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Human rotavirus strain Wa downregulates NHE1 and NHE6
expressions in rotavirus-infected Caco-2 cells
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Abstract Rotavirus (RV) is the most common cause of
severe gastroenteritis and fatal dehydration in human
infants and neonates of different species. However, the
pathogenesis of rotavirus-induced diarrhea is poorly
understood. Secretory diarrhea caused by rotavirus may
lead to a combination of excessive secretion of fluid and
electrolytes into the intestinal lumen. Fluid absorption in
the small intestine is driven by Na'-coupled transport
mechanisms at the luminal membrane, including Nat/H*t
exchanger (NHE). Here, we performed qRT-PCR to detect
the transcription of NHEs. Western blotting was employed
for protein detection. Furthermore, immunocytochemistry
was used to validate the NHE’s protein expression. Finally,
intracellular Ca®* concentration was detected by confocal
laser scanning microscopy. The results demonstrated that
the NHE6 mRNA and protein expressed in the human
colon adenocarcinoma cell line (Caco-2). Furthermore,
RV-Wa induced decreased expression of the NHEI and
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NHE6 in Caco-2 cell in a time-dependent manner. In
addition, intracellular Ca®>* concentration in RV-Wa-in-
fected Caco-2 cells was higher than that in the mock-in-
fected cells. Furthermore, RV-Wa also can downregulate
the expression of calmodulin (CaM) and calmodulin kinase
I (CaMKII) in Caco-2 cells. These findings provides
important insights into the mechanisms of rotavirus-in-
duced diarrhea. Further studies on the underlying patho-
physiological mechanisms that downregulate NHEs in RV-
induced diarrhea are required.

Keywords Rotavirus - NHEs - NHE1 - NHEG6 - Rotavirus-
induced diarrhea - Mechanism

Introduction

Rotaviruses (RVs), a member of the family Reoviridae, is a
nonenveloped virus with a double-stranded, segmented
RNA genome. Six structural proteins form the capsid,
containing VP4 and VP7 [1, 2]. The virus is the most
common cause of severe gastroenteritis and fatal dehy-
dration in human infants and neonates of different species,
resulting approximately 215,000 deaths among children
younger than 5 years of age worldwide [3]. It is certainly a
serious concern that about 85% of these children live in
developing countries [4]. These viruses mainly spread
through the fecal-oral route, and contaminated water and
food are common ways for infections [5, 6]. To date,
numerous clinical studies have indicated that RV has close
relationship with clinical symptoms including acute gas-
troenteritis with fever, abdominal pain, vomiting, diarrhea,
and dehydration [7]. Various mechanisms have been pro-
posed to explain rotavirus-induced diarrhea, such as
secretory diarrhea induced by rotavirus may result in a
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combination of excessive secretion of fluid and electrolytes
into the intestinal lumen and reduced fluid absorption.
Excessive fluid secretion is caused by active chloride
secretion into the intestinal lumen, which drives secondary
movement of sodium and water. Our previous study had
disclosed that aquaporin 4 (AQP4) mRNA and protein
expression decreased in RV-infected Caco-2 cells [7].
Fluid absorption in the small intestine is driven by Na*-
coupled transport mechanisms at the luminal membrane,
including Nat/H" exchangers [8, 9]. Apical electrolyte
absorption of the enterocyte can contain electroneutral
absorption, which is a synchronized event that involves
Cl~ uptake by Cl~, HCO5_ exchangers, and Na™ uptake by
the Na*, H*-exchanger (NHE) [10]. Nevertheless, the
pathogenic mechanism of rotavirus-induced diarrhea is still
not well known.

