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Abstract: In the small intestine, sodium (Na) absorption occurs primarily via two apical transporters,
Na-hydrogen exchanger 3 (NHE3) and Na-glucose cotransporter 1 (SGLT1). The two primary Na-
absorptive pathways were previously shown to compensatorily regulate each other in rabbit and rat
intestinal epithelial cells. However, whether NHE3 and SGLT1 regulate one another in normal human
enterocytes is unknown, mainly due to a lack of appropriate experimental models. To investigate this,
we generated 2D enterocyte monolayers from human jejunal 3D organoids and used small interfering
RNAs (siRNAs) to knock down NHE3 or SGLT1. Molecular and uptake studies were performed
to determine the effects on NHE3 and SGLT1 expression and activity. Knockdown of NHE3 by
siRNA in enterocyte monolayers was verified by qPCR and Western blot analysis and resulted in
reduced NHE3 activity. However, in NHE3 siRNA-transfected cells, SGLT1 activity was significantly
increased. siRNA knockdown of SGLT1 was confirmed by qPCR and Western blot analysis and
resulted in reduced SGLT1 activity. However, in SGLT1 siRNA-transfected cells, NHE3 activity was
significantly increased. These results demonstrate for the first time the functionality of siRNA in
patient-derived organoid monolayers. Furthermore, they show that the two primary Na absorptive
pathways in human enterocytes reciprocally regulate one another.

Keywords: Na absorption; human enterocytes; intestinal organoids; jejunal monolayers; siRNA;
NHE3; SGLT1

1. Introduction

The primary function of the mammalian small intestine, which consists of three
distinct segments—the duodenum, jejunum, and ileum—is to absorb nutrients, electrolytes,
and water for use throughout the body. The intestinal lining is composed of a highly
folded epithelium that is organized into crypt regions and tiny finger-like projections
called villi, which help to increase the surface area of the small intestine [1]. In addition,
the apical membrane of villus cells is folded into protrusions called microvilli to further
increase the intestinal surface area and thereby facilitate absorptive processes. While the
intestinal stem and progenitor cells are located in the crypts, most differentiated intestinal
epithelial cell types are located in the villi [2]. This includes enterocytes, which transport
nutrients, electrolytes, and water across the intestinal barrier, and account for ~80% of all
intestinal epithelial cells [1]. Gastrointestinal (GI) absorption of nutrients and electrolytes
is physiologically regulated by various factors including hormones and other signaling
molecules. Intestinal absorption is known to be dysregulated in GI disorders, causing
malabsorption [3,4], and in inflammatory bowel diseases (e.g., Crohn’s disease, ulcerative
colitis) [5–7]; however, the underlying molecular mechanisms are not well understood.
In addition, there is emerging evidence in obesity that enhanced intestinal absorption of
sodium (Na) and glucose is likely critical in the pathogenesis of hypertension and diabetes,
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respectively [8]. Thus, a greater understanding of how intestinal absorption is regulated
would allow for the development of better treatments for GI and other diseases.

Long-term patient-derived organoid cultures are a valuable in vitro model for study-
ing human intestinal physiology and regulation. Intestinal epithelial organoids are gen-
erated from intestinal stem cells isolated from adult tissue and can both self-renew and
differentiate in culture [1]. While intestinal organoids grow within an extracellular matrix
as 3D structures containing both “crypt-like” and “villus-like” domains [9], the apical
membrane faces the inside of the organoid, and is therefore not easily accessible. To fa-
cilitate experiments in which the apical domain is directly exposed to the medium, 2D
organoid-derived monolayer culture models have been established [10,11]. Human intesti-
nal organoid-derived monolayers have been successfully used to study host–pathogen
interactions [10–12], epithelial barrier function [13], and various transport processes, includ-
ing secretion of hormones, growth factors, and ions [14–16], and absorption of glucose [17].
Moreover, recent work from our laboratory demonstrated that human jejunal organoid
monolayers can be used as an in vitro model to investigate the regulation of nutrient and
electrolyte absorption [18]. In the absence of suitable normal human cell lines, the devel-
opment of intestinal organoid monolayers has been a major breakthrough for studying
human intestinal epithelial transport physiology and other fundamental cellular processes
in vitro.

Absorption of nutrients and electrolytes is mediated by different transporter proteins
that are localized to the apical or brush border membrane (BBM) of enterocytes [19]. The
two main pathways of Na absorption in the human small intestine are BBM transporters Na-
hydrogen exchanger 3 (NHE3; SLC9A3) and Na-glucose cotransporter 1 (SGLT1; SLC5A1).
NHE3 exchanges one luminal Na ion for one intracellular H ion and is the principal NHE
isoform expressed in the small intestinal BBM [20]. SGLT1 is a secondary active transporter
that translocates two Na ions coupled with one glucose molecule into cells and is also
the most abundant glucose transporter in the small intestinal BBM [21]. The favorable
intracellular Na gradient for NHE3 and SGLT1 in enterocytes is provided by the sodium–
potassium adenosine triphosphatase (Na-K-ATPase) pump at the basolateral membrane.

