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Introduction

Lithostathine is a secreted glycoprotein of
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A Limited Genomic Region
Contains the Human REG and
REG-IRelated Genes

Abstract

A glycoprotein expressed in exocrine pancreas (where it has
been called lithostathine) and endocrine pancreas (where it
has been called the regeneration protein) is encoded by a gene
(REG) which maps to 2p12. A REG-related sequence (REGL)
is also located in 2p12 and expressed in the pancreas. Here we
describe the physical mapping of these genes within a 100-kb
genomic region. A YAC clone was converted into an ordered
cosmid contig. We constructed a restriction map of the cosmid
contig and localized the loci corresponding to the genes. A
third REG-related sequence also maps to this region. Although
this sequence was previously described as a pseudogene, we
show here that it is also expressed in the pancreas.

oooooooooo sevecne

its structure has been reported [7]. It is now
established that lithostathine and the REG
protein are different names for a single pro-

the pancreatic juice [1] produced by the aci-
nar cells of the pancreas [2, 3]. The pancreatic
juice is supersaturated in calcium carbonate
[4] and lithostathine is believed to act as an
inhibitor of calcium carbonate crystal growth
[5]. In 1988, lithostathine mRNA was found
in the islets of Langerhans during their regen-
eration [6]. The corresponding gene, REG
(i.e. regenerating gene), has been cloned and

tein encoded by a single-copy gene, the REG
gene. Recently, Watanabe et al. [8] demon-
strated that the REG protein stimulates f cell
proliferation and is thus a growth factor which
might be used in the treatment of diabetes
mellitus.

Recently, we [9] and others [10] have char-
acterized a gene (REGL, i.e. regenerating gene
like) whose coding regions exhibited more
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than 90% identity with those of the REG
gene. The REGL gene is expressed in the
human pancreas and liver.

We have determined the chromosomal lo-
calization of the REG and REGL genes using
in situ hybridization [11], and both map to
2pl12. Their identical localization, the strong
homology between them and their concomi-
tant expression in the pancreas suggested that
they were organized in tandem.

Watanabe et al. [7] also described a third
REG genomic sequence. The presence of a
stop codon in the potential coding region
allowed these authors to postulate that it was a
pseudogene. We report here evidence that this
sequence is specifically expressed in pancreat-
ic tissue and also demonstrate that REG,
REGL and the ‘REG pseudogene’ map very
close together since they are included in a
genomic region of about 100 kb.

Materials and Methods

YAC Library Screening

A YAC library obtained from CEPH [12] was
screened by PCR using primers specific for REG and
REGL sequences. REGL primers (5 primer: 5'GCT-
CCACCCATTGTTTATATC3; 3’ primer: 5"GCATC-
AACCCAGGTCTCAG3) were localized at positions
165-185 and 1415-1397, respectively, in the REGL
gene [9]. REG primers (5’ primer: S TTAGAAATATA-
AATTTAACCTACCCCTTGAGG3; 3’ primer: 5’CAG-
GCAGGAGATCAGGATGAAGTAT3’) were local-
ized at positions 710-741 and 1612-1588 in the REG
gene [7].

Cosmid Library Construction and Screening

The YACs were partially digested with Sau3A and
the resulting fragments were cloned into cosmid vec-
tors (Supercos 1, Stratagene). A library of 2 x 103
recombinant clones was obtained and screened using
total human DNA as probe. Positive clones were
picked and further analyzed using the REG ¢cDNA
probe and REG- or REGL-specific probes that were
constructed as described below. Cosmid DNAs con-
taining REG-related sequences were prepared by alka-
line lysis from about 3 out of 10 m! of overnight cul-

tures [13] and digested with various restriction en-
zymes. To identify the extremities of the cloned frag-
ments, cosmid DNA was digested with EcoRI, sepa-
rated by electrophoresis and transferred onto nylon
membranes. T3 and T7 oligonucleotides were 5 end
labelled using y32P-ATP and hybridized to the mem-
branes. End fragments were localized and purified.

Preparation of Probes and Hybridization

Conditions

The REG c¢DNA probe was used to detect all the
REG-related sequences [11]. The REG and REGL
genes were separately detected using two different
genomic DNA fragments located in intron IV of both
genes: a PstI-Xbal fragment (706 nucleotides long)
located at position 1644-2349 of the REG gene [7] and
a PstI-HindllI fragment (596 nucleotides long) located
at position 1632-2227 of the REGL gene [9]. DNA
fragments were cloned in pUC vectors and used as
probes. We have verified that these probes do not
cross-hybridize.

