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Uroguanylin and Guanylin: Distinct But Overlapping Patterns
of Messenger RNA Expression in Mouse Intestine
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transduction pathway, causing net Cl" secretion.4�7
See editorial on page 1036.

However, guanylin and uroguanylin are less potent acti-

vators of GC-C than STa.6,8,9 Guanylin and STa have also
Background & Aims: Uroguanylin and guanylin, endoge- been shown to stimulate duodenal bicarbonate (HCO3

")
nous ligands of the guanylate cyclase C receptor, are secretion.10

presumed to mediate �uid and electrolyte secretion in Guanylin was originally isolated from the rat jeju-
the intestine. The aim of this study was to characterize

num.7 Although uroguanylin was originally identi�ed in
the expression patterns of uroguanylin and guanylin

opossum and human urine,6,9 similar to guanylin, uro-
messenger RNA (mRNA) in the mouse intestine. Meth-

guanylin messenger RNA (mRNA) is predominantly ex-ods: Amouse uroguanylin complementary DNA was am-
pressed in the intestine.11,12However, the precise locationpli�ed from a partial genomic clone, and Northern analy-
of uroguanylin mRNA in the intestine, along the longi-ses and in situ hybridization were performed to localize
tudinal (duodenal-colonic) and crypt-villus axes, has beenguanylin and uroguanylin mRNA along the duodenal-
less well studied.11 Uroguanylin mRNA expression hascolonic and crypt-villus axes. Results: Uroguanylin

mRNA was expressed throughout the mouse intestine also been reported in opossum kidney and heart13 and in
and also in the kidney. Signal intensity was greatest rat lung, pancreas, and kidney.11

in the small intestine for uroguanylin and in the distal To determine the functions of these endogenous li-
small intestine and colon for guanylin. In situ hybridiza- gands within the intestine, it is important to localize
tion showed uroguanylin mRNA localized predominantly their sites of expression. In this study, we describe clon-
in intestinal villi and the corticomedullary junction of

ing of the mouse uroguanylin complementary DNA
the kidney, whereas guanylin mRNA was localized in

(cDNA) and characterization of the tissue and cellular
both crypts and villi in the small intestine and to super-

location of uroguanylin and guanylin mRNA in the�cial epithelial cells in the colon. Conclusions: Mouse
mouse. We show a distinct, yet overlapping pattern ofuroguanylin mRNA expression is discrete from guanylin
expression for guanylin and uroguanylin in the mouseexpression in the intestine. The patterns of distribution
intestine as well as extraintestinal expression of urogua-in the intestine and the known pH optima of these
nylin in the kidney.ligands suggest a complementary role for these secre-

tagogues.
"$0'.*$+/ $,& "'0)-&/

cDNA Cloning

! A single 4-kilobase (kb) Xho1-Xho1 fragment from
eat-stable enterotoxin (STa) is a peptide ligand

elaborated by Escherichia coli and other bacteria.1
a genomic clone (accession no. U95182) was subcloned into

Binding of this ligand to the intestinal receptor guanylate
pBluescript II SK! (Stratagene, La Jolla, CA). Overlapping

cyclase C (GC-C) results in increased intracellular levels
oligonucleotide primers were used to sequence the ends until

of guanosine 3!,5!-cyclic monophosphate (cGMP).2 This, sequences homologous to the human uroguanylin cDNA14

in turn, activates a cGMP-dependent protein kinase

(cGKII),3 which phosphorylates the cystic �brosis trans-
Abbreviations used in this paper: CFTR, cystic �brosis transmem-

membrane conductance regulator (CFTR), resulting in brane conductance regulator; cGKII, guanosine 3!,5!-cyclic mono-

phosphate�dependent protein kinase II; GC-C, guanylate cyclase C;net chloride (Cl") and water secretion.4,5 Infection with
RT-PCR, reverse-transcription polymerase chain reaction; STa, heat-STa-producing E. coli results in secretory diarrhea.1 Two
stable enterotoxin.

endogenous ligands, guanylin and uroguanylin, which
# 1997 by the American Gastroenterological Association

0016-5085/97/$3.00are structurally related to STa, activate the same signal
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were observed. Two polymerase chain reaction (PCR) primers

were then designed for the cDNA ends (5! primer, AGGTGG-

ACAGCAGAAGGAAG; 3! primer, TGGTGCCTAAGT-

ATGGAC) and used to amplify a partial 450-nucleotide cDNA

from strain FVB/NJ mouse intestinal total RNA using reverse-

transcription (RT)-PCR as described previously.15 Sequencing

con�rmed the �delity of the fragment subcloned into PCR

2.1 (Invitrogen, Carlsbad, CA). Sequences were analyzed using

MacVector sequence analysis software (Eastman Kodak, Roch-

ester, NY).