There is emerging evidence that the two primary Na absorptive pathways can regulate
one another [22], which may be mediated by nitric oxide (NO) signaling in some con-
texts [23–25]. NO is an essential biological messenger molecule that participates in multiple
GI and hepatic physiological and pathological processes. Low levels of NO (constitutive
nitric oxide; cNO) regulate various normal intestinal physiological functions including
GI motility, mucosal permeability, and blood flow regulation [26]. Consistent with our
previous studies performed in mammalian intestinal epithelial cell models [25], we recently
showed that enhanced intracellular cNO inhibits NHE3 but stimulates SGLT1 in differen-
tiated human jejunal organoid-derived monolayers [18]. In a separate study, NHE3 and
SGLT1 were shown to reciprocally regulate one another in vitro in rat intestinal epithelial
cells [27]. However, it is not known if NHE3 and SGLT1 regulate one another in human
enterocytes, mainly due to a lack of appropriate experimental models.

Therefore, the aim of this study was to evaluate the use of small interfering RNA
(siRNA) technology to determine if NHE3 and SGLT1 regulate one another in normal
human enterocytes. To this end, we performed siRNA-mediated knockdown of the two
primary apical Na transporters in human jejunal organoid-derived monolayers, followed
by molecular and uptake studies to determine the effects on NHE3 and SGLT1 expression
and activity.

2. Materials and Methods
2.1. Antibody Generation

Polyclonal antibodies against SGLT1 were raised in rabbit using Invitrogen (Waltham,
MA, USA) custom antibody services. A peptide corresponding to amino acids 581–599
of human SGLT1 (QEGPKETIEIETQVPEKKK) was used as the immunogen [28] and for
antibody affinity purification.



Cells 2024, 13, 1623 3 of 14

2.2. Intestinal Organoid Culture

Previously established jejunal organoids were cultured in 3D as described (organoid
model MU-007) [18]. Organoids were generated from jejunal biopsy tissue obtained dur-
ing upper endoscopy from a healthy donor without clinical evidence of small intestinal
pathophysiology. Histologic evaluation of adjacent intestinal biopsy tissue confirmed that
the jejunum was normal. This study was approved by the Institutional Review Board of
Marshall University (protocol 964144).

Organoid growth medium was composed of Advanced DMEM/F-12 (ADF; Gibco,
Waltham, MA, USA), 2 mM GlutaMAX (Gibco), 10 mM HEPES (Gibco), 100 U/mL Pen-
Strep (Gibco), 40% Wnt-3a conditioned medium, 10% Rspo1 conditioned medium, 1X B-
27 Supplement (Gibco), 1.25 mM N-acetyl-L-cysteine (Sigma. Burlington, MA, USA),
100 ng/mL mouse Noggin (Peprotech, Cranbury, NJ, USA), 50 ng/mL mouse EGF (Gibco),
0.5 µM A83-01 (Tocris, Minneapolis, MN, USA), 10 nM Gastrin I (Sigma), and 10 µM
SB202190 (Sigma). Conditioned media was prepared from L-Wnt-3a and 293T-R-Spondin1
producer cell lines as described [18]. When passaging organoids, the medium also contained
10 µM Y-27632 and 2.5 µM CHIR 99021. Organoids grew embedded in 50 µL droplets
of growth-factor-reduced phenol red-free Matrigel basement membrane matrix (Corning,
Corning, NY, USA) overlaid with 600 µL of growth medium per well in 24-well plates.
The medium was changed every 2 or 3 days, and cultures were passaged every 7 days.
Organoid cultures were maintained at 37◦C in a humidified incubator at 6% CO2, for up to
12 passages. All cultures were confirmed to be negative for mycoplasma.

2.3. Organoid-Derived Monolayers

For monolayer plating, single-cell suspensions were prepared from organoid cultures
as previously described [18]. Monolayers were maintained in differentiation medium
(DFM), composed of ADF, 2 mM GlutaMAX, 10 mM HEPES, 100 U/mL Pen-Strep, 15%
Rspo1 conditioned medium, 1X B-27 Supplement, 1.25 mM N-acetyl-L-cysteine, 100 ng/mL
mouse Noggin, 50 ng/mL mouse EGF, 500 nM A83-01, and 10 nM Gastrin I. When seeding
monolayers, the medium also contained 10 µM Y-27632. The medium was changed every 2
or 3 days, and experiments were conducted on day 5 or 6 using confluent monolayers. For
the final media change, DFM was modified to be antioxidant-free by substituting standard
B-27 Supplement with B-27 minus antioxidants (Gibco) and omitting N-acetyl-L-cysteine.

