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Heterologous cDNA clones were used as hybridization probes to define the temporal expression of intestinal
functions during fetal and postnatal development in the pig. Northern hybridization analysis revealed
the presence of the mRNAs for the cellular retinol binding protein CRBP I, for the digestive enzyme
aminopeptidase N, and for the microvillar proteins villin and ezrin in the small intestine of both weaned
and 40-day fetal pigs. The presence of these mRNAs suggests that at the end of the first third of gestation
the pig fetal intestine is already exhibiting some characteristics of a differentiated epithelium. The mRNAs
for the two fatty acid-binding proteins I-FABP and L-FAPB, both involved in the metabolism of long
chain fatty acids, were detected only in the intestinal mRNA extracted from weaned animals, while that
for the cellular retinol-binding protein CRBP [ was expressed only in the fetal tissue. The temporal limits
of expression of intestinal genes in the pig epithelium seem therefore more easily defined than in other
experimental animals with shorter times of fetal development. To isolate pig genes expressed at different
developmental stages during intestinal epithelial cell differentiation, a cDDNA library was constructed from
poly(A)+ RNA extracted from mature pig intestine. This library was employed in the isolation of clones
encoding CRBP Il and L-FABP. The nucleotide sequence of the two pig cDNA clones was determined,
and the sequences of the deduced proteins compared with their homologues from other species. The results
of this analysis showed that the two pig clones share a high level of homology with human and rat

homologues both at the DNA and at the protein level. (J. Nutr. Biochem. 4:699-705, 1993.)
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Introduction

Inthe mammalian intestine, morphogenesis and cyto-dif-
ferentiation are temporally highly organized processes.
Decvelopmental maturation of the gut epithelium leads
to the establishment of four differentiated cell types that
are continuously renewed in the adult. The processes of
proliferation and differentiation are topologically highly
organized, being restricted to the crypt and villus com-
partments, respectively. The intestinal cpithelium is
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therefore an excellent model system for studying the in-
trinsic and extrinsic regulation of complex spatial pat-
terns of cellular differentiation. Pronounced changes in
gene expression during the fetal and postnatal periods
are essential for the acquisition of specialized intestinal
function. These temporal changes superimpose on the
spatial diversity of gene expression found between upper
and lower villus position and also between proximal and
distal regions of the intestine.!* Extensive structural and
functional development of the intestinal epithelium oc-
cursinutero. Variationsin the timing and extent of intes-
tinal development in different mammalian specics
generally reflect the length of the gestational period. For
example, in the human fetus at 20 weeks gestation, intes-
tinal morphology and many functional parameters re-
scmblc those of the newborn,* whereas in altricial species
such as the rat, villi arc not formed until just prior to
birth,** and several aspects of functional development
are initiated in the postnatal period.® Intestinal ontogen-
csis during the suckling and weaning periods involves ex-
tensive cryptogenesis and epithelial proliferation. At the
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same time, major changes occur in gene expression for
microvillar and intracellular enzymes, transport pro-
teins, and receptors for circulating and luminal trophic
factors and hormones.

In the current study. the pig intestinal epithelium has
been chosen as a model system to study the molecular
events involved in cellular differentiation. The use of a
pig intestine as an experimental model has several advan-
tages over its extensively used murine counterparts; in
particular. an intestinal maturation program during fctal
life that more closely resembles that in humans.*” This
paper describes the usc of heterologous gene probes to
monitor the temporal expression of structural and func-
tional genes in the pig intestine. the preparation of a pig
intestinc cDNA library. and the isolation from this li-
brary of two clones representing proteins expressed in
mature cnterocytes.

Methods and materials

Animals

Two litters from a crossbred sow (Large White x Landrace)
were studied. The first litter of 10 piglets was killed 2 weeks
after weaning when the animals were S weeks of age. Jejunal
tissue samples were taken from anesthetized animals at ap-
proximately the midpoint between the pylorus and the ileocae-
cal valve. A second litter of eight fetal pigs was surgically
exposed at 40 days gestation. Small intestines were excised
from the fetuses while under the influence of halothane anes-
thesia administered to the sow.