The Na*, H-exchangers (NHEs) belong to the family
of transmembrane ion exchangers and play an important
role in the exchange of intracellular H™ with external Na™,
according to the concentration gradient from the gastroin-
testinal tract, which are responsible for the rapid transport
Na' into cells and H" out at a 1:1 ratio [11]. The NHE
family encompasses at least 10 known isoforms [12].
NHEs 1-5 are localized to plasma membrane, whereas
NHE:s 6, 7, and 9 show intracellular organelles localization.
In addition, NHES is ubiquitously present in the plasma
membrane or intracellular organelles [13]. In pathological
conditions, especially diarrhea disease, intestinal epithelial
sodium ion absorption is restrained, and the secretion of
chloride ion in crypt cells were stimulated at the same time
[14]. Recently, several researches have demonstrated the
relationship between abnormal NHE expression and
development of diarrhea caused by Enteropathogenic
E. coli [15], astroviruses [16], inflammatory bowel disease
[17], cholera toxin, and sennoside A [18, 19]. However,
studies on correlation between the expression of NHEs and
pathophysiological conditions in RV-induced diarrhea
remain limited. On the one hand, calcium plays a key role
in RV infection. The whole process of RV infection and the
subsequent protein behavior requires the action of calcium
ions [20]. On the other hand, the activity of NHEs is reg-
ulated by Ca’". Intracellular calcium can regulate the
function of NHEs by establishing a Ca®"/CaM complex
with calmodulin [21]. Therefore, we show for the first time
that NHE1, NHE6, NHE7, and NHES mRNA expression
levels were significantly reduced in RV-Wa-infected Caco-
2 cells compared with mock-infected cells, in a time-de-
pendent manner. Furthermore, NHE1 and NHE6 protein
expression levels were reduced in RV-Wa-treated Caco-2
cells versus mock-treated Caco-2 cells, also in a time-de-
pendent manner. On the whole, the results indicate that
RV-Wa induces decreased expressions of the NHE1 and
NHES®6 in RV-Wa-treated Caco-2 cells in a time-dependent
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manner. Besides, intracellular Ca®* concentration in RV-
Wa-infected Caco-2 cells was higher than in the mock-
infected ones. We also have demonstrated that the protein
levels of CaM and CaMKII were higher in the mock-in-
fected cells than in the cells after rotavirus infection. It may
provide important insights into the mechanisms of rota-
virus-induced diarrhea.

Materials and methods
Cell and rotavirus culture

The human colon adenocarcinoma cell line Caco-2 and
rhesus monkey kidney cell line MA104 were obtained from
the American type culture collection (ATCC) and cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco)
at 37 °C in a humidified 5% CO,. For all experiments,
functionally endotoxin-free media and reagents were used.
For infection, two strains, rotavirus Wa and SA-11 (kindly
provided by Dr. Haiyang He, Institute of Immunology,
PLA, Third Military Medical University, China), were
activated with crystalline trypsin (10 pg/mL, Gibco) for
60 min at 37 °C. Subsequently, MA104 cells were incu-
bated with rotavirus for 1 h at 37 °C in a humidified 5%
CO, atmosphere with rocking every 20 min to redistribute
the inoculum, followed by washing three times with serum-
free DMEM to remove excess rotavirus. The MA104 cells
were maintained for 2-3 days in serum-free DMEM con-
taining 1 pg of trypsin per mL. The cells and medium were
harvested when 80-95% cytopathic effect (CPE) was
observed. The infected MA104 cells were disrupted by
freezing and thawing three times at —20 °C. The suspen-
sion was centrifuged at 10,000 rpm for 30 min at 4 °C to
obtain a supernatant containing RV, which was stored at
—80 °C.

Titration of rotavirus

Rotavirus infection was determined on Caco-2 cells using
endpoint dilution and CCK-8 assays. In brief, Caco-2 cells
were seeded in 96-well plates (Corning) at a density of
8000 cells per well; when the cells become confluent
monolayer, they were washed twice with serum-free
DMEM. RV supernatants were trypsin activated for 60 min
at 37 °C, and then added to Caco-2 cells (serially diluted
tenfold in fresh DMEM). Plates were incubated for 3 days
at 37 °C. Based on cellular morphologic alterations, CPEs
were observed every day using an inverted optical micro-
scope (Nikon). In addition, cell viability was measured by
adding 10 pL Cell Counting Kit (CCK-8) (Dojindo) solu-
tion for 4 h at 37 °C. The OD value of each wells was
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tested at a wavelength of 450 nm using a microplate reader
(Gene). Virus titers were calculated according to the Reed
and Muench method [22]. Infectious titers of RV were
expressed as 50% tissue culture-infective dose (TCIDsg)
per mL.

