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Abstract

Gastrointestinal facilitative urea transporters play a significant role in the urea
nitrogen salvaging process, which supports the symbiotic relationship between
mammals and their gut microbial populations. UT-A6 urea transporters have
been previously reported in the human gastrointestinal tract, specifically in
the colon. As renal UT-A transporters can be regulated by external osmolality,
this study investigated whether UT-A6 expression could also be regulated in
this manner. Initial end-point RT-PCR experiments confirmed UT-A6 expres-
sion along the human gastrointestinal tract (colon > small intestine > stom-
ach) and also in the Caco-2 intestinal cell line. Using Caco-2 cells exposed for
24 hours to changed external osmotic conditions (from 350 to 250, 500, or
600 mOsm), end-point PCR suggested UT-A6 expression increased in hyper-
osmotic conditions. Using quantitative PCR, it was confirmed that 24 h expo-
sure to 600 mOsm stimulated a significant ~15-fold increase in UT-A6
expression (P < 0.001, N =5, ANOVA). Finally, inhibitory experiments sug-
gested that protein kinase C and calcium were involved in this hyperosmotic-
stimulated regulatory pathway. In conclusion, these data demonstrated UT-A6
expression was indeed regulated by external osmolality. The physiological sig-
nificance of this regulatory process upon gastrointestinal urea transport has
yet to be determined.

Introduction

Mammalian facilitative urea transporters (UTs), encoded
by either Slcl4al (UT-B) or Slcl4a2 (UT-A) genes, facili-
tate the movement of urea across plasma cell membranes
(Stewart 2011). In the kidney, renal UTs play a crucial
role in the urinary concentrating mechanism (Fenton
et al. 2004). In contrast, gastrointestinal urea transporters
play a significant role in the urea nitrogen salvaging pro-
cess, which supports the symbiotic relationship between
mammals and the microbial populations within their gas-
trointestinal tract (Stewart and Smith 2005).

Most previous studies investigating gastrointestinal UTs
have focused on UT-B transporters. For example, func-
tional UT-B urea transporter proteins have been detected
in bovine rumen (Stewart et al. 2005), human colon
(Collins et al. 2010), rat colon (Collins et al. 2011), and
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also in the Caco-2 intestinal cell line (Inoue et al. 2004).
However, UT-A6 is a unique UT-A urea transporter that
has also been detected in the human colon (Smith et al.
2004). The UT-A6 transcript contains a novel 129-bp
exon not found in other UT-A transcripts (Smith et al.
2004), originally termed exon 5a (Smith et al. 2004), but
now known to be exon 11 within the human UT-A gene
(Smith and Fenton 2006) (see Fig. 1). The UT-A6 tran-
script actually encodes a 235 amino acid protein, making
it the smallest member of the UT-A family (Smith et al.
2004). Northern blot analysis showed UT-A6 to be
expressed in human colon, but not stomach or small
intestine (Smith et al. 2004).

At present, very little is understood regarding the phys-
iological role or regulation of the UT-A6 urea transporter.
However, expression of renal UT-A transporters is widely
reported to be regulated by osmolality in various
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Figure 1. Schematic diagram representing the basic structure of the human SLC74A2 (UT-A) gene. It should be noted that exon 11 is only
included in UT-A6 and not in any of the other UT-A isoforms. Labeled arrows show the location and direction of the forward (6F) and reverse
(6R) primers used to amplify UT-A6 in this study. [Diagram adapted from Smith and Fenton 2006.]

mammals, such as mice (Fenton et al. 2002) and rats
(Nakayama et al. 2000). The aim of this study was there-
fore to investigate whether changes in external osmolality
could regulate UT-A6 expression using the Caco-2 cell
line.