Northern Blot Analysis

Total RNA was isolated from a panel of strain FVB/NJ

mouse tissues using acid guanidine isothiocyanate�phenol�

chloroform extraction.16 Mouse tissues were harvested under a

protocol approved by the Institutional Animal Care and Use

Committee. For intestinal tissues, segments were divided into

the following: duodenum (�rst 3 cm distal to stomach), proxi-

mal jejunum (proximal one third of small intestine), distal

jejunum (central one third of small intestine), ileum (distal Figure 1. ( ) Sequence of mouse uroguanylin cDNA. The start site

and the stop codon are underlined. The poly(A)! signal isone third of small intestine), cecum, proximal colon (proximal
( ) Deduced amino acid sequence of mouse uroguanylintwo �fths of large intestine), and distal colon (distal three �fths

cDNA. The sequence of the 15 amino acid mature peptide is high-of large intestine). Total RNA (20 !g) was electrophoresed
lighted (- - -).

through a 1.0% agarose/1.9% formaldehyde denaturing gel,

transferred to a nylon membrane (MagnaGraph; MSI, Westbor-

ough, MA), and cross-linked to the membrane using UV light #'/1+0/
(Stratalinker; Stratagene) as described previously.17 Blots were

Cloning of Mouse Uroguanylin cDNAhybridized with cDNA fragments generated by PCR encom-

passing nucleotides 288�386 of mouse uroguanylin and nucle- A single 4-kb genomic fragment was identi�ed,
otides 118�307 of mouse guanylin.18 Each PCR product was which strongly hybridized with a 32P-labeled human uro-
subcloned into PCR 2.1, and the resultant plasmids were called guanylin cDNA probe (gift of O. Hill14). This fragment
PCR 2.1 m.uro 98 and PCR 2.1 mgg exon 2. An end-labeled

was subcloned into pBluescript II SK! and further ana-
oligonucleotide complementary to 18S ribosomal RNA was

lyzed by restriction mapping and direct dideoxynucleo-
used for quantitation of relative amounts of total RNA loaded

tide sequencing. We were able to identify the 5! and 3!
and normalization of signal intensities.19 Northern blots were

ends of the coding sequence from the sequence informa-hybridized overnight at 60"C and were washed under high-
tion. Using primers designed for each, we used RT-PCRstringency conditions as described previously.19 Image analysis
to amplify 450 nucleotides of mouse uroguanylin cDNAand mRNA quantitation were performed on a surface emission
from total RNA extracted from mouse jejunum. Thisscanner (Molecular Dynamics PhosphorImager; Molecular Dy-

namics, Sunnyvale, CA) using ImageQuant software (Molecu- ampli�ed product was then subcloned into the PCR 2.1
lar Dynamics). vector. From direct sequencing of the genomic fragment,

we predicted the cDNA start site near a TATAA se-
In Situ Hybridization

quence upstream of the coding sequence. The location
Tissues were processed for in situ hybridization as de- of the poly(A)! signal sequence predicted a full-length

scribed previously.20,21 Brie�y, fresh tissue was �xed in 4% cDNA of 590 nucleotides.
paraformaldehyde and then saturated in 30% sucrose before The sequence of the full-length mouse uroguanylin
being embedded in M1 embedding matrix (Lipshaw, Pitts- cDNA (accession no. U90727) and the predicted amino
burgh, PA) and snap-frozen. Cryostat sections were cut at acid sequence are shown in Figure 1. The mouse urogua-
10�12 !m, air-dried on slides coated by Vectabond (Vector

nylin cDNA shares 82% homology with human urogua-
Laboratories, Burlingame, CA), and �xed with paraformalde-

nylin,14 90% homology with rat uroguanylin,11 and 51%
hyde. Prehybridization and hybridization were performed as

homology with mouse guanylin.18 In addition, the uro-described previously.20,21 [35S]uridine 5! triphosphate�labeled
guanylin cDNA is 99% identical to an unpublished ex-sense and antisense riboprobes were prepared from linearized
pressed sequence tag cloned from mouse kidney.22 Trans-PCR 2.1 m.uro 98 and PCR 2.1 mgg exon 2 plasmids (de-
lation of the mouse uroguanylin cDNA predicts a 106�scribed above). Tissue sections were photographed under dark-