To preparec rat intestinal RNA for comparison. the portion
of small intestine between the pylorus and the ilcocecal valve
was dissccted from 21-day-old rats (Spraguc-Dawley) and
inverted on a wooden stick. The exposed luminal surface was
quickly rinsed in cold Hanks' buffered saline (Flow Labora-
tories. Irvine UK), and villi were dissected under a microscope
using the blunt side of a scalpel.

Histology and electron microscopy

Excised intestinal tissues were fixed for 18 to 24 hours at 20°
Cin 4 ¢ formaldehyde (freshly prepared from paraformalde-
hyde) in 0.1 M phosphate buffer, pH 7.3. Tissues were subsc-
quently washed in phosphate buffer. dehydrated in an ethanol
series, and embedded in Historesin (Leica, Milton Keynes,
UK). One-pum thick sections were stained with toluidine blue
and photographed on a Zeiss Axioscope (Zeiss Inc..
Thornwood. NY. USA) light microscope. For electron mi-
croscopy. tissues were fixed for 18-24 hours at 20° Cin 2.5%
glutaraldehyde and 2% formaldehyde in 0.1 M phosphate
buffer, pH 7.3. Tissucs were subsequently washed in phos-
phate buffer, dehydrated in an cthanol series. and embedded
in LR White resin (London Resin Company. Basingstoke.
UK). Thin sections were contrasted with uranyl acetate and
lead citrate and examined in a Jeol 1200 Ex B electron micro-
scope (Jeol USA Inc.. Pecabody. MA USA).

RNA isolation and analysis

Excised intestinal tissues were frozen and stored in liquid
nitrogen. Total RNA was extracted from frozen pulverized
tissucs as described by Chirgwin ct al.®* Poly(A) + RNA was
purified by affinity chromatography on oligo(dT) cellulose
(Bochringer Mannheim. Lewes, East Sussex, UK). Northern
hybridizations of total (20 pg/lane) or poly(A)+ RNA (§
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pg/lane) following fractionation on formaldehyde-containing
1.2% agarosc gels and blotting onto Hybond N membranes
(Amersham International. Amersham. Buckinghamshire.
UK) were performed according to standard protocols.”

c¢DNA probes and labelling procedures

The following cDNA fragments were used as hybridization
probes: human CRBP [,"" aminopeptidase N,'' and villin'~;
rat CRBP [I. L-FABP, czrin." and I-FABP." The isolated
fragments were labeled with [a-P] dCTP to a specific activity
of 1-5 x 10* cpm/pg by nick translation.”

Construction and screening of the pig intestinal
c¢DNA library

Double-stranded cDNA synthesis was performed according to
the procedure of Gubler.” with oligo(dT) priming and
M-MLYV Reverse Transcriptase (Bethesda Research Labora-
tories, Gaithersburg, MD. USA). Synthetic adapter oligonu-
cleotides containing the Eco RI. Sph 1. Bam HI. and Sma |
restriction sites were ligated to blunted cDNA ends. ' and frag-
ments were size fractionated by gel filtration chromatography
on Sephacryl $-1000 (Pharmacia P-L Biochemicals, Milwau-
kee, WIL USA). Fractions containing cDNA fragments larger
than 500 bp were pooled and used for ligation into EcoRI-cut
AZAP Il arms (Stratagene). Ligation mixtures were packaged
in vitro with Gigapack Gold extracts (Stratagene, LaJolla. CA,
USA) and the resulting phage library was titered on the E. coli
host XL1 Blue. To screen for specific cDNA clones. recombi-
nant plaques were plated at a density of 10,000 pfu/150 mm
plate. Lifting of plaques onto Hybond N filters (Amersham,
UK) was performed according to the manufacturer’s protocols.