2.4. Cell Staining

For immunocytochemistry, monolayers were grown on Nunc Lab-Tek II CC2 Glass
chamber slides (Thermo Scientific, Waltham, MA, USA) and processed as previously
described [18]. Briefly, monolayers were washed three times with Phosphate-Buffered
Saline (PBS) + Ca/Mg, fixed with PBS 4% paraformaldehyde for 12 min, permeabilized
with PBS 0.5% Triton X-100 for 10 min, and then blocked with PBS 3% Bovine Serum
Albumin (BSA) for 1 h. Fixed cells were incubated with rabbit anti-ZO-1 polyclonal
antibody (Invitrogen, 40–2200; 1:200) for 1 h. Bound antibodies were labeled with Alexa
Fluor 594-conjugated goat anti-rabbit secondary antibody (Invitrogen; 1:500) for 1 h in the
dark. For mounting, ProLong Diamond Antifade (Invitrogen) was applied to the slides and
coverslips were placed on top, then the samples were cured for 24 h. Fluorescence images
were acquired using a 20× fluorite, LWD, 0.45NA/6.23WD air objective on an EVOS FL
Auto 2 imaging system (Invitrogen).

For staining of alkaline phosphatase activity, monolayers grown on Nunc Lab-Tek
Permanox Plastic chamber slides (Thermo Scientific) were washed three times with PBS +
Ca/Mg, fixed with PBS 4% paraformaldehyde for 10 min, and then washed twice with Tris
Buffered Saline (TBS; 25 mM Tris-HCl, 0.15 M NaCl, pH 7.4). Fixed cells were incubated
with BCIP/NBT Alkaline Phosphatase Substrate working solution (Vector Laboratories,
Newark, CA, USA) for 6 h in the dark. After three washes with TBS, coverslips were
mounted onto slides with VectaMount AQ Mounting Medium (Vector Laboratories). Bright-
field images were acquired using a 10× plan achromatic 0.25NA phase objective and a
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Moticam 10+ digital camera (Motic, Xiamen, China) mounted on a trinocular inverted
microscope (VWR).

2.5. RNA Extraction

Organoids were recovered from the basement membrane matrix using Cell Recovery
Solution (Corning) as previously described [18]. Organoids were then lysed in Buffer RLT
(Qiagen, Germantown, MD, USA). For monolayer cultures, cells were scraped directly in
Buffer RLT. All lysates were homogenized using a QIAshredder spin column (Qiagen), and
total RNA was extracted using RNeasy Mini Kit (Qiagen) following the manufacturer’s
protocol, including on-column DNase digestion. RNA concentration was determined using
a NanoDrop 2000 Spectrophotometer (Thermo Scientific).

2.6. qPCR Analysis

Quantitative real-time polymerase chain reaction (qPCR) was performed using Super-
script IV (Invitrogen) to synthesize first-strand cDNA from total RNA (500 ng). The cDNAs
were amplified using PowerUP SYBR Green Master Mix (Applied Biosystems, Foster City,
CA, USA) following the manufacturer’s protocol and detected on a StepOnePlus Real-Time
PCR System (Applied Biosystems). Relative mRNA expression was calculated using the
delta–delta CT method. Housekeeping genes ACTB and TBP were used for normalization.
Primer sequences: ACTB Fwd: ACCATGGATGATGATATCGCC, ACTB Rev: GCCTTGCA-
CATGCCGG [29]; FABP2 Fwd: GCTGCAAGCTTCCTTTTCAC, FABP2 Rev: CTGAAAT-
CATGGCGTTTGAC [30]; LGR5 Fwd: CCTACCTAGACCTCAGTATGAAC, LGR5 Rev:
CCCTTGGGAATGTATGTCAGA; MKI67 Fwd: GAGGTGTGCAGAAAATCCAAA, MKI67
Rev: CTGTCCCTATGACTTCTGGTTGT [31]; NHE3 Fwd: GTCTTCCTCAGTGGGCTCAT,
NHE3 Rev: ATGAGGCTGCCAAACAGG [16]; SGLT1 Fwd: GCATCGCCTGGGTGCC-
CATT, SGLT1 Rev: GCACCGTGCTGCTCTAGCCC [28]; TBP Fwd: GGGCATTATTTGTG-
CACTGAGA, TBP Rev: TAGCAGCACGGTATGAGCAACT [32].

