-2 phosphorylation is
important for its interaction with hNHE3, we sought to ex-
press HA-Nedd4-2 with S342A mutation. Surprisingly, the
expression levels of S342A-Nedd4-2 mutant were markedly
lower than WT HA-Nedd4-2 in both Caco-2bbe and SK-CO15
cells (Figure 10A). Decreased expression levels were also
observed for S448A and S342A/S448A mutation
(Figure 10A). Therefore, we determined whether the S342A
and S448A mutations alter protein stability by determining



Figure 7. Inhibition of NHE3 by EPEC is greater for hNHE3. (A) NHE3 activity is not altered by the commensal EFC-1 strain.
NHE3 activity was determined in Caco-2bbe/hNHE3 and Caco-2bbe/rnNHE3 cells treated with EPC or LB medium (control) for
90 minutes. n ¼ 10. (B-C) NHE3 activity was determined in cells treated with EPEC or EFC-1 (Con) for 90 minutes. n ¼ 20. ***P
< .001. (D) Caco-2bbe/hNHE3 cells transfected with pcDNA control or pcDNA/Nedd4-2-ePYmut were treated with EPEC as
described above. n ¼ 20. ***P < .001 by one-way ANOVA. (E) Ubiquitination of hNHE3 was determined in Caco-2bbe cells
treated with EPEC. hNHE3 was immunoprecipitated and blotted with anti-Ub antibody P5D1. Lower panel shows immuno-
precipitated hNHE3. Graph on the right represents quantification of Ub/hNHE3. **P < .01. Representative of 2 independent
experiments with 3 mice per group. (F) Activity of hNHE3 in Caco-2bbe cells was determined in presence of pan-PKC inhibitor
(PKCi) Gö6983 or PKG inhibitor (PKGi) AP-C5. n ¼ 12–15. ***P < .001. Statistical analysis was performed by two-way ANOVA
with Tukey post hoc test.
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the steady-state protein expression in the presence of
translation inhibitor cycloheximide. The expression level of
Nedd4-2 was unaltered over 4 hours as shown in
Figure 10B. By contrast, the rates of decay of S342A and
S448A mutants were more rapid, resulting in significant loss
of the proteins in 4 hours. As a result, the expression level of
S342A mutant was significantly lower than that of endoge-
nous Nedd4-2 expression (Figure 10C) and could not be
used as a dominant negative. As an alternative to the colonic
epithelial cell lines, we used PS120 cells where the
expression level of the S342A mutant was similar to that of
WT HA-Nedd4-2 (Figure 10D). PS120 cells were
co-transfected with hNHE3 and HA-Nedd4-2 variants, and
co-immunoprecipitation was performed to determine
whether the S342A mutation alters the hNHE3–Nedd4-2
interaction. Results in Figure 10E demonstrate that the
interaction of the S342A mutant with hNHE3 was impaired
compared with WT Nedd4-2, indicating that phosphoryla-
tion at S342 facilitates their interaction. To test for the
functional importance of S342 phosphorylation, the effect of
FSK on hNHE3 was determined. As expected, FSK inhibited
hNHE3 activity in cells transfected with pcDNA or HA-
Nedd4-2 (Figure 10F). In contrast, inhibition of hNHE3 by
FSK was blocked by the S342A mutant, demonstrating that
phosphorylation of Nedd4-2 at S342 is functionally impor-
tant for hNHE3 regulation.
Inhibition of hNHE3 by FSK Is Independent of
NHE3 Phosphorylation at S552

A series of studies have demonstrated that phosphory-
lation at S552 and S605 of rat NHE3 is important for NHE3
endocytosis and inhibition of NHE3 activity.11,39 However,
it is not known whether phosphorylation at S552 and S605
affects the interaction of Nedd4-2 with hNHE3 or influences
phosphorylation of Nedd4-2 by PKA. To this end, we freshly
expressed WT hNHE3 and hNHE3 carrying S552A or S605A
mutation in Caco-2bbe cells. Cells were treated with FSK,
and phosphorylation of hNHE3 was determined using
phospho-specific NHE3 antibodies that recognize NHE3