Filter hybridizations

Prchybridization of membrane-bound phage DNA for library
screening was carried out at 65° C for a minimum of 4 hours
in 6X SSC (1X $SC is 0.15 M NaCl. 0.015 M NaCitrate). 1%
sodium dodecyl sulphate (SDS). 5X Denhardt’s (1X Denh-
ardt’s s 0.02% ficoll, 0.02% bovine serum albumin, 0.02%
polvvinylpirrolidone), 50 pg/ml heat denatured. sonicated
salmon sperm DNA . Hybridization mixes contained 4 volumes
prehybridizationmix + 1 volume S0% Dextran sulphate + 1-3
x 10" cpm of the appropriate cDNA probe/ml of hybridization
solution. Hybridized membranes were washed once in 2X SSC-
0.1% SDS. followed by two washes each in 1X SSC-0.1%
SDS and 0.5X SSC-0.1% SDS. All washes were at 60° C for
20 minutes. Northern hybridizations were performed at 42° C
for 16 hours with the addition of 50% formamide to the hybrid-
ization mix described above. Hybridized membranes were
washed at 50° C in 2X S§C-0.1% SDS and 1X SSC-0.1%
SDS.

DNA sequence determination

The DNA sequence was determined on double-stranded tem-
plates using the Sanger method of dideoxy chain termination!”

as modified by the use of Sequenase (United States Biochemi-
cals. Cleveland, OH). ™

Results
Histology of the fetal intestine

At 40 days gestation the luminal surface of the fetal
pig small intestine was formed into nascent villi with a
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Figure 1 Histology of fetal (A) and weaned (B) pig jejunum showing
morphological appearance of the villus epithelium. (C) Electron mi-
crograph showing irregularly arranged brush border microvili and
apical endosomes characteristic of villus enterocytes in the 40-day
fetal pig. (D) Electron micrograph showing regularly arranged and
relatively longer microvith typically found or villus enterocytes of the
weaned pigs. Scale bars = 25 um (A.B) 0.1 um (C.D)

surface epithelium of irregularly shaped and differenti-
ating columnar cells (Figure 1A). The presence of a
multilayered cpithelium at the basc of the nascent villi
showed that the formation of crypt and villus compart-
ments was not established at this stage of development.
At the light microscopical level. the fetal epithelial cells
posscssed conspicuous apical brush borders that were
similar in appearance to those seen in weaned animals
(Figure 1 B). However, ultrastructurally the brush bor-
ders were markedly different in appearance. Those of
the fetal enterocytes consisted of short, irregularly ar-
ranged microvilli associated with large apical endo-
somes (Figure 1C), whereas in the weaned pigs the
microvilli and associated terminal web structures were
more highly organized, and endosomal activity was con-
siderably less conspicuous (Figure 1D).

Gene expression in pig intestine

Intestinal gene expression in the pig jejunum was studied
by Northern hybridization. Poly(A)+ RNA was ex-
tracted from the intestine of 40-day fetuses and of 5-
week-old weaned piglets and hybridized to several
cDNA probes, representing gencs expressed at different
stages during enterocyte maturation. The RNA blots
contained a sample of RNA extracted from a preparation
of rat intestinal villi** to allow direct comparison of genc
expressionin the twospecies. The resultsin Figure 2show

that all heterologous probes were found to hybridize with
porcine poly(A)+ RNA at low stringencies. A slight dif-
ference in transcript size is observed for some of the
genes between rat and pig, reflecting interspecics varia-
tion in the size of the transcriptional units or in the
length of the poly(A) tails. The strong hybridization
signals that are consistently displayed by the rat RNA
sample are due to enrichment in cpithelial cell mRNAs
in the dissected villi, as well as to different degrees
of cnrichment in the poly(A)+ RNA preparations, as
shown by control hybridization to the ferritin probe.
The mRNAs for CRBP I and for the FABPs are among
the most abundant transcripts in mature enterocytes;
moreover. the corresponding cDNA probes used in this

WR WP FP

L-FABP
I-FABP

CRBP | & -
CRBP I )
Villin
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= |