Methods

Maintenance of Caco-2 cell line

Human epithelial colorectal adenocarcinoma Caco-2 cells
(HTB-37) were purchased (ATCC, Manassas, VA) and
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with a high p-glucose content (4.5 g/L), contain-
ing r-glutamine, and supplemented with 10% heat-inacti-
vated fetal bovine serum (Life Technologies, Dublin,
Ireland). Once cells reached 90% confluency, they were
subcultured in a 1:6 dilution every 5 days. Media were
removed and replaced with fresh media every 2-3 days.
Cells were incubated at 37°C with 5% CO,. For regulatory
experiments, cells which had reached 90% confluency were
exposed to media containing additional NaCl, mannitol, or
butyrate for 24 h prior to RNA extraction. Osmolalities of
different experimental media were confirmed using an
Osmomat 030 osmometer (Gonotec, Germany) and mea-
surements (mean =+ standard error) were as follows:

“250 mOsm” =246 4+ 22 mOsm (N = 4); Control
“350 mOsm” = 354 + 13 mOsm (N = 5);
“500 mOsm” = 502 &+ 9 mOsm (N = 3); “600 mOsm”

with NaCl = 595 + 30 mOsm (N = 5); and “600 mOsm”
with mannitol = 634 + 15 mOsm (N = 4).
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RNA preparation

Caco-2 cells were grown in 75 mm® plastic flasks and
total RNA isolated from confluent cells using a standard
RNA extraction protocol using RNA Stat (AMS Biotech-
nology, Abingdon, UK), BCP (1-Bromo-3-chloropro-
pane), isopropanol, and ethanol. Total RNA samples
were DNAase (Life Technologies) treated for 25 min at
37°C and then quantified using a ND-1000 Nanodrop
Spectrophotometer (Labtech International, Batam, Indo-
nesia). Using sterile distilled H,O, RNA samples were
diluted (to concentration of 250 ng/puL) and stored at
—80°C until use.

End-point RT-PCR

Using purchased human tissue RNA samples (AMS
Biotechnology) or the prepared Caco-2 total RNA sam-
ples, cDNA preparation was performed using a SensiFast
cDNA synthesis kit (Bioline, London, UK). Resulting
c¢DNA samples underwent PCR amplification with a Go-
Taq polymerase enzyme (Promega, Kilkenny, Ireland),
using UT-A6, AQP3, or actin primers (see Table 1 for
primer sequences).

Cycling parameters were initial denaturation at 94°C
for 2 min, followed by 30 or 35 cycles at 94°C for 30 sec,
55°C or 60°C for 30 sec, and 72°C for 30 sec. The final
extension was at 72°C for 5 min. Identity of PCR prod-
ucts was confirmed through direct sequencing (Eurofins
MWG, Operon, Germany).
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Table 1. Sequences of all end-point PCR primer sets, plus expected product sizes.

Primer

Sequence

Product size

UT-A6 forward
UT-AG6 reverse
AIUT-A6 forward
AIUT-A6 reverse
AQP3 forward
AQP3 reverse
Actin forward
Actin reverse

5'-GATGGAGACGGATTTTTAACTGGAGTA-3’
5-GCATGTTCATGGATATTCACTCTAATCT-3
5-GGATGGAGACGGATTTTAACTGGAG-3’
5'-CCTGTGGCATGTTCATGGATATCACTC-3’
5-GGGAGCCTTCTTGGGTGCTG-3’
5-GGAGGTGCCAATGACCAGGAC-3'
5'-GTGCTGTCTGGCACCACCAT-3’
5'-CCTGTAACAACGCATCTCATAT-3’

128 bp
136 bp
286 bp

514 bp

Quantitative PCR

PCR reactions were prepared in MicroAmp Fast Optical
96-well reaction plates using Fast SYBR Green Master mix
(Applied Biosystems, Dublin, Ireland) and qPCR primers
(see Table 2). Plates were sealed with MicroAmp Optical
Adhesive film (Applied Biosystems) and experiments per-
formed using a qPCR machine (ViiA 7 Real-Time PCR
System, Life Technologies). The ViiA 7 Software, Version
1.2.3, was used for qPCR analysis.

Results

Initial end-point PCR experiments were performed to
investigate colonic UT-A6 expression using two different
sets of primers, one previously utilized set (i.e., “UT-A6”)
(Smith et al. 2004) and another alternative set (i.e.,
“AlUT-A6”). All four of these primers were targeted to
the UT-A6-specific exon 11 (see Fig. 1). Using ¢cDNA
derived from adult colon total RNA, pooled from five
donors, signals for UT-A6 were detected at sizes of 128
and 136 bp as expected (see Fig. 2A). In contrast, much
stronger signals were detected for actin (514 bp) and,
more importantly, for another colonic membrane trans-
porter aquaporin 3, AQP3 (286 bp). Interestingly, addi-
tional experiments showed that UT-A6 did not appear to
be expressed in human fetal colon (see Fig. 2B).