Figure 8. EPEC treatment of hNHE3int and WT mice. Mice were treated with 100 mL of 2 � 106 EPEC via oral gavage for
7 days. Body weight, water consumption, and stool samples were monitored daily over the treatment period at the same time
of day. One pretreatment measurement was taken on day 0. (A) Water intake was measured by weighing the water bottles daily
and calculating the amount of water consumed each day, divided by the number of mice held within a single cage (mL/day).
(B) Body weight of mice (g) was measured throughout the treatment period. (C) Stool water content was measured by taking a
daily stool sample, weighing the sample at time of collection (wet weight), heating the sample overnight on a heating block,
and re-weighing the dry weight of the sample the following day. Water content was calculated by dry weight divided by wet
weight and shown as a percentage. Data are representative of 2 independent experiments with 4–5 mice per group. Results
are represented as ± SD. *P < .05. Data were analyzed by repeated-measures two-way ANOVA. (D) Rate of fluid absorption
(mean ± SD) was determined in intestinal sections of WT and hNHE3int mouse perfused with buffer containing EPEC or EFC-1
bacteria. n ¼ 5. **P < .01, ***P < .001. (E) Villi were isolated from the ligated ileal segments for measurement of NHE3 activity
(mean ± SD). n > 14–25. ***P < .001 by two-way ANOVA Tukey post hoc test.
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only if phosphorylated at S552 or S605.40 Phosphorylation
of hNHE3 at S552 was increased by FSK (Figure 11A, lane 1
versus lane 2), but as expected, no signal was detected in
hNHE3 with S552A mutation (Figure 11A, lanes 3 and 4).
Because S552 was unaltered in the S605A mutant,
increased phosphorylation at S552 was observed
(Figure 11A, lane 5 versus lane 6). However, the anti-pS605
antibody failed to show any signal. It is not clear whether
S605 of hNHE3 is not a site of phosphorylation, or the
antibody does not cross-react with hNHE3. Phosphoryla-
tion at S552 by PKA was confirmed in hNHE3int mouse
intestine exposed to CTX (Figure 11B). To determine the
functional role of pS552 and pS605, the effect of FSK on the
antiporter activity was determined. As shown earlier, the
activity of WT hNHE3 was reduced by FSK, but surprisingly,
FSK also inhibited the activities of S552A and S605A mu-
tants (Figure 11C). These results suggested that PKA-
induced regulation of hNHE3 is independent of
phosphorylation at S552 and S605. To determine whether
the mutations in hNHE3 alter the interaction with Nedd4-2,
we performed co-immunoprecipitation of hNHE3 and
Nedd4-2. In all cells, FSK increased phosphorylation of
Nedd4-2 at S342 (Figure 11D, lower panels), indicating that
hNHE3 phosphorylation at S552 and S605 does not alter
Nedd4-2 phosphorylation. Moreover, co-
immunoprecipitation of pS342-Nedd4-2 with hNHE3 pro-
teins was increased by FSK in all cell lines (Figure 11D,
upper panels). To determine whether hNHE3 mutants are
still ubiquitinated, we transiently expressed HA-Ub and
immunoprecipitated hNHE3. Results shown in Figure 11E
depict that FSK similarly increased ubiquitination levels of
hNHE3 variants, demonstrating that phosphorylation at
S552 and S605 is not important for Nedd4-2 docking or
ubiquitination of hNHE3. Because of the previous evidence
demonstrating the importance of phosphorylation of non-
human NHE3s, these data demonstrate a distinct



Figure 9. FSK increases the interaction of Nedd4-2 with hNHE3. (A) Binding of GST-tagged WW domains (WW1-4) of
Nedd4-2 with hNHE3 was determined by pull-down assay. n ¼ 3. (B) Subcellular localization of HA-Nedd4-2 and hNHE3 in
Caco2bbe/hNHE3 cells after 5- or 10-minute FSK treatment was determined. Representative confocal cross-sectional views
of hNHE3 (red), Nedd4-2 (green), and the apical membrane marker, wheat germ agglutinin (WGA; white), are shown. Scale bar:
10 mm. Results are representative of 3 independent experiments with triplicates of each experiment. Graph on the right
represents Pearson’s correlation coefficient of NHE3, and Nedd4-2 localization from more than 25 independent visual fields is
shown. **P < .01, ***P < .001 vs 0 minutes. (C) Caco-2bbe and SK-CO15 cells were treated with 10 mmol/L FSK for the
indicated time, and phosphorylation of Nedd4-2 at Ser342 and S448 was determined using phosphorylation specific anti-
bodies. Representative blots from 5 independent experiments are shown. **P < .01, ***P < .001 vs 0 minutes. (D) Caco-2bbe/
hNHE3 cells transfected with HA-Nedd4-2 were treated with FSK. hNHE3 was immunoprecipitated, and co-
immunoprecipitated HA-Nedd4-2 was detected using anti-pS342 antibody and anti-HA antibody. Bottom panel shows
immunoprecipitated hNHE3 identified using EM450 antibody. Representative results from 4 independent experiments are
shown. *P < .05 vs 0 minutes.
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regulatory mechanism of hNHE3 that differs from that of
non-human NHE3.
Discussion
The cause of diarrhea is multifactorial, but secretory

diarrhea results often from bacterial and viral infections
that cause excessive secretion and impaired absorption of
electrolytes and fluid across the intestinal epithelium.41 The
current study was designed to determine whether the
unique Nedd4-2–dependent regulation of hNHE3 contrib-
utes to diarrhea in humans that is perceived to be more
severe and frequent compared with laboratory animals. We
report the results comparing the regulation of NHE3s of
human and non-human by adenylyl cyclase activators and
EPEC. A major finding is that the presence of hNHE3 in the
intestine exacerbates diarrhea caused by CTX and EPEC.
This conclusion was inferred from increased water accu-
mulation in hNHE3int mouse intestine (a hallmark of diar-
rhea) compared with WT mouse intestine in response to
CTX or EPEC.