�eld and bright-�eld illumination. amino acid peptide. The deduced amino acid sequence
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of the mature carboxy-terminal 15�amino acid peptide guanylin, we performed in situ hybridization of a panel

of mouse tissues using 35S-labeled sense and antisenseis 80% identical to the predicted human sequence14 and

93% identical to the rat peptide.11 riboprobes. Both antisense probes showed highly re-

stricted patterns of expression. In the duodenum, urogua-
Northern Analysis

nylin signal was primarily in midvillous epithelial cells
A 98�base pair (bp) fragment extending from (Figure 4A, arrow). Signal in isolated crypt cells (arrow-

nucleotides 288�386 was used as a probe for Northern heads) was detected by dark-�eld illumination with both
blot analysis to localize mouse uroguanylin mRNA. A sense (Figure 4B ) and antisense probes (Figure 4A ) and
single predominant mRNA species of approximately 600 is caused by auto�uorescence of Paneth cell granules.23

bp was recognized with this probe. Signal was present Absence of bona �de signal was con�rmed by bright-
in all intestinal tissues examined, with highest concentra- �eld microscopy (data not shown). Intense uroguanylin
tions observed in the duodenum, jejunum, and ileum signal in the proximal jejunum was primarily seen in
(Figure 2). Extraintestinal expression was also found in villous epithelium, although a uniform narrow band of
the kidney (Figure 2). No signal was detected in the autoradiographic grains was also present at the base of
liver, spleen, heart, lung, brain (Figure 2), stomach, or the crypts (Figure 4C ). In distal jejunum and ileum, the
thymus (not shown). As shown in Figure 2, this expres- uroguanylin signal appeared to be restricted to villous
sion pattern is distinct from that observed when the epithelium (Figure 4D�F ). As with the duodenal crypt
same blot was probed with a guanylin cDNA; guanylin cell expression, the signal in isolated crypt cells in distal
message was also present in all intestinal tissues but was jejunum and ileum results from Paneth cell auto�uores-
most prevalent in the distal jejunum, ileum, cecum, and cence rather than autoradiographic grains (Figure 4D and
colon; no extraintestinal expression of guanylin was found E ). At the ileocecal boundary, uroguanylin signal was
by Northern analysis. Quantitation of relative signal in- only detected in epithelial cells overlying a lymphoid
tensities for both uroguanylin and guanylin is shown in aggregate (Figure 4F, arrow). No uroguanylin signal was
Figure 3. detected in the colon (Figure 4G ), raising the possibility

that the level of expression of uroguanylin mRNA inIn Situ Hybridization
the colon is below the level of detection of our in situ

To further delineate the crypt-villous and extrain-

testinal expression pattern of mouse uroguanylin and

Figure 2. Representative Northern analysis of guanylin and urogua-

nylin message. Total RNA was separated and the blot was probed as

described in Materials and Methods. The positions of 28S and 18S

rRNA are indicated along the side of each blot. Both guanylin and

uroguanylin mRNA were present throughout the intestine. Unlike gua- Figure 3. Quantitation of relative signal intensities for guanylin ( )

and uroguanylin ( ) mRNA in mouse intestine. All quantitation wasnylin mRNA, which was highest in distal small intestine and colon,

uroguanylin signal was highest in small intestine with very little signal performed with ImageQuant software. Relative signal intensities were

normalized to 18S ribosomal RNA signal intensity.19 Guanylin valuesin the cecum and colon. Uroguanylin signal was also found in the

kidney but not in liver, spleen, heart, lung, or brain. No extraintestinal are shown as a percentage of cecum signal intensity with cecum set

at 100%. Uroguanylin values are shown as a percentage of proximalexpression of guanylin was detected. For quantitation purposes, the

blot was reprobed with an oligonucleotide that recognizes 18S rRNA19; jejunal expression with this value set at 100%. Data are mean # SE

of three separate determinations.the results are shown in the lower panel.
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hybridization experiments or that the signal found by both crypt and villous cells in the mouse intestine corre-

lates with the distribution of guanylin mRNA we haveNorthern analysis represents weak cross-hybridization

with guanylin mRNA. We also found a discrete band of observed in human intestine25 but not with the villous

pattern we observed in the rat.21 This species-speci�curoguanylin message in the kidney, in cells localized to

the corticomedullary junction (Figure 4H ), using the pattern of guanylin mRNA expression parallels the pat-

tern of GC-C mRNA expression, which is primarily re-antisense probe; no signal was seen with the sense probe