Next, end-point PCR experiments were performed to
investigate UT-A6 expression along the length of the
human gastrointestinal tract. Using cDNA derived from

Table 2. Sequences of quantitative PCR primers.

Primer Sequence

5-TGGAGTAAGAGTGGATGCTGGAA-3'
5/-TCACTCTAATCTAAACACTGTCATCTCTG-3’
5'-CCACCCCACTTCTCTCTAAGGA-3
5'-ACCTCCCCTGTGTGGACTTG-3’

g1hUT-A6_for
gq1hUT-A6_rev
g3hActin-for
g3hActin-rev
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high-quality mRNA samples, strong UT-A6 128 bp signals
were detected in human colon and small intestine sam-
ples, but not in the stomach (see Fig. 3A). Furthermore,
variable UT-A6 signals were present in different regions
of the human colon, with the strongest signal in the
ascending colon and the weakest in the sigmoid colon
(see Fig. 3B). Importantly, strong AQP3 and actin signals
were detected in all of these gastrointestinal samples.

A Actin  AQP3  UT-A6
514bp  286bp 128 bp

RT + - + -  + -

Human adult colon

+ - + -

Adult
colon

AIUT-A6
136 bp

Foetal
colon

Figure 2. End-point PCR experiments investigating UT-A6
expression in human colon. (A) Using cDNA derived from pooled
total RNA adult colon samples (N = 5), strong signals were
detected for actin (514 bp) and AQP3 (286 bp). In contrast, weaker
signals were detect for UT-A6 using two separate sets of primers
designed against the UT-A6-specific exon 11 (128 and 136 bp
signals). These signals were confirmed as UT-A6 by sequencing of
the PCR products. (B) Using cDNA derived from total RNA adult
and fetal colon samples (each N = 1), a weak UT-A6 signal was
again detected in adult colon, but not in fetal colon. Key:

RT = reverse transcriptase; + = RT present; — = RT absent.
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+ — + — + — + -

Ascend. Trans. Descend. Sigmoid

Figure 3. End-point PCR experiments investigating UT-A6
expression in the human gastrointestinal tract. (A) Using cDNA
derived from mRNA samples (each N = 1), strong signals were
detected for actin and AQP3 in all gastrointestinal tissues. In
contrast, 128 bp UT-A6 signals were varied, with a clear expression
pattern showing colon > small intestine > stomach. (B) Using
cDNA derived from total RNA colonic samples (each N = 1), UT-A6
signals were again varied with the strongest signal in ascending
colon and the weakest signal in sigmoid colon. No such differences
were observed for either actin or AQP3. Key: RT = reverse
transcriptase; + = RT present; — = RT absent; W = water control.

As UT-A6 expression varied along the length of the
human gastrointestinal tract, the next set of end-point PCR
experiments investigated the regulatory process involved.
Using cDNA derived from various Caco-2 total RNA sam-
ples, it was clearly observed that although weak UT-A6
could be detected, this signal was not affected by 24 h incu-
bation in various concentrations of the short-chain fatty
acid butyrate (see Fig. 4A). Similarly, exposure for 24 h to
media containing a physiologically relevant concentration
of urea (i.e., 10 mmol/L) had no effect on UT-A6 expres-
sion (data not shown). However, alterations in the osmolal-
ity of the culture media had a noticeable effect on UT-A6
expression (see Fig. 4B). The UT-A6 signal was significantly
stronger in Caco-2 cells exposed to hyperosmotic
conditions for 24 h (i.e., increased from a control level of
350-600 mOsm using additional NaCl). In contrast, when
external osmolality was reduced to 250 mOsm, by diluting
control media with sterile water, there was no longer any
UT-A6 signal detected (see Fig. 4B). Once again, no such
differences were observed for AQP3 and actin, as strong
signals were present in each sample.