Total RNA extraction and quantitative real-time
PCR

The monolayers of Caco-2 cell in six-well plates were
inoculated with RV-Wa (100 TCIDs,) for 2 h at 37 °C.
After washing to remove the uncombined RV, cells incu-
bated with a medium 12 h at 37 °C. Total RNA was iso-
lated from the mock-infected and RV-Wa-infected Caco-2
cells with TRIzol Reagent (Invitrogen) according to the
manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized from 1 pg of purified RNA by reverse
transcription using the PrimeScriptTM RT Master Mix
(Perfect Real Time) (TAKARA). Real-time RT-PCR
(qRT-PCR) was performed with the specific sequences of
primer pairs listed in Table 1 in PikoReal 96 Real-Time
PCR System using a SYBR® Premix Ex Taq™ II (Tli
RNaseH Plus) (TAKARA) following the procedures rec-
ommended by the manufacturer. The reaction system
consisted of 0.5 pLL of 10 uM forward primer, 0.5 pL of
10 uM reverse primer, 3.5 pL of deionized water, 5 pL. of
quantitative PCR Master Mix, and 0.5 pL. of the cDNA
sample. The reaction was performed for 7 min at 95 °C,
followed by 40 cycles at 95 °C for 5 s, 60 °C for 34 s, and
20 °C for 10s. The dissociation curve was detected
between 60 and 95 °C, and it can check the specificity of
the PCR product. The gene encoding glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was selected as an
endogenous control. Data were analyzed using the 2~AACr
method as a means of relative quantitation normalized to
GAPDH mRNA.

Table 1 Primers used for real-time reverse transcription polymerase
chain reaction assay

Primer Orientation Sequence

NHE1 Sense ACCACGAGAACGCTCGATTG
Antisense ACGTGTGTGTAGTCGATGCC

NHE6 Sense GAGGAGATCGTGTCCGAGAA
Antisense GCTTGAAGAGCCAGATTGTGA

NHE7 Sense GGACTGAACACTCACGCCTTTG
Antisense GGGAAGCAGTGCAGTTTGGTA

NHES Sense GCTTGTACTATTTGGCAGAGCG
Antisense TCCAGGTCCAGGTGTAGGCT

GAPDH Sense GGACCTGACCTGCCGTCTAG
Antisense GTAGCCCAGGATGCCCTTGA

Western blotting

After having been seeded into a six-well plate and treated
with different factors for 24 h, the cell samples of each
group were washed twice in ice-cold PBS and lysed in
150 pL. of RIPA buffer (Beyotime) containing 50 pg/mL
PMSF (Sigma) or phosphatase inhibitor (Sigma) followed
by incubation in ice for 30 min. After collecting the lysate
and centrifuging it (15 min, 12,000 rpm, 4 °C), the
obtained supernatant was stored at —80 °C until further
use. The protein concentrations were quantified using
Piercel BCA protein assay kit. Total proteins were ana-
lyzed by 10% SDS-PAGE and electroblotted onto a 0.45-
pm polyvinylidene difluoride (PVDF) membrane (Milli-
pore). The membranes were blocked by 2.5% nonfat dry
milk (BD) in PBST for 2 h at room temperature. The
membrane was incubated overnight at 4 °C with the fol-
lowing primary antibodies: NHE1 (Abcam), NHE6 (Ab-
cam), NHE8 (Abcam), CaM (Abcam), CaMKII (Abcam),
and GAPDH (Santa Cruz), and then the membranes were
incubated with a goat anti-rabbit/mouse IgG (H&L). Sig-
nals were visualized by an LI-COR Odyssey Infrared
Imaging System (Gene) according to the manufacturer’s
instruction. All experiments were repeated three times.