e
Ferritin .
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Figure 2 Northern hybnidizations of the **P-labeled cDNA clones
indicated to 5 pg/lane of poly (A) + RNA extracted from: weaned
rat, 21 days postpartum, dissected intestinal villi (WR); weaned pig
jejunum. 5 weeks postpartum (WP). fetal pig intestine. 40 days of
gestation (FP). Hybridization to Ferritin (L subunit) mRNA 1s shown
as internal control.
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study were isolated from the rat, and therefore, as
shown in Figure 2, hybridize better with their homolo-
gous mRNAs. The genes expressed only in the weaned
pig intestine were those for the fatty acid-binding pro-
teins, I-FABP and L-FABP. On the contrary. CRBP 1
transcription was restricted to the fetal pig RNA sample.
Hybridization of this cDNA probe to the RNA from
weaned gut is most likely due to cross-hybridization to
the highly homologous CRBP Il mRNA " as evidenced
by the smaller size of the hybridizing transcripts in the
WR and WP lanes. Separate hybridization with the
enterocyte-specific CRBP II ¢cDNA confirms that this
mRNA is very abundant in the intestine from weaned
animals and has a low level of expression in the pig fetal
gut. The mRNAs s for the two proteins of the microvillar
cytoskeleton, villin and ezrin®" and for the digestive
enzyme aminopeptidase N2' were all expressed in adult
pig jejunum as well as in the fetal gut.

Isolation and molecular analysis of pig cDNA
clones

With the aim of isolating porcine clones that could
be helpful in a more detailed characterization of pig
intestinal development and differentiation. using more
sensitive molecular techniques such as in situ hybrid-
ization, we constructed a cDNA library in the bacterio-
phage vector AZAP 1l using poly(A)+ RNA
extracted from weaned pig intestine. The titer of the
c¢DNA library was 3.1 x 10° pfu/ml. with a background
of nonrccombinant phages lower than 10% and an
average insert size of 1.5 Kb. Screening of 100,000
primary phage plaques with the rat CRBP I and L-
FABP ¢cDNA fragments resulted in the isolation of
six and 20 homologous porcine clones, respectively.
These numbers are likely to reflect the relative abun-
dance of the two mRNAs in weaned pig intestine.
The nucleotide sequences of porcine CRBP 11 and
L-FABP arc listed in Figures 3 and 4. Both clones
contain the entire coding region. and 5" and 3’ untrans-
lated regions of different lengths. Nucleotide sequence
comparison demonstrates a high degree of homology
between the pig clones and the human and rat homolo-
gous sequences.' > For the pig CRBP II clone, the
overall level of sequence identity with its rat homo-
logue was 83.5%. and the highest divergence was
concentrated in the 3" untranslated region. The same
comparative analysis carried out between the pig L-
FFABP sequence and its human and rat counterparts
showed 88% and 84.7% identity. respectively. Figure
5 shows protein sequence comparison among the pig
[.-FABP and CRBP II gene products and the deduced
protein scquences from other species. The pig-L-
FABP protein of 127 aminoacids contains 12 and 23
aminoacid substitutions with respect to the human
and rat sequences. respectively. In both cases, about
S0% of thesc changes represent nonconscrvative
aminoacid substitutions. The CRBP 11 protein sc-
quence, on the other hand, displays 11 aminoacid
substitutions in a sequence of 134 residues. eight of
which are non conservative.
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CCCACCGTAACCAGAGGCCAC 21