Previously we reported that the basal internalization
rate of hNHE3 in PS120 cells was almost twice the rate
of rbNHE3 or ratNHE3.17 We now found that FSK has



Figure 10. Phosphorylation of Nedd4-2 at S342 regulates its interaction with hNHE3 and FSK-mediated regulation of
hNHE3. (A) Expression levels of HA-Nedd4-2 with S342A, S448A, or S342A/S448A mutation in Caco-2bbe (upper) and SK-
CO15 (lower) cells were compared. Ha-Nedd4-2 variants were detected using mouse anti-HA antibody. n > 5. (B) Caco-2bbe
cells transfected with HA-Nedd4-2 variants were treated with CHX to block degradation, and HA-Nedd4-2 expression was
determined. Representative blots from 3 independent experiments are shown. Caco-2bbe (C) and PS120 (D) cells were
transiently transfected with HA-Nedd4-2 WT and mutants. Top row: immunoblots using anti-HA antibody depicting trans-
fected HA-Nedd4-2. Middle row: immunoblots using anti-Nedd4-2 antibody. Blue arrows, endogenous Nedd4-2. Red arrows,
HA-Nedd4-2. b-actin was used as a loading control. Results are representative of at least 3 independent experiments. (E)
PS120 cells were transfected with HA-Nedd4-2 or S342A-HA-Nedd4-2 along with hNHE3. Interaction of Nedd4-2 with hNHE3
was assessed by co-immunoprecipitation. Upper panel, co-immunoprecipitated Nedd4-2. Lower panel, immunoprecipitated
hNHE3. Representative results from 3 independent experiments are shown. Graph in the lower panel shows quantification of
Nedd4-2 relative to hNHE3. ***P < .001. (F) Effect of FSK on NHE3 activity was determined in PS120 cells expressing WT and
S342A Nedd4-2. Cells mock transfected with pcDNA were used as control. n ¼ 7–17. **P < .01, ***P < .001.
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heightened effects on hNHE3 than rbNHE3. There was a
concentration-dependent inhibition of hNHE3 activity,
reaching a greater level of inhibition of hNHE3 versus
rbNHE3. This difference in hNHE3 activity was paralleled
by increased fluid accumulation in the intestine of
hNHE3int mice after CTX administration. CTX causes an
accumulation of intestinal fluid that contributes to diar-
rhea through activation of Cl- secretion by CFTR and in-
hibition of Naþ absorption by NHE3. The transgenic
expression level of hNHE3 did not alter CFTR expression
(mRNA) or activity, indicating that the difference in fluid
absorption between hNHE3int and WT mice was a result
of the presence of hNHE3 in the intestine of hNHE3int

mice.
A growing body of evidence shows that imbalance of the
gut microbiota increases the susceptibility to various path-
ogens, often resulting in diarrhea.42 Reduced microbial di-
versity predisposes Nhe3-/- mice to colitis.23,43 We found
that transgenic hNHE3 expression largely reverses the
dysbiosis caused by the absence of NHE3, although a more
detailed microbial analysis is needed to compare the extent
of the restoration.

The difference in intestinal fluid accumulation between
hNHE3int and WT mice was reproduced by EPEC, suggesting
that the effects are not limited to PKA-mediated regulation.
However, EPEC administration to hNHE3int mice did not
yield clear evidence for diarrhea, although increased stool
water contents were observed intermittently. EPEC adhere



Figure 11. Inhibition of hNHE3 by FSK is independent of phosphorylation of hNHE3 at S552. (A) Caco-2bbe cells
expressing hNHE3 with S552A or S605A mutation were treated with FSK for 10 minutes. Phosphorylation of hNHE3 at S552
and S605 was determined using anti-pS552 and anti-pS605 antibodies. n ¼ 3. (B) Closed ileal loops were treated with CTX or
dimethyl sulfoxide (C) for 30 minutes, and lysates were made from scraped intestinal epithelial layers. Phosphorylation at S552
and hNHE3 expression in the lysates were determined by Western blotting. n ¼ 3. (C) NHE3 activities were determined in
Caco-2bbe cells expressing hNHE3 variants that were treated with FSK (F) or dimethyl sulfoxide (C). n ¼ 14–17. Results are
presented as mean ± SD. ***P < .001 by multiple t test. (D) Caco-2bbe cells expressing hNHE3 variants were treated with FSK
(F) or dimethyl sulfoxide (C) for 10 minutes. hNHE3 was immunoprecipitated (second row), and co-immunoprecipitated pS342-
Nedd4-2 (top row) was determined. Bottom two lanes show immunoblots of pS342-Nedd4-2 and hNHE3 in cell lysates. Graph
at the bottom shows quantification of p-Nedd4-2/hNHE3 ratios from 5 independent experiments. n ¼ 5. ***P < .001.
(E) Ubiquitination levels of hNHE3 variants were determined by immunoprecipitation of hNHE3, followed by immunoblotting
with anti-Ub antibodies. Lower panel shows immunoprecipitated hNHE3. Ub levels normalized to hNHE3 immunoprecipitated
are shown on the bottom. n ¼ 4. **P < .01, ***P < .001 by multiple t test.
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to the surface of enterocytes via an “attaching and effacing”
mechanism, but the efficacy of EPEC colonization in small
animals such as mouse and rat is contentious. EPEC colo-
nization in the intestine of 6- to 8-week-old C57Bl/6 mice
has been demonstrated.34,44 On the other hand, no EPEC
colonies were found in Swiss NIH mice, suggesting that
EPEC colonization is influenced by the genetic back-
ground.45 hNHE3int mice are in the FVB/N genetic back-
ground, and inefficient EPEC colonization in these mice
could have led to the lack of clear differences between
hNHE3int and WT mice.