Immunocytochemistry

The expressions of NHEs at the protein level were deter-
mined by immunostaining in the Caco-2 cells. Caco-2 cells
were plated in six-well petri dishes with cover slips at
1 x 10* cells/well at 37 °C in a humidified 5% CO,. After
the Caco-2 cells were cultured in six-well plates with cover
slips overnight, the monolayers of Caco-2 cell in the six-
well plates with cover slips were inoculated with rota-
viruses RV-Wa (100TCIDsy) or mock-infected with
DMEM for 2 h at 37 °C. After washing to remove the
uncombined RV, the cells were harvested and analyzed at
24-h post infection. Cells were fixed with 4%
paraformaldehyde for 20 min at room temperature and
washed with phosphate buffered saline, and then perme-
abilized with 0.1% Triton X-100 for 20 min. After further
rinsing with PBS, the endogenous peroxidase activity was
blocked with 3% H,O, blocking for 10 min and 2% BSA
blocking for 30 min successively. The cells were washed
again with PBS, and were, respectively, incubated with
primary rabbit polyclonal anti-human antibodies against
NHEI (Santa Cruze), NHE6 (Abcam) for 1 h at 37 °C.
After being washed with PBS, the cells were incubated in
HRP-conjugated secondary antibody (Abcam) for 30 min
at room temperature without light. HRP activity was finally
tested using diaminobenzidine (DAB) (Beyotime) tetrahy-
drochloride as a substrate for 3 min according to the
manufacturer’s instructions, followed by washing in
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deionized H,O. The cells were counterstained with
haematoxylin. Negative controls were conducted in all
cases without primary antibody. Photomicrographs were
captured using Nikon Eclipse 80i microscope at the same
light intensity. Five fields from each section were imaged
randomly. The mean density (MD) of each sample was
detected using IPP6 (Image-Pro Plus 6) software. The
cumulative optical density (SUM IOD) of the yellow por-
tion in the picture is calculated using IPP6 (Image-Pro Plus
6) software according to the instruction manual, and then
the area of the image is calculated. The cumulative optical
density of the yellow portion is divided by the area to
obtain the optical density of the average yellow portion
(mean density), according to the different picture condi-
tions to set the appropriate parameters.

Measurement of cytosolic Ca**

The levels of Ca>" concentration [Ca2+]i were detected using
Fluo-3/AM fluorescence assay by laser scanning confocal
microscopy. In brief, Fluo-3/AM was initially dissolved in
DMSO and stored at —20 °C. The cells were loaded with
400 pl of HBSS containing 5 pM fluorescent radiometric
calcium indicator Fluo-3/AM with 0.1% Pluronic F-127
(Sigma-Aldrich) at 37 °C for 1 h. After incubation, The cells
were washed twice in with Ca®"-free HBSS to remove the
extracellular Fluo-3/AM. The changes of [Ca*"]i were
visualized by fluorescent intensity(FI), and the fluorescent
intensity of Fluo-3/AM was detected by laser scanning con-
focal microscope (Leica SP8) under excitation wavelength
and emission wavelength at 488 and 515-565 nm for 5 min,
respectively. FI was collected in ten randomly chosen cells
per field (total five different fields) to calculate the average FI,
and it reflected the concentration of intracellular Ca*".

Statistical analysis

Where appropriate, values are expressed as mean =+ stan-
dard deviation (SD) of triplicate cultures. For real-time RT-
PCR, the relative expression level of each gene was cal-
culated by the PikoReal software version 2.2 (Thermo
Fisher Scientific). Results are shown as fold changes from
the control group. For Immunocytochemistry, the mean
density (MD) of each sample were detected using IPP6
(Image-Pro Plus 6) software to evaluate immunocyto-
chemical staining. For western blot experiments, protein
levels were normalized to GAPDH values (set at 100%)
using Image j software. For the measurement of cytosolic
Ca*", FI was collected in ten randomly chosen cells per
field (total five different fields) to calculate the average FI,
and it reflected the concentration of intracellular Ca®*.
Statistical significances were determined by two-tailed
Student’s ¢ test when comparing two groups, and by one-
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way ANOVA for comparisons of multiple groups. All the
statistical calculations were done using Statistical Product
and Service Solutions (SPSS) software (Version 19Win-
dows 13.0). The P value less than 0.05 was accepted as
statistically significant.