M T R D Q N G T
CACC ATG ACG AGG GAC CAG AAT GGA ACC 49

W E M E S N D N F
TGG GAG ATG GAG AGT AAC GAC AAC TTT 76

E G Y M K A L D I
GAA GGC TAC ATG AAG GCC CTG GAT ATT 103
D

F A T R K I A \%
GAT TTT GCC ACC CGT AAG ATC GCT GTG 130

A L T Q T K I I E
GCT CTG ACT CAG ACG AAG ATC ATT GAG 157

Q D G D K F K T K
CAA GAC GGC GAT AAG TTC AAG ACA AAA 184

T N S T F R N Y D
ACC AAC AGC ACG TTC CGA AAC TAT GAC 211

G \Y E F
TTG GAT TTC ACA GTC GGG GTG GAG TTT 238
G

L D N
GAT GAG TAC ACA AAG GGC CTG GAC AAC 265

R N \Y K T L I I W
CGG AAT GTT AAG ACA CTG ATC ATC TGG 292

GAA GGT GAT GCC CTC GTG TGC GTG CAG 318
AAA GGG GAA AAG GAG AAC CGA GGC TGG 356

AAG CAG TGG GTC GAG GGA GAC AAG CTG 373

Y L E L T C G D Q
TAC CTG GAG CTG ACA TGC GGT GAC CAG 400

A% C R Q \% F K K K
GTG TGC CGT CAA GTG TTC AAG AAG AAG 427

TGATGCCGAGAGGGGGGGCCTAAGGAGCATGTGCT 462
CTACAGTCTCCAGGAAGAGTTTTCTGCTGGCTTTG 497
GGAGAACAGCCACAGGGACTCTCCCACTCCTGACA 532
GCCCAATGGGACATCTAGATGGGTTTTAAACAGAA 567
TGAGTGTGTAACAGTGACAGGATAATCTTCCATCC 602
TTGAAAGCTGGCATTAAATGAAAAA 627

Figure3 DNA sequence and translation product of the pig CRBP |
clone. Numbering starts at the first nucleotide of the listed sequence.

Discussion

Many diseases that result in the impaired absorption of
nutrients arc associated with loss of the differentiated
characteristics of the enterocyte. including cell polariza-



Molecular isolation and expression of pig intestinal cDNA clones: Perozzi et al.

M N F S G K
CCCGG ATG AAC TTC TCC GGC AAA 23

Y Q \Y Q S Q E N F
TAC CAA GTA CAG AGC CAG GAA AAC TTT 50

E A F M K A v G L
GAG GCC TTC ATG AAG GCA GTC GGT CTG 77

CCC GAC GAA CTC ATC CAG AAG GGG AAG 104
GAC ATC AAG GGG ACA TCG GAA ATC GTG 131
CAG AAT GGG AAG CAC TTC AAG TTG ACC 158
ATC ACT ACC GGG TCC AAG GTC GTC CAG 185
AAT GAG TTC ACC TTG GGA GAG GAG TGT 212
GAG ATG GAG ACC CTG ACT GGG GAG AAG 239
GTC AAG ACA GTG GTT CAG TTG GAA GGT 266
GAC AAT AAA CTG GTG ACA ACT TTC AAA 293
GGC ATC AAG TCT GTG ACT GAA CTC AAC 320

GGT GAC ATA ATC ACC AGT ACC ATG ACA 347

L G D I \Y F K R I
CTG GGT GAC ATT GTC TTC AAG AGA ATC 374

I S K R I .
ATC AGC AAG AGA ATT TAG ACAAGTCCGCA 403
TTTCATAGTCTTATATCATGTAAAA 425

Figure 4 DNA sequence and translation product of the pig L-FABP
clone. Numbering starts at the first nucleotide of the listed sequence

tion.”*2* The study of sequential gene expression during
normal development and diffcrentiation of the intestinal
epithelium could therefore yield important clues to the
understanding of the molecular basis of this process.
The pig is becoming increasingly popular as a model
system for the study of intestinal functions due to struc-
tural and functional similarities with human intestine,
also during development.®=*-27

Using heterologous probes in Northern hybridiza-
tions, we show in the present paper that the expression

of some developmentally regulated intestinal genes in
the pig differs markedly from their expression in the
gut epithelium of the rat. Intestinal maturation in the
rat occurs in a short time span at the end of pregnancy.*
whereas in the pig, as well as in humans, this process
appears to be initiated much carlier in fetal develop-
ment. The present results provide molecular evidence
of this earlier maturation process in the fetal porcine
intestine. At 40 days of gestation (end of the first third
of pregnancy). intestinal morphogenesis had already
progressed to the point where recognizable villi were
present. Ultrastructurally, the microvillar surfaces of
the fetal villus enterocytes closely resembled those of
cells in the crypt regions of postnatal pigs.™ Expression
of the genes for CRBP 1. CRBP I1. aminopeptidase N,
ezrin, and villin in the fetal pig jejunum was compatible
with the obscrved level of morphogenesis. The presence
of villin mRNA in pig fetal gut, despite the presence
of poorly developed microvilli, is not surprising, as the
expression of this mRNA during mouse embryogenesis
initiates as soon as the intestinal tube is formed. How-
cver. in the undifferentiated cells, the protein is uni-
formly distributed throughout the cytoplasm, and it is
recruited at the apical borders of the epithelial cells as
differentiation proceeds. Similarly. the synthesis of
the integral membrane enzyme, aminopeptidase N. in
the developing rat intestine is reported to occur dur-
ing the last week of gestation and parallels the appear-
ance of other polarized, differentiated features.*' Of the
two cellular retinol-binding proteins, CRBP 1 is ex-
pressed in murine gut throughout fetal development,
while a switch to CRBP Il gene expression occurs in
mature enterocytes.*> Coexpression of the two genes in
the 40-day fetal pig intestine provides further evidence
of an earlier maturation of gut epithelium in this species.
The FABPs are among the most abundant proteins in
mature enterocytes of most mammalian species, and it