2.7. siRNA Transfection

Silencer Select pre-designed siRNA (Ambion, Waltham, MA, USA) targeting human
NHE3 (SLC9A3; s13029), human SGLT1 (SLC5A1; s12953), or the non-targeting negative
control siRNA (Negative Control No. 1) was used for transfection experiments. The
siRNAs (final concentration 15 nM) were introduced into cell monolayers one day after
plating, when cells were approximately 60% confluent. Transfections were performed
using Lipofectamine RNAiMAX Reagent (Invitrogen), with minor modifications to the
manufacturer’s protocol. For 24-well plates, 1 µL siRNA and 3 µL lipid reagent were added
to cell monolayers in a total volume of 63 µL Opti-MEM medium (Gibco), and volumes
were scaled down proportionately for 96-well plates. The monolayer medium (DFM) was
changed on day 2 and day 4, and assays were conducted on day 5.

2.8. Protein Extraction

Whole cell extracts were prepared from monolayers as previously described [18].
The lysates were diluted to a final concentration of 1X Laemmli Sample Buffer (Bio-Rad,
Hercules, CA, USA) plus β-mercaptoethanol and the samples were incubated at 70 ◦C for
10 min.

For the preparation of total cell membranes, monolayers were washed twice with
cold PBS, scraped in ice-cold Subcellular Fractionation Buffer [20 mM HEPES-Tris pH
7.4, 250 mM Sucrose, 10 mM KCl, 2 mM MgCl2, 1 mM Ethylenediaminetetraacetic acid
(EDTA), 1 mM Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA),
1 mM Dithiothreitol (DTT), and Protease Inhibitor Cocktail], then transferred to cold
microcentrifuge tubes and incubated on ice for 15 min. The cell suspensions were passed
through a 27-gauge needle 20 times, and then the tubes were rotated at 4 ◦C for 20 min. The
cellular debris was pelleted by centrifugation at 10,000 × g for 5 min (4 ◦C). The membrane
fraction was pelleted by ultracentrifugation of the supernatant at 37,000× g for 2 h (4 ◦C).
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The resulting supernatant (cytosolic fraction) was concentrated by centrifugation through a
filter unit, MWCO 10 kDa (Pierce, Thermo Scientific, Waltham, MA, USA) at 15,000× g for
10–15 min to a volume of 75–100 µL, and protein concentration was measured as described
above. The cytosolic fractions were mixed with 4X Laemmli Buffer without reducing the
agent to a final concentration of 1X, and the total cell membrane pellets were resuspended
in 1X Laemmli Buffer without a reducing agent, at a volume equivalent to the final volume
of the cytosolic fraction. Samples were incubated at 65 ◦C for 15 min.

2.9. Western Blot Analysis

Western blots were carried out as previously described [18], using 10–20 µg of protein
and 8% or 10% SDS-PAGE. Custom-made rabbit anti-SGLT1 primary antibodies were used
at 1:1000 and incubated overnight at 4 ◦C.

2.10. Uptake Studies

Uptake studies to assess SGLT1 activity or NHE3 activity were performed as previously
described [18].

2.11. Statistical Analysis

Data are shown as mean ± standard error of the mean (SEM). p values were derived
via a two-tailed Student’s t test using Prism 9 software (GraphPad, San Diego, CA, USA).
Differences were considered statistically significant when p < 0.05.

3. Results
3.1. Characterization of Human Jejunal Organoid-Derived Intestinal Epithelial Cell Monolayers

To determine if the two primary apical Na transporters, NHE3 and SGLT1, regu-
late each other in human enterocytes, we utilized a human intestinal organoid-derived
monolayer culture model. Previously established 3D organoids (Figure 1A), derived
from histologically normal jejunal biopsy tissue, and organoid-derived 2D monolayers
(Figure 1B) were cultured as described [18]. Differentiation of jejunal monolayers was veri-
fied by qPCR analysis of intestinal epithelial cell markers. Compared to undifferentiated
organoids, expression of the intestinal stem cell marker LGR5 and the proliferation marker
MKI67 was substantially decreased in differentiated monolayers (Figure 1C), in accordance
with an earlier study performed in human duodenal organoid-derived monolayers [16].
This decrease was accompanied by a concomitant increase in expression of the enterocyte
marker FABP2 and BBM transporter NHE3 (Figure 1C). These gene expression results are
consistent with our previous work showing that expression of brush border proteins Villin,
Ezrin, and NHE3 was increased in differentiated jejunal monolayers compared to undif-
ferentiated organoids [18]. The integrity and apical–basal polarity of intestinal epithelial
cell monolayers was demonstrated by immunostaining for the tight junction protein ZO-1
(Figure 1D) [18], and differentiation of monolayers into the enterocyte lineage was further
confirmed by staining for alkaline phosphatase activity (Figure 1E). Thus, human jejunal
organoid-derived monolayers are composed of differentiated enterocytes and are therefore
a suitable in vitro model to investigate the regulation of apical Na transporter function in
normal human enterocytes.