Results

NHE mRNA expression levels after rotavirus
infection

Previous studies have suggested that NHEs play an impor-
tant role in infectious diarrhea. NHE mRNA expression was
detected after rotavirus Wa or SA-11 infection. The mRNA
expression levels of NHE1, NHE6, NHE7 and NHES were
examined in mock-infected and RV-Wa- or SA-11-infected
Caco-2 cells by real-time RT-PCR, respectively. As shown
in Fig. 1a, b, there were no significant differences in the
NHEI1, NHE6, NHE7 and NHES expression levels between
mock-infected and RV-SA-11-infected Caco-2 cells. How-
ever, NHE1, NHE6, NHE7 and NHE8 mRNA expression
levels were significantly reduced in RV-Wa-infected Caco-
2 cells compared with mock-infected cells. In addition, after
incubation with RV, Total RNA were harvested at 0, 6, 12,
24, 36 h, and the NHE (1, 6, 7 and 8) mRNA expression
level was detected by real-time RT-PCR. As shown in
Fig. 1c, RV-Wa induced decreased NHE (1, 6, 7 and 8)
mRNA expression level in a time-dependent manner.

NHE protein, CaM and CaMKII expression levels
after rotavirus infection

NHE1, NHE6, NHE7, NHE8 protein CaM and CaMKII
expression levels were detected in mock-infected and RV-
Wa-infected Caco-2 cells by western blotting and
immunocytochemistry. As illustrated in Fig. 2a, b, ¢, and d,
for RV-Wa-treated Caco-2 cells, NHE1, NHE6, CaM and
CaMKII protein expression levels were reduced in Caco-2
cells compared with mock-treated Caco-2 cells. As illus-
trated in Fig. 3, the immunocytochemical staining results
were also verified. In addition, after incubation with RV-
Wa, cell lysates were harvested at 0, 6, 12, 24, 36, 48 h and
the NHE1, NHEG6 protein expression level was measured
by western blotting. As shown in Fig. 2e, f, the NHEI, six
protein expression level began to decrease significantly at
12 and 6 h respectively, after RV-Wa infection.

Effects of cytosolic Ca*>* concentration in RV-Wa-
treated Caco-2 cells

The level of cytosolic Ca*" was detected with Fluo-3/
AM staining by laser scanning confocal microscopy,
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Fig. 1 Changes in NHE (1, 6, 7
and 8) mRNA levels in Wa or
SA-11-rotavirus-infected Caco-
2 cells. The monolayers of
Caco-2 cell in six-well plates
were inoculated with rotaviruses
RV-Wa or SA-11 (100 TCIDsq)
or mock-infected with DMEM
for 2 h at 37 °C. After washing
to remove the uncombined RV,
the cells were harvested and
analyzed at 12 h post infection.
a RV-Wa-infected and b RV-
SA-1l1-infected Total RNA was
isolated from the Caco-2 cells,
and the NHE mRNA levels
were measured by a quantitative
real-time RT-PCR assay.

¢ Caco-2 cell monolayers in
60-mm dishes were incubated
with RV-Wa (100 TCIDs),
Total RNA were harvested at 0,
6, 12, 18, 24, 36 h, and the NHE
(1, 6, 7 and 8) mRNA
expression levels were
determined by a quantitative
real-time RT-PCR assay. The
levels of glyceraldehyde-3-
phosphate dehydrogenase
(GAPDH) mRNA were used to
normalize the quantities of
target mRNA. Each column are
presented as mean =+ standard
deviation of three independent
experiments. 7.s. not significant;
*p < 0.05; **p < 0.01;