A L-Fatty Acid Binding Protein

pig MNFSGKYQVQSQENFEAFMKAVGLJPDE;“IOKGKDLKGTSP_IVQNGKHFKL 50
human  --------L------------I---E-----.. Vo oomrmmm e F

rat  mmmemmeoo-ooo- P----M---ED-------: -~ V----HE--KV--

pig TITTGSKVVONEFTLGEECEMETLTGEKVKTVVQLEGDNKLVTTFKGIKS 100
huran ---A----I----- V----- L--M-----mmmmmmmm e N---

rat S--¥----TH-- -+ - =L M-:o---A--KM-os oM - e -

pig VTELNGDIITSTMTLGDIVFKRISKRI 127
human  ---------- N-------

rat -~-F-~-T--N-------- Y--V----

B Cellular Retinol Binding Protein Il

pig MTRDQNGTWEME SNDNFEGYMKALDIDFATRKIAVALTQTKIIEQDGDKF S0
rat it G R R----~ V- N-

pig KTKTNSTFRNYDLDFTVGVEFDEYTKGLDNRNVKTLI IWEGDALVCVQKG 100
rat = mmmm e mmmemmeeeeeaoo He-m-- G------ VT---NT-------

pig E‘(ENR"WKONVP_GLKL‘{LLLT(‘GDOV RQVFKKK 134

rat e e e e e eaaa

Figure 5 Protein sequence comparison among ptg. human. and
rat CRBP Il and L-FABP gene products. Amino-acid substitutions
only are shown for the human and rat proteins. The underlined
residues indicate nonconservative amino-acid changes.
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has been postulated that they play distinct roles in the
intestinal metabolism of long chain fatty acids.®* The
sensitive molecular approach adopted in the present
study demonstrated the expression of both L-FABP and
I-FABP mRNAs in the small intestine of weaned pig-
lets. Previous immunochemical studies employing anti-
bodies against rat I-FABP failed to demonstrate the
homologous protein in extracts of pig intestine.* and
in recent biochemical studies FABP binding activity was
presumed to represent the activity of both L-FABP and
I-FABP.* The temporal expression of L-FABP and I-
FABP mRNAgs in porcine small intestine contrasts with
that in murine small intestine. where the onset of expres-
sion of these two genes coincides with the appearance
of nascent villi.**7 This study demonstrated differential
gene expression in the developing porcine intestine: it
is likely that with the relatively long gestational period of
the pig (116 days) the windows of expression of different
stage-specific intestinal genes may be wider and more
readily distinguishable in this species than in the murine
fetal intestinc.

As yet, few intestinal cDNA clones have been iso-
lated from the pig.™ *' and this restricts the application
of highly sensitive molecular techniques. such as in situ
hybridization, for the study of developmental expres-
sion of differentiation-specific intestinal genes. With the
final goal of isolating clones differentially expressed dur-
ing enterocyte maturation, a cDNA library was con-
structed from poly(A)+ RNA extracted from mature
pig intestine. Two pig cDNA clones. encoding the intes-
tinal proteins CRBP II and L-FABP, were isolated and
sequenced. The nucleotide and the deduced protein se-
quence of L-FABP were found to have a high degree
of homology with both human and rat sequences. The
peptide sequence of CRBP II was found to have a very
strong conservation with its rat counterpart, consistent
with the high level of homology reported to occur among
the various members of the retinoid-binding protein
family.*' Further screening of the library is ongoing to
identify other structural and functional genes expressed
during intestinal differentiation.
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