Consistent with our previous study,17 the regulation of
hNHE3 by CTX and EPEC is Nedd4-2–dependent. Blockade
of Nedd4-2 interaction by Nedd4-2 knockdown or muta-
tions in the PY motif of hNHE3 ablated the effects of FSK and
EPEC. In addition, CTX and EPEC increased ubiquitination
levels of hNHE3. However, our current study investigating
Nedd4-2 dependence was limited to in vitro assays because
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our efforts to generate hNHE3int mice in the absence of
Nedd4-2 were not successful. The best characterized sub-
strate of Nedd4-2 is the epithelial Naþ channel (ENaC).
Nedd4-2 deletion causes up-regulation of ENaC in the kid-
ney and lung, causing electrolyte imbalance and respiratory
stress.46,47 ENaC in the colon plays an important role in
preserving sodium ions. However, colon-specific deletion of
ENaC in mice does not cause diarrhea, despite sodium loss
and aldosterone resistance,48 and it is not clear whether
colonic ENaC function is altered in Nedd4-2 knockout mice.
In comparison, intestine-specific deletion of NHE3 causes
congenital sodium diarrhea in mice.49 Therefore, whether
Nedd4-2 deficiency alters NHE3-dependent sodium and
fluid absorption in vivo awaits future investigations.

Nedd4-2 interacts with its substrates, including hNHE3
and ENaC, at cell surface.17,50 IF microscopic analysis of
hNHE3 and Nedd4-2 immediately after FSK treatment
revealed significant overlaps of IF signals of hNHE3 and
Nedd4-2, suggesting dynamic regulation of hNHE3–Nedd4-2
interaction at the apical region of the cells. Previous studies
have shown phosphorylation of Nedd4-2 by PKA and serum
and glucocorticoid regulated kinase 1 in COS-7 cells and
Xenopus oocytes.37,38 Consistently, FSK induced phosphor-
ylation of Nedd4-2 at S342 in colonic epithelial cells, and we
observed increased presence of p-S342–Nedd4-2 in the
NHE3-containing immunocomplex. Using PS120 cells, we
demonstrated that the S342A mutation impaired Nedd4-2
binding to hNHE3. However, the assessment of the inter-
action between the S342A mutant and hNHE3 in Caco-2
cells was hindered by the low expression levels of S342A
(and S448). We found that phosphorylation of Nedd4-2 is
important for the maintenance of Nedd4-2 expression in
colonic epithelial cells. Phosphorylation-dependent Nedd4-2
stabilization has previously been observed. Dephosphory-
lation at S448 by a phosphatase reduced Nedd4-2 abun-
dance, whereas phosphorylation of Xenopus Nedd4-2 at
S444 (equivalent to S448 in human Nedd4-2) increased its
expression.51,52

We demonstrated in this study that hNHE3 regulation by
EPEC is PKC dependent. Previous studies have shown that
EPEC rapidly activate host cell PKC and disrupt epithelial
tight junctions through the activation of PKC-z, and acute
activation of NHE2 by EPEC has been shown to be depen-
dent on PKCa and PKCε.30,53,54 Although whether EPEC-
mediated NHE3 regulation is mediated by PKC has not
been studied prior to the current study, there is an unmis-
takable similarity between the effects of PKC and EPEC on
the different NHE isoforms. A study in PS120 cells has
shown that the PKC activating phorbol 12-myristate
13-acetate inhibits NHE1 and NHE2 but activates NHE3.55

Interestingly, Nedd4-2 is activated by PKC to promote
ubiquitination of membrane proteins, including cation
amino acid transporter CAT-1, glutamate transport GLT-1,
and organic anion transporter 1.56–58 Future studies are
needed to investigate the mechanism of PKC-dependent
regulation of Nedd4-2.