**%p < 0.001
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Rotavirus is the leading cause of acute secretory diarrhea in
human infants, resulting an estimated 215,000 deaths each
year among children under age of 5 years worldwide,
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Fig. 2 Expression of NHE1, NHE6, NHE8, CaM, and CaMKII
proteins in human colon adenocarcinoma cell line (Caco-2). The
monolayers of Caco-2 cell in six-well plates were inoculated with
rotaviruses RV-Wa (100TCIDsg) or mock-infected with DMEM for
2 h at 37 °C. After washing to remove the uncombined RV, the cells
were harvested and analyzed at 24 h post infection. a—d Whole-cell
lysates were collected in RIPA buffer containing PMSF. The protein
levels of NHEs (1, 6 and 8), CaM and CaMKII were determined by
western blotting, correcting for the GAPDH level. e, f The

which represents about one-third of deaths attributed to
dehydration diarrhea [3, 23, 24]. Despite abundant studies
about RV in several decades, the pathogenesis of rotavirus-
induced diarrhea remains unclear. Currently, many sodium
and chloride ion channels such as epithelial Na* channel
(ENaC), sodium—potassium-chloride cotransporter
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monolayers of Caco-2 cell in 60-mm dishes were inoculated with
rotaviruses RV-Wa (100TCIDs), total protein were harvested at 0, 6,
12, 24, 36 h, and the NHE (1, 6) protein expression level was
determined by western blotting at the indicated times, GAPDH was
used as an internal control. The band intensity was quantified by
ImageJ software. Each column are presented as mean =+ standard
deviation of three independent experiments. n.s. not significant;
*p < 0.05; **p < 0.01; ***p < 0.001

(NKCC1) and TMEMI16A have been identified in RV-in-
duced secretory diarrhea [25]. However, the role of these
channels in RV-induced diarrhea remains unclear. A lot of
mechanisms have been put forward to clarify rotavirus-
induced diarrhea, such as secretory diarrhea induced by
rotavirus may cause a combination of excessive secretion
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Fig. 3 The
immunocytochemical staining
of NHE1 and NHE®6 in the
Caco-2 cells. The monolayers of
Caco-2 cell in six-well plates
with cover slips were inoculated
with rotaviruses RV-Wa
(100TCIDs,) or mock-infected
with DMEM for 2 h at 37 °C.
After washing to remove the
uncombined RV, cells were
harvested and analyzed at 12 h
post infection. e Negative
immunocytochemical control.
a Staining of NHEI protein in
the Mock-infected group.

b Staining of NHEI protein in
the RV-Wa-infected group.

¢ Staining of NHEG6 protein in
the Mock-infected group.

d Staining of NHEG6 protein in
the RV-Wa-infected group.
Images are at

x 10 magnification. Each
column are presented as

mean =+ standard deviation of
three independent experiments.
n.s. not significant; *p < 0.05;

(b)
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of fluid and electrolytes into the intestinal lumen. Fluid
absorption in the small intestine is driven by Na™-coupled
transport mechanisms at the luminal membrane, including
Na*™/H* exchange [8, 9]. Apical electrolyte absorption of
the enterocyte can be contain electroneutral absorption,
which is a synchronized event that involves C1™ uptake by
Cl,HCO;~ Exchangers and Na™ uptake by the Na™, H'-
exchanger (NHE) [10]. Accordingly, we hypothesized that
NHEs was likely to participate in rotavirus-induced
diarrhea.

Three NHE subtypes (NHEs 1, 2, and 3) have been
reported to express in the intestine and play a major part in
a variety of physiological and pathological processes
[26-29]. Although scattered evidences can be found in
previous studies that abnormal NHEs expression may
contribute to diarrhea [14—19], the role of NHEs expression
and pathophysiology in RV infection had not been fully
determined. In the present study, the expression levels of
NHEs mRNA and protein were measured in rotavirus-