Cells 2024, 13, 1623 6 of 14
Cells 2023, 12, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 1. Characterization of human intestinal organoid-derived monolayers. (A,B) Phase contrast 
images of human jejunal organoids (A) and differentiated organoid-derived monolayers (B). Scale 
bars, 100 µm. (C) Quantitative polymerase chain reaction (qPCR) analysis showing the expression 
of marker genes in undifferentiated organoids (ORG) versus differentiated organoid monolayers 
(ML). Numbers are relative to ORGs and normalized to the geometric mean of ACTB and TBP. Data 
are represented as mean ± standard error of the mean (SEM) (n = 4 experiments). Statistical signifi-
cance was determined by unpaired t test (**, p < 0.01; ***, p < 0.001). (D) Representative immunoflu-
orescence image of tight junction marker ZO-1 in differentiated jejunal monolayers. Scale bar, 50 
µm. (E) Representative brightfield image of alkaline phosphatase staining of monolayers. Scale bar, 
100 µm. 
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bar, 50 µm. (E) Representative brightfield image of alkaline phosphatase staining of monolayers.
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3.2. Silencing of NHE3 Expression Regulates the Functional Activity of SGLT1 in Human Jejunal
Monolayers

NHE3 and SGLT1 were previously shown to regulate one another in a nontransformed
rat intestinal epithelial cell line [27]. However, these findings have not been examined in
normal human intestinal epithelial cells due to lack of a suitable cell culture model. To deter-
mine whether NHE3 expression regulates SGLT1 activity in human enterocytes, we silenced
NHE3 expression by transfecting jejunal monolayers with human NHE3-targeting small
interfering RNA (siRNA) sequences. While siRNA technology is routinely used to induce
transient gene silencing in immortalized cell lines, it has not been previously demonstrated
in organoid-derived monolayer cultures. The siRNA-mediated knockdown of NHE3 was
verified by qPCR analysis, which showed that NHE3 mRNA expression was significantly
reduced in differentiated NHE3 siRNA-transfected (siNHE3) monolayers compared to
control cells transfected with non-targeting negative control siRNA sequences (siCTRL;
Figure 2A). Silencing of NHE3 expression was further validated by Western blot analy-
sis, which showed that NHE3 protein expression was significantly reduced in whole cell
extracts from siNHE3 monolayers compared to siCTRL monolayers (Figures 2B,C and S1).

Next, we performed uptake studies to examine the functional activities of the two pri-
mary apical Na transporters in differentiated NHE3 siRNA-transfected monolayers. NHE3
activity was measured directly as the Na-dependent, 5-(N-Ethyl-N-isopropyl)amiloride
(EIPA)-sensitive uptake of the radioisotope 22Na. Consistent with the silencing of NHE3
expression described above, 22Na uptake studies demonstrated that NHE3 functional activ-
ity was significantly decreased in siNHE3 monolayers compared to siCTRL monolayers
(Figure 3A). SGLT1 activity was measured directly as the Na-dependent, phlorizin-sensitive
uptake of the radiolabeled glucose analogue 3H-3-O-Methyl-D-glucopyranose (3H-OMG).
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In contrast to the reduced functional activity of NHE3, 3H-OMG uptake studies demon-
strated that SGLT1 functional activity was significantly increased in siNHE3 monolayers
(Figure 3B).

Cells 2023, 12, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 2. Small interfering RNA (siRNA)-mediated knockdown of sodium–hydrogen exchanger 3 
(NHE3) in human jejunal organoid-derived monolayers. (A) qPCR analysis of NHE3 gene expres-
sion in differentiated jejunal monolayers transfected with negative control siRNA (siCTRL) or NHE3 
siRNA (siNHE3). Numbers are relative to siCTRL and normalized to ACTB. Data are represented 
as mean ± SEM (n = 4 experiments). (B) Representative Western blots showing NHE3 protein ex-
pression in whole-cell extracts of siRNA-transfected monolayers. ERK2 was used as a loading con-
trol. (C) Densitometric analysis of NHE3 protein expression in siRNA-transfected monolayers. 
Numbers are relative to siCTRL and normalized to ERK2. Data are represented as mean ± SEM (n = 
3 experiments). Statistical significance was determined by unpaired t test (**, p < 0.01; ***, p < 0.001). 