As simple end-point PCR is not a reliable method to
precisely analyze changes in RNA expression, further
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UT-A6
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Control 5 mmol/L-'" 10 mmol/L-1 20 mmol/L-"

Butyrate (24 h)

B
+ - + - + -

250 mOsm

350 mOsm 600 mOsm

Figure 4. End-point PCR experiments investigating UT-A6
expression in the Caco-2 cell line. (A) Using cDNA derived from
total RNA samples (each N = 1), only very weak UT-A6 signals were
detected. These UT-A6 signals were unaffected by 24 h incubation
in different concentrations of butyrate. (B) In contrast, UT-A6
signals varied with changing the osmolality of the culture media for
24 h prior to RNA preparation. No UT-A6 signal was detected in
the 250 mOsm samples, a weak signal was present with

350 mOsm (i.e., normal media), and a strong signal obtained with
600 mOsm. In contrast, no changes were observed in either actin
or AQP3 signals. Key: RT = reverse transcriptase; + = RT present;

— = RT absent.

experiments were performed using quantitative PCR.
Using primers sets designed against UT-A6 and actin,
quantitative PCR was performed using multiple RNA
samples from Caco-2 cells exposed for 24 h to 250, 350,
500, or 600 mOsm. As can be seen in Table 3, compared
to levels in control conditions of 350 mOsm, significant
increases in UT-A6 expression were confirmed in cells
exposed to either 500 mOsm (P = 0.0033, N =3,
ANOVA) or 600 mOsm (P = 0.0003, N =5, ANOVA).
This change with 600 mOsm conditions actually equates
to ~15-fold increase in UT-A6 expression. For the
250 mOsm samples, while the expected lower than con-
trol UT-A6 expression was observed quantitative PCR
showed that there was no significant change (P = 0.7590,
N =4, ANOVA).

Lastly, some preliminary end-point PCR experiments
were performed to further investigate the potential mech-
anism involved in the hyperosmotic stimulation of UT-
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Table 3. gqPCR data for Caco-2 cells exposed for 24 h to media of varying osmolality. Primers for both UT-A6 and actin were used and the
results compared. Data are mean =+ standard deviation. Statistical analysis (ANOVA) is relative to control media (350 mOsm).

External osmolality (mOsm) UT-A6 average Cr

Actin average Ct

UT-A6 — Actin ACy P-value versus 350

250 32.7 £ 0.5
N=4
350 31.0 £ 0.7
N=5
500 283 £ 0.8
N=3
600 284 £ 0.6
N=5

155 £ 1.1 173 £ 1.1 0.7590
15.7 £ 1.6 153 £ 1.2

16.4 £ 1.1 118 £ 1.6 0.0033
16.9 £ 1.3 11.5 £ 0.9 0.0003

UT-A6

Actin

UT-A6

Actin

UT-A6

Actin

+ — + - + — + -

250 350 600 600
NacCl Mannitol

Caco-2

UT-A6

Actin

+ - + - + - W

600 +
PKCi

600 +
PKAi

600 +
BAPTA

Figure 5. End-point PCR experiments further investigating UT-A6
expression in the Caco-2 cell line. (A) Increased UT-A6 signals were
detected with hyperosmotic media (i.e., 600 mOsm due to an
additional osmolyte), with greater increases observed with NaCl when
compared to mannitol. (B) Addition of either a protein kinase C
inhibitor or an internal calcium chelator (i.e., BAPTA-AM) to the culture
media totally ablated the UT-A6 signal in 600 mOsm hyperosmotic
conditions. No such effect was observed with the addition of a protein
kinase A inhibitor. Key: RT = reverse transcriptase; + = RT present;

— = RT absent; W = water control; PKAi = 0.5umol/L protein kinase A
inhibitor; PKCi = 1 umol/L calphostin C (i.e., protein kinase C
inhibitor); BAPTA = 50 pmol/L BAPTA-AM.
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A6 expression. Increasing the culture media osmolality to
600 mOsm with mannitol had the same stimulatory effect
on UT-A6 expression as using NaCl (see Fig. 5A),
although mannitol did not appear to stimulate UT-A6
expression to the same extent. In the final experiment,
preincubation with Calphostin C (protein kinase C inhi-
bitor) or BAPTA-AM (a cell permeable calcium chelator)
totally ablated UT-A6 expression, whereas a protein
kinase A inhibitor had no effect (see Fig. 5B).

Discussion

Over a decade ago, UT-A6 was characterized as a unique
urea transporter located in human colon (Smith et al.
2004). Little else has been discovered regarding this trans-
porter, therefore the aim of this study was to investigate
the regulation of UT-A6 expression.