Activation of PKA by FSK, 8-bromo-cyclic adenosine
monophosphate, parathyroid hormone, and dopamine
results in phosphorylation of NHE3.11,12,39,59 Phosphopep-
tide mapping of NHE3 with mutational alteration of several
serines has identified S552 and S605 as the primary sites of
PKA-dependent phosphorylation in rat NHE3.11,39 Recently,
NHE3 in human renal proximal tubule cells was shown to be
phosphorylated at S552 by gastrin-mediated signaling, but
interestingly this effect was PKC-dependent and indepen-
dent of PKA.60 We showed here that FSK increased phos-
phorylation at S552 of hNHE3 in Caco-2bbe cells and
hNHE3int mouse intestine. One significant finding from the
current study is that S552A and S605A mutations did not
block PKA-mediated inhibition of hNHE3. These results
contradict the previous studies on rat NHE3 that phos-
phorylation at these sites is a prerequisite for NHE3 regu-
lation by PKA.11,39 In addition, the S552A and S605A
mutants co-immunoprecipitated pS342–Nedd4-2, and the
ubiquitination levels of S552A and S605A mutants were
elevated in response to FSK, suggesting that phosphoryla-
tion of hNHE3 at these serines does not affect Nedd4-
2–mediated ubiquitination of hNHE3. It is not clear how
PKA is able to inhibit hNHE3 without altering hNHE3
phosphorylation. On the other hand, despite the importance
of phosphorylation at S552 and S605 for the regulation of
rat NHE3,11,39 how the phosphorylation impacts NHE3 is
not clear. Previous studies using opossum kidney cells and
rat kidney have indicated that phosphorylation of NHE3
does not directly impact the antiporter activity.61,62 These
studies imply that NHE3 phosphorylation elicits endocytosis
of NHE3. Although the mechanical link between NHE3
phosphorylation and endocytosis is not known, dynamin
and clathrin are involved in this process.12,59,63 Since the
initial description of ubiquitination as a mechanism of
protein degradation, it has emerged as a major player in
endocytosis of membrane proteins.64,65 Ubiquitinated
cargoes can be internalized via clathrin-dependent as well
as independent pathways.66,67 In addition, different clathrin
adaptors may be involved in Ub-dependent versus Ub-
independent internalization of cargoes.68,69 In the case of
hNHE3, the internalization is not triggered by phosphory-
lation of hNHE3, but instead it is mediated by Nedd4-
2–dependent ubiquitination. We postulate that inhibition of
hNHE3 and non-human NHE3s is mediated via alternative
mechanisms of clathrin-mediated endocytosis involving
different adaptor proteins. In addition, we speculate that
inhibition of hNHE3 is more efficient in part because Ub
ligation occurs at multiple sites, enabling increased
recruitment of clathrin-mediated endocytic machinery.
Whether hNHE3 is regulated by other enteropathogenic
bacteria via a similar mechanism remains to be determined.

The current study demonstrates that the effects of CTX
and EPEC are greater in hNHE3int mice compared with WT
mice. However, we recognize a few potential limitations of
the current hNHE3int mouse model. First, because of the
transgenic construct of hNHE3 gene, it is likely that more
than 2 copies of hNHE3 gene are present, which result in
higher basal expression levels and activity compared with
WT mice. Second, hNHE3 is driven by the villin promoter so
that any regulation at the transcription level is absent. This



710 Jenkin et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 3
limits the use of the model for a long-term study because
Nhe3 expression can be transcriptionally suppressed by
proinflammatory cytokines.70 Third, the villin promoter
might have caused the expression of hNHE3 protein in
lower crypt cells that are normally devoid of NHE3
expression.71 This could have contributed to the elevated
basal activity of NHE3, although we have not specifically
investigated the status of hNHE3 expression or activity in
the lower part of the crypts. These limitations can be
overcome with a knock-in mouse model that replaces mouse
NHE3 with hNHE3 under the control of the endogenous
NHE3 promoter.

With these limitations, our data demonstrate that CTX
and EPEC augment the inhibition of hNHE3 via ubiquitina-
tion of hNHE3 that is distinct from the regulation of non-
human NHE3. Inhibition of hNHE3 is dependent on
Nedd4-2, which ubiquitinates and facilitates internalization
of hNHE3. This unique biochemical feature of hNHE3 po-
tentiates Naþ and water loss, and it may contribute to
diarrheal symptoms occurring in humans.

Materials and Methods
Reagents and Antibodies

CTX and FSK were purchased from Sigma-Aldrich (St
Louis, MO). EPEC (E2348/69) and commensal E coli EFC-1
and EPEC were from Jan Klapproth (University of Pennsyl-
vania, Philadelphia, PA).72,73 Rabbit polyclonal anti-NHE3
antibody EM450 and mouse monoclonal anti-VSVG P5D4
were previously described.22,74 Commercial antibodies used
are listed in Table 1. All other chemicals were obtained from
Sigma-Aldrich or EMD Millipore (Billerica, MA), unless
otherwise specified.
Cell Culture and Plasmids
Caco-2bbe and SK-CO15 cells were cultured as previ-

ously described.22 pcDNA3.1 construct carrying hNHE3
(pcDNA-hNHE3V) or rbNHE3 (pcDNA-rbNHE3V) with a
C-terminal VSVG epitope has been described.17 Caco-2bbe
cells expression hNHE3 previously generated were used
otherwise specified.26 Caco-2bbe cells were stably trans-
fected with pcDNA-rbNHE3 and acid-selected as previously
described.17 The lentiviral plasmid pLKO.1 containing
Table 1.Antibodies Used in the Study