Next, we performed uptake studies to examine the functional activities of the two 
primary apical Na transporters in differentiated NHE3 siRNA-transfected monolayers. 
NHE3 activity was measured directly as the Na-dependent, 5-(N-Ethyl-N-isopropyl)ami-
loride (EIPA)-sensitive uptake of the radioisotope 22Na. Consistent with the silencing of 
NHE3 expression described above, 22Na uptake studies demonstrated that NHE3 func-
tional activity was significantly decreased in siNHE3 monolayers compared to siCTRL 
monolayers (Figure 3A). SGLT1 activity was measured directly as the Na-dependent, 
phlorizin-sensitive uptake of the radiolabeled glucose analogue 3H-3-O-Methyl-D-gluco-
pyranose (3H-OMG). In contrast to the reduced functional activity of NHE3, 3H-OMG up-
take studies demonstrated that SGLT1 functional activity was significantly increased in 
siNHE3 monolayers (Figure 3B). 

 
Figure 3. Functional activities of the two primary apical sodium (Na) transporters in NHE3 siRNA-
transfected human jejunal organoid-derived monolayers. (A) The activity of NHE3 was measured 
as EIPA-sensitive uptake of 22Na in differentiated NHE3 siRNA-transfected (siNHE3) monolayers. 
Uptake values are relative to monolayers transfected with negative control siRNA (siCTRL). (B) The 
activity of SGLT1 was measured as the phlorizin-sensitive Na-dependent uptake of 3H-OMG in the 
siNHE3 monolayers. Uptake values are relative to siCTRL monolayers. Data are represented as 
mean ± SEM (n = 4 experiments, each containing triplicate reactions). Statistical significance was 
determined by unpaired t test (***, p < 0.001). EIPA, 5-(N-Ethyl-N-isopropyl)amiloride. OMG, 3-O-
Methyl-D-glucopyranose. 

Figure 2. Small interfering RNA (siRNA)-mediated knockdown of sodium–hydrogen exchanger 3
(NHE3) in human jejunal organoid-derived monolayers. (A) qPCR analysis of NHE3 gene expression
in differentiated jejunal monolayers transfected with negative control siRNA (siCTRL) or NHE3
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mean ± SEM (n = 4 experiments). (B) Representative Western blots showing NHE3 protein expression
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sitometric analysis of NHE3 protein expression in siRNA-transfected monolayers. Numbers are
relative to siCTRL and normalized to ERK2. Data are represented as mean ± SEM (n = 3 experiments).
Statistical significance was determined by unpaired t test (**, p < 0.01; ***, p < 0.001).
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Figure 3. Functional activities of the two primary apical sodium (Na) transporters in NHE3 siRNA-
transfected human jejunal organoid-derived monolayers. (A) The activity of NHE3 was measured
as EIPA-sensitive uptake of 22Na in differentiated NHE3 siRNA-transfected (siNHE3) monolayers.
Uptake values are relative to monolayers transfected with negative control siRNA (siCTRL). (B) The
activity of SGLT1 was measured as the phlorizin-sensitive Na-dependent uptake of 3H-OMG in
the siNHE3 monolayers. Uptake values are relative to siCTRL monolayers. Data are represented
as mean ± SEM (n = 4 experiments, each containing triplicate reactions). Statistical significance
was determined by unpaired t test (***, p < 0.001). EIPA, 5-(N-Ethyl-N-isopropyl)amiloride. OMG,
3-O-Methyl-D-glucopyranose.
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3.3. Silencing of SGLT1 Expression Regulates the Functional Activity of NHE3 in Human Jejunal
Monolayers

Similarly, to determine whether SGLT1 expression regulates NHE3 activity in human
enterocytes, we silenced SGLT1 expression by transfecting jejunal monolayers with hu-
man SGLT1-targeting siRNA sequences. The siRNA-mediated knockdown of SGLT1 was
verified by qPCR analysis, which showed that SGLT1 mRNA expression was significantly
reduced in differentiated SGLT1 siRNA-transfected (siSGLT1) monolayers compared to
siCTRL monolayers (Figure 4A). Silencing of SGLT1 expression was further validated
by Western blot analysis, which showed that SGLT1 protein expression was significantly
reduced in total cell membrane extracts from siSGLT1 monolayers compared to siCTRL
monolayers (Figures 4B,C and S2).
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Figure 4. siRNA-mediated knockdown of Na-glucose cotransporter 1 (SGLT1) in human jejunal
organoid-derived monolayers. (A) qPCR analysis of SGLT1 gene expression in differentiated jejunal
monolayers transfected with negative control siRNA (siCTRL) or SGLT1 siRNA (siSGLT1). Num-
bers are relative to siCTRL and normalized to ACTB. Data are represented as mean ± SEM (n = 3
experiments). (B) Representative Western blots showing SGLT1 protein expression in total cell mem-
branes isolated from siRNA-transfected monolayers. The epithelial cell adhesion protein E-cadherin
(E-cad) was used as a loading control. (C) Densitometric analysis of SGLT1 protein expression in
siRNA-transfected monolayers. Numbers are relative to siCTRL and normalized to E-cad. Data are
represented as mean ± SEM (n = 3 experiments). Statistical significance was determined by unpaired
t test (*, p < 0.05; ***, p < 0.001).