infected Caco-2 cells by realtime RT-PCR, western blot-
ting and immunocytochemistry. It is noteworthy that we
first found significant differences in the mRNA expression
levels of NHE1, NHE6, NHE7 and NHES8 between mock-
infected and RV-Wa-infected Caco-2 cells. NHE1, NHEG®6,
NHE7 and NHE8 mRNA expression levels were signifi-
cantly decreased in RV-Wa-infected Caco-2 cells in com-
parison with mock-infected cells. Interestingly, the time-
course of these four genes mRNA expression was exam-
ined in RV-Wa-infected Caco-2 cells. However, there were
no significant differences in these genes mRNA levels of
the RV-SA-11-infected Caco-2 cells. The different effects
on NHEs (1, 6, 7 and 8) mRNA expression caused by
simian rotavirus SA-11 strains and human rotavirus Wa
strains in the human colon adenocarcinoma cell line Caco-
2 may be due to rotavirus Wa strains and Caco-2 cells both
derived from human, but the SA-11 was not. It can spec-
ulate that the RV-Wa more sensitive than RV-SA-11 in
Caco-2 cells. There were significant differences in protein
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Fig. 4 Measurement of [Ca2+]i in mock-infected or RV-Wa-infected
Caco-2 cells by laser scanning confocal microscope. Cells were
inoculated with RV-Wa (100 TCIDsg) for 12 h. a Mock-infected
group. b RV-Wa-infected group. The relative fluorescence intensity
values represent cytosolic Ca>" content. Each column are presented
as mean =+ standard deviation of three independent experiments. 7.s.
not significant; *p < 0.05; **p < 0.01; ***p < 0.001

expression levels of NHE1 and NHE6 between mock-in-
fected and RV-Wa-infected Caco-2 cells, but it did not
found NHES has obvious change. For the NHE7, we did
not find any band in western blotting according to the
antibody manufacturer’s instructions. Future studies will be
conducted to solve this question. Furthermore, we found
that the expression of NHEl and NHEG6 protein signifi-
cantly decreased after RV-Wa infection in a time-depen-
dent manner. Taken together, these results suggest that
rotavirus-induced diarrthea and NHE expression may have
functional relevance. NHE1 and NHEG6 abnormal expres-
sion in the RV infection may lead to excessive fluid and
electrolyte secreted into the intestinal lumen and the host
intestinal cells reduced the uptake of sodium chloride and
water, and thus contribute to diarrhea. Our work provides
an important insight in the pathophysiological mechanisms
of the RV-induced diarrhea.

In contrast to other NHEs subtypes, much less is known
about the properties of NHE6, which are resided in the
membrane of intracellular compartments including sorting
and recycling endosomes. It has also been found transiently
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appear on the cytoplasmic membrane [30]. NHE6 has been
detected in mitochondrion-rich tissues such as brain,
skeletal muscle, heart, and also have a small amount of
expression in the liver and pancreas. But it has not been
verified in gastrointestinal organ. Our research shows that
NHEG6 expresses in the human colon adenocarcinoma cell
line Caco-2. Furthermore, NHE6 mRNA and protein
expression levels were significantly reduced in RV-Wa-
infected Caco-2 cells in comparison with mock-infected
cells. In previous studies about NHE6, multiple neurolog-
ical syndromes such as Angelman syndrome and Chris-
tianson Syndrome have been associated with consequences
of abnormal functions of NHE6 in keeping with impor-
tance of maintenance of organellar pH [31-34]. However,
no evidences indicated that NHE6 involved in the intestinal
tract sodium and water absorption. The relations of NHE6
abnormal expression with the RV-Wa-induced diarrhea
still need further study.

Human NHES8 have been found in the small intestine,
liver, and colon [35]. Octreotide, a somatostatin analog, is
used to stimulates intestinal Na™ absorption by increasing
NHES expression in the small intestine brush border
membrane [36]. It is interesting to note that Octreotide can
treat diarrhea. Since NHES8 protein levels in RV-Wa-in-
fected Caco-2 cells showed no significant differences with
respect to controls, the NHE8 mRNA levels downregula-
tion observed in RV-Wa-infected Caco-2 cells is likely to
be regulated at the transcriptional levels. Several steps in
the gene expression process may be modulated, including
the transcription, RNA splicing, translation, and post-
translational modification of a protein. However, the reg-
ulation of transcription level is just one step of this process.
Therefore, extensive post-transcriptional regulation may
result in generally poor correlation between mRNA and
protein concentrations. Further, those inconsistent relations
are not accidental, they also found in other studies per-
formed by Barandika et al. [37]. Therefore, we hypothesize
that regulation of NHES8 expression in RV-Wa-infected
Caco-2 cells seemed to appear at the transcriptional level.
For the NHE7 subtypes, it is also expressed in the small
intestine, liver, and colon [38]. NHE7 is a transmembrane
protein with over 70% homology to NHE6, but comparing
to NHEG6, there are not find neurological phenotype
reported [39].