Name of antigen Catalog

Ubiquitin sc-8017

NHE3 NHE3

NEDD4L 465

Phospho-NEDD4L (S342) 121

Phospho-NEDD4L (S448) 806

HA C29

b-actin 496

Anti-phospho-NHE3 (S552) #MABN2415

Anti-phospho-NHE3 (S605) #MABN2414
shNedd4-2 or a scrambled control shRNA (shCon) was
purchased from Sigma-Aldrich. pCI-HA-NEDD4L with or
without a mutation in S342 or S448 was acquired from Dr
Massague/Addgene (plasmid #27016, 27036, and 27037).
The coding cDNA was subcloned into pcDNA3.1/Hygro
(Invitrogen, Carlsbad, CA). hNHE3 constructs with S552A
and S605A mutation were generated using pCDNA/hNHE3V
as a template by using a QuickChange site-directed muta-
genesis kit (Stratagene, San Diego, CA). The oligonucleotide
primers designed to introduce the mutations are as follows
(codon changes are underlined): forward primer S552A,
5’-GCT GAG GGA GAG CGC GGG GCC CTG GCC TTC ATC CGC
TCC-3’; reverse primer S552A, 5’-GGA GCG GAT GAA GGC
CAG GGC CCC GCG CTC TCC CTC AGC-3’; forward primer
S605A, 5’-TCT CTG GAG CAG CGA CGG GCC ATC CGG GAC
GCG GAG GAC ATG-3’; reverse primer S605A, 5’-CAT GTC
CTC CGC GTC CCG GAT GGC CCG TCG CTG CTC CAG AGA-3’.
The presence of mutation was confirmed by nucleotide
sequencing.

Bacterial Culture
EPEC and EFC-1 were grown overnight in LB broth. On

the next day, 900 mL of overnight culture were transferred
into 30 mL of antibiotics-free Dulbecco modified Eagle
medium and grown to an OD600 of 0.4. Bacteria were pel-
leted and resuspended in 4 mL fresh medium. Caco-2bbe
cells cultured to 10–14 days after confluence in 6-cm
dishes were cultured overnight in the absence of peni-
cillin/streptomycin. Caco-2 cells were then inoculated with
1 � 108 colony-forming unit of bacteria per well for up to 90
minutes. For in vivo perfusion assays, 1 mL of E coli was
added to 10 mL perfusion buffer.

Generation of hNHE3int Mice
The hNHE3 cDNA with a carboxyl-terminal VSVG tag

was amplified by polymerase chain reaction (PCR) using
the primer pair: 5’-AGCGTACGCCACCATGTGGGGACT
CGGGGCCCG -3’ (forward) and 5’-GGACGCGTTTACTTGCC-
CAGCCGGTTCATC -3’ (reverse). The PCR product was
cloned into the pBS-KS/Villin MES vector using BsiWI and
MluI sites.71 The sequence of hNHE3 in pBS-KS was veri-
fied by sequencing. The transgene was excised with SalI,
purified, and injected into the pronuclei of fertilized eggs of
number Vendor

(P5D1) Santa Cruz Biotechnology

1-A Alpha Diagnostics

21 Abcam

46 Cell Signaling Technology

3 Cell Signaling Technology

F4 Cell Signaling Technology

7 Cell Signaling Technology

(clone 14D5) Millipore

(clone 10A8) Millipore
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FVB/N mice at the Mouse Transgenic and Gene Targeting
Core at Emory University (Atlanta, GA). The hNHE3
transgene was identified by PCR analysis of tail genomic
DNA using the following primers: 5’-AGCAGTACCTGTA-
CAAGCCG-3’ (forward) and 5’-CTCCATGGGCAGCTTCC-
CATTGG-3’ (reverse) for hNHE3 transgene. Murine NHE3
genotyping was determined by using primers previously
described.4 Transgenic expression of hNHE3 in the intes-
tine was confirmed by Western blotting using anti-VSVG
antibody. Slc9a-deficient (Nhe3-/-) mice on the mixed
129/Black Swiss genetic background were previously
described.4 Nhe3-/- mice regenerated on the FBV/N were
obtained from Drs Ghishan and Kiera at the University of
Arizona (Tucson, AZ). Two hNHE3 transgenic male mice
expressing both human Slc9a transgene and endogenous
mouse Slc9a gene were mated with female Nhe3-/- mice to
obtain offspring expressing one allele of mouse Slc9a gene
and transgenic human Slc9a gene. Resulting male mice
from the initial breeding were crossed with female Nhe3-/-

mice to generate mice that express human Slc9a transgene
without mouse Slc9a gene. These mice were labeled
hNHE3int mice. Because the initial estimation of hNHE3
expression in the intestinal epithelium by Western blotting
was high, hNHE3int male mice were backcrossed with fe-
male Nhe3-/- mice for 3 generations to reduce the expres-
sion levels of transgenic hNHE3. All animal experiments
were conducted under approval by the Institutional Animal
Care and Use Committee of Emory University and in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals.
Co-Immunoprecipitation and Western Blot
Co-immunoprecipitation experiments were performed

using lysates from Caco-2bbe cells or mouse intestinal
mucosa prepared using lysis buffer (Cell Signaling, Danvers,
MA) containing 150 mmol/L NaCl, 1 mmol/L b-glycer-
ophosphate, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L
Na2 EDTA, 1 mmol/L EGTA, 1 mmol/L Na3VO4, 1 mg/mL
Table 2.Primer Sequences for Real-Time PCR Analysis