(Figure 4I ). stricted to villous cells in the rat small intestine19 but

includes both crypt and villous epithelium in theIn contrast to uroguanylin, authentic and robust gua-

nylin message was detected in crypt cells in the proximal mouse.26

and distal jejunum and ileum (Figure 4J, L, and M ). On the basis of the localization data in this study for

Guanylin mRNA was also present in many but not all guanylin and uroguanylin mRNA and previously docu-
villous cells in the proximal jejunum (Figure 4J ) and in mented distribution patterns for GC-C,26 CFTR,27 and

all villous cells in the distal jejunum (Figure 4L ) and cGKII,28 the entire guanylin/uroguanylin-mediated sig-

ileum (Figure 4M ). The most intense signal was observed nal transduction pathway is probably localized to some
in the super�cial epithelium of the cecum and colon of the same epithelial cells. Mouse GC-C mRNA is ex-

(Figures 4N, O, and P ). Interestingly, guanylin mRNA pressed in both crypts and villi in the small intestine
was limited to the super�cial epithelium in distal colon and in the deep crypts and super�cial epithelium of the

(Figure 4P ) but was present in the neck and deeper large intestine.26 cGKII mRNA expression has not been

colonic glands in proximal colon (Figure 4O ). The examined in mice, but in rats, cGKII mRNA expression

broader distribution of signal in proximal than in distal extends from the crypts to the upper villous, with the

colon correlated with the increased expression detected highest level of expression in midvillous cells in the small

by Northern analysis (Figures 2 and 3). No signal was intestine. Expression of cGKII mRNA is also found in

seen using the sense probe in proximal jejunum (Figure the crypts of the cecum and proximal colon28; no cGKII
4K ) and colon (Figure 4Q ). No guanylin signal was de- expression is found in the distal colon.28 Mouse CFTR

tected in mouse kidney (data not shown). mRNA is present in the small intestine and colon. In

the small intestine, it is predominantly expressed in the
!*/%1//*-, crypts with a decreasing gradient along the villi, with

no expression at the villous tips.27 Thus, in the smallWe have cloned a mouse uroguanylin cDNA and
intestine, there is probably colocalization of guanylinshowed a discrete yet overlapping pattern of expression
and/or uroguanylin, GC-C, cGKII, and CFTR mRNAfor mouse uroguanylin and guanylin. Although guanylin
within the same cells in the crypts and bottom one thirdand uroguanylin mRNA are found throughout the mouse
of the villi. The entire secretory pathway is also likelyintestine, their levels of expression vary in different seg-
to be present in guanylin mRNA-expressing cells in thements, and they seem to be expressed by different cell
cecum and proximal colon. The observation of urogua-types. The highest level of uroguanylin mRNA expres-
nylin mRNA expression in epithelial cells overlyingsion occurs in the proximal small intestine; the highest
lymphoid aggregates parallels the distinctive pattern oflevel of guanylin mRNA expression occurs in the distal
CFTR mRNA expression in epithelial cells in close con-small intestine, cecum, and proximal colon. Mouse uro-
tact with lymphoid tissue in human intestine.29 How-guanylin mRNA is primarily restricted to the villi,
ever, guanylin, uroguanylin, and GC-C mRNA are alsowhereas guanylin mRNA is localized to both crypts and
present in high concentrations in villous cells wherevilli throughout the small intestine.
CFTR is poorly or not at all expressed,26,27 and guanylinOur observations are consistent with the reported dis-
and GC-C are present in the distal colon where cGKIItribution of uroguanylin mRNA in rat intestine and
may not be expressed.28 Therefore, it is possible thatkidney,11 although the tissue-speci�c pattern of urogua-
there are other downstream targets or intermediaries ofnylin mRNA expression in the mouse is more restricted
this endogenous receptor-ligand interaction.than previously reported for rats11 and opossums.13 Uro-
Guanylin and uroguanylin have different pH optimaguanylin mRNA was found in human colon; no signal

of activity, with uroguanylin functional at pH $5.5 andwas found in the kidney, and the small intestine was not

guanylin at pH $8.0.30 Also, a pH microclimate existsinvestigated.14 The cellular localization of uroguanylin

along the villi of the jejunum; in rats, the pH gradienthas not been previously reported for any species.11,13,14

changes from pH 6.6 at the villous tip to pH 8.15 inWe have also shown that guanylin mRNA is expressed

the crypts31; it is likely that a similar microclimate existsthroughout the mouse intestine, as has been shown in

rats21 and humans.24 Localization of guanylin mRNA to in villi in the mouse. Given this microclimate, urogua-
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