NHE! is found to be widespread and sometimes also
known as housekeeping isoform, NHE]1 is localized at the
basolateral membrane throughout the gastrointestinal tract
(GI) and might play a role in colonic sodium and water
transport [40—-42]. Earlier researches have shown that the
sodium and chloride ions were increased in patients with
Crohn’s colitis, although the pH was low [43, 44]. It is
interesting to underline the observation that the level of
NHE]1 protein and mRNA was significantly decreased in
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the colonic mucosa of patients afflicted with both ulcera-
tive colitis and Crohn’s disease [42]. This possibility was
assessed in inflamed mouse colon using both patients with
active IBD and two different chemical-induced models of
colitis [17]. In these model, a coordinated downregulation
of Na-related transporter proteins was found, including
NHE], and suggest that the downregulated expression of
NHEI in intestinal could possibly contribute to IBD-as-
sociated diarrhea [17]. These results imply that NHE1 may
play a crucial role in colonic sodium absorption. Moreover,
it also seems that decreased NHE expression might result
in an insufficiency of sodium absorption in this region of
the gastrointestinal tract and subsequently diarrhea. On the
other hand, Salmonella typhimurium, Campylobacter
jejuni, and Shigella dysenteriae type-1 toxin have been
found that they can increase intracellular Ca>* concentra-
tion, accompany with inhibition of NaCl absorption in
animal models [45—47]. In our study intracellular calcium
ion concentration also was detected in RV-Wa-infected
Caco-2 cells, and it was higher than that in the mock-
infected cells. We assumed that the intracellular calcium
ion may take part in the pathophysiological mechanism of
RV-Wa infection involves reduced expression of NHEs.

Calcium ion plays an important role in the process of
rotavirus infection. It has been recognized as an essential
factor for the maintenance of RV capsid stability and the
activation of rotavirus endogenous transcriptase. In other
words, the whole process of RV infection in the body,
including cell invasion, transcriptional activation, mor-
phogenesis, cell lysis, viral particle release and subsequent
protein behavior are dependent on the role of calcium ions.
Although previous studies have focused on the NHE reg-
ulatory pathway linked to calcium, such as Wakabayashi
et al. demonstrated that the changes in intracellular calcium
concentration may lead to CaM conformation changes that
activate CaMKII and further phosphorylate serine and/or
threonine residues of NHEs [21]. In Costa-Pessoa et al.
research can also be found that angiotensin II treatment
activates the G-protein-dependent pathways, including the
ATI1/PLC/Ca*t/CaM pathway, which induces CaMKII
phosphorylation to stimulate NHE3 [48]. However, few
studies have shown that rotavirus is involved in the regu-
lation of this pathway. Therefore, based on the previous
literatures, we first investigated whether RV can affect this
pathway, and found that RV-Wa can downregulate the
expression of CaM and CaMKII in Caco-2 cells by western
blot. In our study, rotavirus may downregulate the
expression of CaM by altering the intracellular calcium
concentration and then suppress the activity of CaMKII to
further inhibit the phosphorylation of NHEs and down-
regulate the expression of NHEs finally. How RV-induced
intracellular calcium changes can affect the expression of
CaM still needs further study.

In conclusion, our present study provides novel evidence
that (1) NHE6 expresses in the human colon adenocarci-
noma cell line (Caco-2). (2) RV-Wa induces decrease in
the expression of the NHE1 and NHE6 in Caco-2 cells in a
time-dependent manner and (3) RV-Wa can downregulate
the expression of CaM and CaMKII in Caco-2 cells. Cer-
tainly, further study on the underlying pathophysiological
mechanisms that downregulate NHEs are required.
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