Uptake studies showed that the functional activities of the two primary apical Na
transporters were differentially regulated in SGLT1 siRNA-transfected monolayers. Con-
sistent with the silencing of SGLT1 expression described above, 3H-OMG uptake studies
demonstrated that SGLT1 functional activity was significantly decreased in siSGLT1 mono-
layers compared to siCTRL monolayers (Figure 5A). However, in contrast to the reduced
functional activity of SGLT1, 22Na uptake studies demonstrated that NHE3 functional
activity was significantly increased in siSGLT1 monolayers (Figure 5B).

Thus, through novel use of siRNA-mediated knockdown in intestinal organoid-
derived monolayers, these experiments demonstrate that the two primary apical Na trans-
porters, NHE3 and SGLT1, reciprocally regulate one another in human enterocytes. This
is consistent with the compensatory regulation between NHE3 and SGLT1 observed in
mammalian intestinal cell models [24,25,27], and therefore serves as proof of concept for
using siRNA technology in patient-derived organoid monolayers.
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Figure 5. Functional activities of the two primary apical sodium transporters in SGLT1 siRNA-
transfected human jejunal organoid-derived monolayers. (A) The activity of SGLT1 was measured as
the phlorizin-sensitive Na-dependent uptake of 3H-OMG in differentiated SGLT1 siRNA-transfected
(siSGLT1) monolayers. Uptake values are relative to monolayers transfected with negative control
siRNA (siCTRL). (B) The activity of NHE3 was measured as EIPA-sensitive uptake of 22Na in siSGLT1
monolayers. Uptake values are relative to siCTRL monolayers. Data are represented as mean ± SEM
(n = 4 experiments, each containing triplicate reactions). Statistical significance was determined by
unpaired t test (**, p < 0.01).

4. Discussion

Altered intestinal absorption is a key feature of various GI disorders associated with
malabsorption [3,4] and inflammatory bowel diseases [5–7]. Hence, a better understanding
of the regulation of intestinal absorption by BBM transporters, their regulatory proteins,
and associated signaling pathways would enable the advancement of more effective treat-
ments for GI diseases. Mechanistic studies on intestinal transport have been performed
using a variety of different and complementary experimental models including in vivo
animal models, ex vivo human tissue, and a limited number of in vitro cell culture-based
models [23,33–37]. Until recently, human cell culture models for studying intestinal epithe-
lial cell transport have generally used colon cancer cell lines such as Caco-2, HT-29, and
T84 [38,39], which are immortalized and contain vastly mutated genomes in addition to
altered transcriptional and metabolic profiles [40]. It is therefore not clear if these models
accurately reflect normal expression, function, and regulation of intestinal epithelial cell
transporters, but so far, immortalized colon cancer cells lines have demonstrated limited
clinical translatability [41,42]. The development and utilization of nontransformed, nonim-
mortalized cell culture models derived from healthy human intestinal tissue is therefore
critical for in vitro investigation of intestinal physiology and pathophysiology in transla-
tional research.

The establishment of patient-derived intestinal 3D organoid culture models [9] and
their increasing use over the last decade has greatly facilitated the investigation of human
intestinal physiology and regulation [43]. Furthermore, the recent development of organoid-
derived 2D monolayer culture models has been instrumental for studies in which access
to the apical surface is important [10,11,44]. This includes research on intestinal transport
processes such as secretion of growth factors, hormones, and ions [14–16], and absorption
of Na [18] and glucose [17,18]. Along with our previous study [18], here we demonstrate
that jejunal organoid monolayers are an ideal in vitro model to investigate the regulation
of apical transporter function in human enterocytes.