Target Forward prime

CFTRa AGAGCAGTTTCCTGGAC

DRAa AATGCTGATGCAGTTTG

NHE2a ACTGGGGTCACAACTTC

b-actina TACAGCTTCACCACCAC

Universalb AAACTCAAA(G/T)GAATT

Bacteroidetesb C(G/A)AACAGGATTAGAT

Firmicutesb TGAAACT(T/C)AAAGGAA

Actinobacteriab TACGGCCGCAAGGCTA

a-Proteobacteriab C(A/C/T)AGTGTAGAGGT

g-Proteobacteriab TCGTCAGCTCGTGT(T/C

Clostridium leptum (IV) b CCTTCCGTGCCG(G/C) A

Clostridium coccoidesb AAATGACGGTACCTGAC

Primer sequences were adapted from areference 25 and brefer
leupeptin, 1% Triton X-100, and protease inhibitors cocktail
tablets (Roche, Indianapolis, IN). Lysate (500 mg) was pre-
cleared by incubation with 30 mL of protein A-Sepharose
beads for 1 hour, and the supernatant was then incubated
overnight with a primary antibody (anti-HA, anti-VSVG, or
anti-NHE3 antibody). Immunocomplex was purified by
incubating with 50 mL of protein A-Sepharose beads for
1 hour, followed by 3 washes in lysis buffer and 2 washes in
phosphate-buffered saline. All of the above steps were
performed at 4�C or on ice. Beads eluted with 2.5� Laemmli
buffer. Cell lysates and eluted samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Western immunoblotting and quantification were per-
formed as described previously.17,25

Histologic and IF Analysis
Ileal and colonic sections from WT, hNHE3int, and

NHE3-/- mice were harvested, rinsed in Hank’s buffered
saline solution (HBSS), opened lengthwise, and fixed in 10%
neutral buffered formalin (Electron Microscopy Sciences,
Hatfield, PA). Fixed tissues were embedded in paraffin, and
5-mm-thick sections were stained with hematoxylin-eosin
for light microscopic examination. IF staining of hNHE3
and mouse NHE3 with anti-NHE3 antibody (Alpha Di-
agnostics, Burlington, NC) was performed as previously
described.75

Quantitative Real-Time PCR
Total RNA was extracted from intestinal mucosal

scrapes or cultured cells using the RNeasy Mini kit (Qiagen,
Hilden, Germany). One mg of total RNA was used for cDNA
synthesis using a First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA) according to the manu-
facturer’s instruction. Quantitative PCR was performed
with iQ SYBR Green Supermix (Bio-Rad Laboratories,
Hercules, CA) on a Mastercycler Realplex (Eppendorf,
Hamburg, Germany). PCR primer sequences are listed in
Table 2.
r Reverse primer

AGC CCAGCGAAGGCTTGTTTTAG

CTG TGCTCCTTCCAACATTAGCC

TGG CTTCACGGCAGTCATTGAGA

AGC AAGGAAGGCTGGAAAAGAGC

GACGG CTCAC(G/A)(G/A)CACGAGCTGAC

ACCCT GGTAAGGTTCTTCGCGTAT

TTGACG ACCATGCACCACCTGTC

TC(G/A)TCCCCACCTTCCTCCG

GAAATT CCCCGTCAATTCCTTTGAGTT

)GTGA TCGTCAGCTCGTGTCGTGA

GTTA GAATTAAACCACATACTCCACTGCTT

TAA CTTTGAGTTTCATTCTTGCGAA

ence 23.
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Microbiota Analysis
Mice were anesthetized with isoflurane and euthanized

by cervical dislocation. The intestine was removed under
sterile conditions, and the contents of the cecum were
collected, snap frozen in liquid nitrogen, and stored
at �80�C until needed. Bacterial total DNA (genomic DNA)
was isolated using the QIAamp DNA Stool Mini Kit (Qiagen,
Frederick, MD). Specific primer sets were used in the
amplification of microbial 16S rRNA gene on a Real Plex4
RealTime System (Eppendof, Hauppauge, NY) as previ-
ously published.23 The sequences of primers are listed in
Table 2.

Fluid Accumulation in Ileal Closed Loop
Mice were anesthetized using a ketamine/xylazine

cocktail (100 mg/kg ketamine and 10 mg/kg xylazine),
and a small incision was made in the abdomen. Two sec-
tions of ileum approximately 3.5–6 cm were tied off using
surgical string. One loop was injected with 100 mL of HBSS
control buffer, and the second loop was injected with
10 mg CTX (diluted in 100 mL HBSS). To inhibit NHE3 ac-
tivity, NHE3 inhibitor S3226 (0.5 mg in 100 mL HBSS) was
added to each isolated intestinal loop. The incision in the
abdominal cavity was sutured, and mice were allowed to
recover for 5 hours after injection. Mice were euthanized
using isoflurane and cervical dislocation. Loops were
excised, photographed, measured for length, and weighed.
The weight to length ratio was calculated and used as a
measure of fluid accumulation over the 5-hour treatment
period.