As expected, initial end-point PCR experiments con-
firmed that UT-A6 was weakly expressed in the human
adult colon (see Fig. 2A). Interestingly, it was not
detected in human fetal colon (see Fig. 2B), suggesting
that UT-A6 expression was regulated by the contents of
the gastrointestinal tract. Further end-point PCR experi-
ments produced an expression pattern of colon > small
intestine > stomach (see Fig. 3A), with the strongest
colonic signal being located in the ascending colon (see
Fig. 3B). These data are in complete agreement with the
Northern blot analysis reported in the original UT-A6
study (Smith et al. 2004). These findings also agree with
our previous investigation showing increased glycosylated
UT-B protein and trans-epithelial urea transport in the
right (i.e., ascending) colon (Collins et al. 2010). These
data suggest that UT-A6 could play a role in trans-epithe-
lial urea transport, in combination with UT-B trans-
porters, particularly in the ascending colon.

In order to investigate regulation of UT-A6 expression,
further experiments were performed to first confirm it was
expressed in the Caco-2 cell line, as these cells had previ-
ously been relevant model for

shown to be a
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gastrointestinal UT-B transporters (Inoue et al. 2004). Our
data confirmed that UT-A6 was weakly expressed in Caco-
2 cells (Fig. 4A), but that it was not regulated by exposure
to butyrate — unlike some other membrane transporters
involved in mammalian-microbial symbiotic gastrointesti-
nal functions, for example, the short-chain fatty acid trans-
porter MCT1 (Borthakur et al. 2008). In contrast, exposing
Caco-2 cells for 24 h to hyperosmotic conditions (i.e.,
600 mOsm) significantly increased UT-A6 expression (see
Fig. 4B). Importantly, the increase in UT-A6 expression
was confirmed by quantitative PCR analysis to be statisti-
cally significant (P < 0.001, N = 5, ANOVA) (see Table 3).
These findings are in agreement with previous studies, in
which an increase to 600 mOsm for 24 h has been shown
to upregulate UT-A gene expression in rats (Nakayama
et al. 2000) and mice (Fenton et al. 2002). A key novel
finding of this study was that the stimulation of UT-A6
expression by hyperosmotic conditions, which occurred
with both NaCl and mannitol (see Fig. 5A), was prevented
by either the inhibition of protein kinase C or a reduction
in intracellular calcium levels (see Fig. 5B).

Previous studies have shown that acute exposure to
hyperosmolality, using solutions containing either addi-
tional NaCl or additional mannitol, increased urea per-
meability of the rat terminal inner medullary collecting
duct (Sands and Schrader 1991). After the subsequent dis-
covery of facilitative urea transporters, it was later shown
that this increased transport occurred through a regula-
tory process involving protein kinase C-mediated phos-
phorylation of UT-Al and UT-A3 wurea transporters
(Wang et al. 2010), specifically the calcium-dependent
protein kinase C-alpha isoform (Klein et al. 2012). Inter-
estingly, both protein kinase C and calmodulin — a cal-
cium-dependent protein — were also shown to be
involved in the regulation of a mouse renal urea trans-
porter, mUT-A3 (Stewart et al. 2009). Crucially, while all
these studies demonstrate the role for protein kinase C
and calcium in the acute regulation of UT-A urea trans-
porter protein function, this study is the first to implicate
these two factors in the chronic regulation of UT-A tran-
scription. Interestingly, protein kinase C isoforms have
previously been reported to be involved with regulation
of various intestinal transporters, such as MCT1 (Saksena
et al. 2009) and sodium-hydrogen exchanger NHE3
(Alrefai et al. 2001). The potential mechanism by which
protein kinase C and calcium could be influencing these
genomic events is not yet understood, but should be the
topic of detailed future investigations. In addition, given
the intestinal context of these findings regarding UT-A6
regulation, further studies are required to determine
whether high levels of substrates found in the colonic
lumen (e.g., acetate, propionate) can also elicit this hyper-
osmotic-induced upregulation of UT-A6 expression.
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In conclusion, this study has shown that intestinal UT-
A6 transporter expression can be regulated by hyperos-
molality, in a manner similar to that previously described
for renal UT-A transporters. Future experiments should
now focus on the detection, cellular localization, and
functional investigation of UT-A6 protein. It will only be
through such studies that we will determine the func-
tional relevance of UT-A6 transporters and hence under-
stand their physiological significance within the human
colon.
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