Modifying cellular gene expression is key to understanding the function and biolog-
ical role of genes. There are multiple tools for the genetic engineering of cultured cells,
involving the introduction of gene-editing components by viral or non-viral means [45].
RNA interference (RNAi) is a popular method to silence or “knock down” gene expression
in cells either transiently by siRNA or stably by short hairpin RNA (shRNA). More recently,
gene-editing systems have been widely adapted to eliminate or “knock out” gene expres-
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sion in 2D and 3D cultures, such as Clustered Regularly Interspaced Palindromic Repeats
(CRISPR)/Cas9 [45]. While complete gene knockout is often preferred, there are some
drawbacks of CRISPR technology including Cas9 off-target activity [46], as well as the cost
and labor-intensive process of guide RNA design, viral packaging and infection, isolation
of single cells, expansion of clones, and verification of correct targeting [47]. Furthermore,
in many cases, experimental design may only require the transient knockdown of gene
expression, for which siRNA has proven to be very successful. Some of the advantages of
siRNA-mediated knockdown are that it is simple, convenient, economical, and effective
in all mammalian somatic cell types [45]. Generally, siRNAs are transiently introduced
into cells either by lipofection or electroporation, so time-consuming viral packaging and
infection and/or subsequent selection steps are not required. While the use of siRNA for
gene knockdown is common in 2D immortalized cell lines, it is often difficult in nonim-
mortalized cell lines and primary cells due to low transfection efficiency. The use of siRNA
technology in 3D organoid cultures has been very limited [48–50], likely also due to the
technical challenge of delivering siRNAs through the extracellular matrix to organoids in
situ [49]. Moreover, siRNA-mediated gene knockdown in organoid-derived monolayers
has not been reported. In the current study, we successfully used siRNA technology in
human jejunal organoid monolayers to individually silence expression of the two primary
apical Na transporters in enterocytes. This allowed us to demonstrate, for the first time,
that NHE3 and SGLT1 reciprocally regulate each other in normal human enterocytes.

Intestinal electrolyte transporters are known to influence one another to regulate
absorptive and secretory processes. For example, coupled NaCl absorption is achieved
by the dual operation of Na-H and Cl-HCO3 exchangers in the BBM of villus cells, and
their regulation is mediated by intracellular pH [51,52]. In addition, several Na-dependent
nutrient co-transporters including SGLT1 depend on the pump activity of the Na-K-ATPase
at the basolateral membrane to maintain low levels of intracellular Na in order to provide
a favorable electrochemical gradient necessary for their functioning [53,54]. Reciprocal
regulation between NHE3 and SGLT1 was previously demonstrated in a rat intestinal
epithelial cell line (IEC-18) [27]. Furthermore, intracellular cNO was shown to differen-
tially regulate NHE3 and SGLT1 in vitro in IEC-18 cells [23–25] and in vivo in rabbit small
intestine [25,55,56], which implies functional compensation between the two primary Na ab-
sorptive pathways. Molecular mechanisms for regulating BBM transporter function include
changes in mRNA and total protein expression, changes in apical protein localization due to
trafficking, and conformational changes that modulate transporter activity [21,57–59]. For
the observed reciprocal regulation between NHE3 and SGLT1, changes could be mediated
by various intracellular signaling pathways such as AMPK, cAMP/PKA, cGMP/PKG, and
PKC [60–65]. Consistent with our previous studies, we recently demonstrated that cNO,
which mediates its effects through cGMP/PKG signaling, also inhibits NHE3 but stimu-
lates SGLT1 in human jejunal organoid monolayers, across multiple human specimens [18].
These results, together with the current study demonstrating that NHE3 and SGLT1 directly
regulate one another, indicate that the cNO-mediated compensatory regulation of NHE3
and SGLT1 seen in mammalian intestinal models likely occurs also in human enterocytes.

Reciprocal compensatory regulation between transporters is unique, and likely func-
tions in the maintenance of intestinal Na homeostasis in physiological conditions. This
important observation will facilitate a better understanding of multiple common human
diseases. For example, hypertension results from altered Na homeostasis [66], which this
study suggests is a function of both coupled NaCl absorption (via the dual operation of
Na-H and Cl-HCO3 exchangers), and SGLT1. Likewise, diabetes is secondary to altered
glucose homeostasis [67], and this study suggests a critical role for NHE3 in the regulation
of SGLT1, which is the predominant intestinal glucose transporter. As previously noted,
our laboratory has published evidence that the compensatory regulation between the
two primary Na absorptive pathways may be lost in obesity, leading to enhanced absorp-
tion of both Na and glucose, thus contributing to the pathophysiology of two common
complications of obesity: hypertension and diabetes [8].
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5. Conclusions

Herein, we performed siRNA-mediated knockdown studies for the first time in patient-
derived jejunal organoid monolayers. Our results demonstrate that the two primary
apical Na transporters NHE3 and SGLT1 reciprocally regulate each other’s function in
normal human enterocytes. This proof-of-concept study will open the door to future
studies investigating gene function in human enterocytes in the context of various diseases
originating in the small intestine, from inflammatory bowel diseases to obesity-associated
hypertension and diabetes.
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