Intestinal Water Flux Measurement
Intestinal water flux was measured as previously re-

ported.26 Briefly, a mouse anesthetized with sodium
pentobarbital was placed on a 37�C heating block, and a
small incision was made in the abdomen. An approximately
5-cm loop of the ileum (between 5 and 10 cm upstream of
cecum) cannulated at the proximal and distal ends was
flushed with saline for 10 minutes. This was followed by
perfusion of pre-warmed perfusion solution (mmol/L: 118.4
NaCl, 4.7 KCl, 2.52 CaCl2, 1.18 MgSO4, 25 Na gluconate, 1.18
KH2PO4, pH 7.4) at 1 mL/min for 2 hours. When needed,
EPEC or control EFC-1 bacteria (multiplicity of infection:
200) were added to the perfusion buffer. CFinh-172 (250
mg/kg) was administered by intraperitoneal injection to
each mouse 1 hour before the start of perfusion. CTX (0.5
mg/mL) was added to the perfusate. Intestinal water flux
was recorded by calculating a change in the volume of
perfusion buffer in a reservoir every 10 minutes over the
course of a 90- to 120-minute perfusion period.

Naþ Dependent Intracellular pH Recovery
The Naþ-dependent changes in pHi by NHE3 were

determined using the ratio fluorometric, pH-sensitive dye
2’,7’-bis-(2-carboxyethyl)-5-carboxyfluorescein acetox-
ymethyl ester as previously described.22 Caco-2bbe cells
grown for 10–14 days after confluence were treated with
10 mmol/L FSK for 30 minutes during dye loading. For
experiments using EPEC, cells were infected at a multi-
plicity of infection of 20 for 90 minutes. For the mea-
surement of NHE3 activity in mouse intestine, isolation of
villi from mice ileum was performed as previously
described.75 In brief, mice were euthanized with iso-
flurane, and the ileum was flushed with cold phosphate-
buffered saline to remove food particles. An equivalent
segment of the proximal ileum (approximately 10 cm up-
stream of the cecum) was opened longitudinally and sta-
bilized on a cooled stage. The villi were dissected under
stereomicroscope using sharpened microdissection scis-
sors. Isolated villi were mounted on coverslips and
covered with light and solution penetrable polycarbonate
membrane (GE, Minnetonka, MN). Coverslips were moun-
ted on a perfusion chamber, placed on an inverted mi-
croscope, superfused with NH4

þ buffer, followed by
sequential perfusion with tetramethylammonium (130
mmol/L TMA-Cl, 20 mmol/L HEPES, 5 mmol/L KCl, 1
mmol/L TMA-PO4, 2 mmol/L CaCl2, 1 mmol/L MgSO4, and
25 mmol/L glucose) and Naþ buffer that drives Naþ-
dependent pH recovery. Naþ buffer was supplemented
with 30 mmol/L HOE694 or 2 mmol/L dimethyl amiloride
to inhibit NHE1 and NHE2 activities. The microfluorometry
was performed using the Metafluor software (Molecular
Devices, Sunnyvale, CA), and 2–3 traces of Naþ-dependent
pH recovery were captured from each coverslip, each trace
originating from an independent group of cells. For each
experiment, a minimum of 4 coverslips per group were
studied. Naþ/Hþ exchange rate was described by the initial
rate of pHi recovery, which was calculated by determining
slopes along the pHi recovery by linear least-squares
analysis over a minimum of 7 seconds.

Detection of NHE3 Ubiquitination
Cells were lysed in cold lysis buffer supplemented with

10 mmol/L MG132 to inhibit proteasomal degradation.
Equal amounts of cell lysates (typically 0.5 mg) were incu-
bated overnight with EM450 antibody, followed by incuba-
tion with protein A-Sepharose beads for 1 hour.
Immunocomplex was washed twice in lysis buffer and once
in phosphate-buffered saline. NHE3 was eluted, resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and immunoblotted with P4D1 antibody.

Surface Biotinylation
Surface biotinylation of NHE3 was performed as previ-

ously described.25 Briefly, cells grown in Transwells 2
weeks after confluence were treated with or without FSK for
the indicated times, followed by rinsing with cold
phosphate-buffered saline. Then 0.5 mg/mL NHS-SS-biotin
in borate buffer was added to the apical chamber for 10
minutes, rinsed, and lysed. An aliquot was retained as the
total fraction representing the total cellular NHE3. One mg
of lysate was incubated with streptavidin-agarose beads
(Thermo Fisher Scientific), and biotinylated surface proteins
were then eluted representing surface NHE3. Densitometric
analysis was performed using Scion Image software (Na-
tional Institutes of Health, Bethesda, MD).
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Statistical Analysis
Statistical analysis was performed using independent

samples two-tailed unpaired Student t test or analysis of
variance (ANOVA), followed by the Tukey post hoc analysis.
Results are presented as mean ± standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
software (La Jolla, CA). A value of P <.05 was considered
significant.
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