Membranes were prehybridized and hybridized for
16 h at 65°C according to the manufacturer’s recom-
mendations (Pall Biodyne) and washed at 65°C for
20 min in 1 x SSC, 0.1% SDS, 20 min in 0.5 x SSC,
0.1% SDS, and 60 min in 0.1 x SSC, 0.1% SDS then
exposed to X-ray films.

Tissue-Specific Expression and Sequencing of the

REG Pseudogene Products

The expression of the REG pseudogene [7] was
analyzed using RT-PCR tests: cDNA was prepared
from polyA* RNA (obtained from Stratagene) using
M-MLYV reverse transcriptase and oligo-dT primers.
Primers of the REG pseudogene were designed in
order that their 3’ ends did not cross-hybridize with the
REG and REGL sequences. The 5 primer
(5’GGCTCAGACCAACTCATG3’) was localized at
position 156-173 and the 3’ primer (5TAAACC-
CAGGTCTCATGC3) at position 953-936 in the se-
quence described by Watanabe et al. [7]. We have ver-
ified that these primers do not amplify REG- and
REGL-containing clones and amplified a fragment of
expected size (798 bp) when human genomic DNA
was used as template. In control reactions, incubations
were performed without reverse transcriptase. Ampli-
fication was performed as follows for 30 cycles: dena-
turation at 94°C for 1 min, annealing at 60°C for
1 min and DNA synthesis at 72°C for 1 min. The
amplified fragments were cloned in a PCR 1I vector
(TA cloning, Invitrogen) and the nucleotide sequences
of the fragements were determined.
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Fig. 1. Southern blot analysis of YAC DNA di-
gested by HindIll and hybridized with a REG cDNA
probe. Lane 1 = YAC 56A10; 2 = YAC 155E9; 3 =
YAC 238E3; 4 = yeast genomic DNA; § = human
genomic DNA.

Results

YAC Isolation and Analysis

The CEPH YAC library was screened us-
ing PCR primers corresponding to the REG
and REGL genes (see Materials and Meth-
ods). Four positive YAC pools were detected
by REG primers and five were obtained using
REGL primers. Of the positive pools, three
were detected by both REG and REGL, indi-
cating the presence of YACs potentially con-
taining both loci. The corresponding subpools

were further screened using the same primers.
Three individual YAC clones were isolated:
155E9, 56A10 and 238E3. DNA was pre-
pared from each clone [14], digested with
HindIll and hybridized with a REG ¢cDNA
probe to detect the sequences of REG, REGL
and also the REG pseudogene [11]. The hy-
bridization patterns obtained (fig. 1) were
identical to those obtained with genomic
DNA, exhibiting four hybridizing fragments
(6.9, 3.6, 3.2 and 2.4 kb long). We have pre-
viously reported [9, 11] that the two HindlIII
fragments (3.2 and 2.4 kb) include the com-
plete REGL gene, that the 6.9-kb fragment
contains the REG pseudogene and that the
3.6-kb HindIIl fragment contains the com-
plete REG gene. Thus, a single YAC con-
tained all three REG-related sequences. The
YAC clone containing the smaller genomic
insert (YAC 155E9) was analyzed further.

Cosmid Library Construction and Analysis

To establish a more precise restriction map
of the cloned region, a cosmid library was con-
structed from the YAC 155E9. Partial Sau3A
digestions of the YAC were performed and
fragments with an average size of 40 kb were
cloned into cosmid vectors. A library of 2 x
103 recombinants was obtained and screened
with a probe for total human DNA. Forty pos-
itive clones were picked representing three
times the coverage of the YAC, and were fur-
ther analyzed with the REG cDNA probe. Six
clones were obtained (named A, B, C, D, H
and I). We used HindIll digestions of the
cloned DNA and compared the sizes of the
hybridizing fragments with those previously
described [9, 11] for the genes. We observed
(fig. 2) that clones B and H contained the two
HindlIII fragments of the REGL gene. Clone I
contained the 3.6-kb HindIII fragment of the
REGL gene. These first results were con-
firmed by using the REG- and REGL-specific
probes (data not shown). Clones A and D con-
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Fig. 2. Electrophoresis of cos-
mid DNAs digested by HindIII (a)
and Southern blot analysis after hy-
bridization with a REG cDNA
probe (b). Lane 1 = clone B; 2 =
clone H; 3 = clone [; 4 = clone A;
5 =clone C; 6 =clone D; M = DNA a b
digested with HindIII.
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Fig. 3. Physical map YAC 155E9 (upper line) and the cosmid contig. Cosmids were
ordered using their EcoRI end fragments as walking probes. Bs = BssHII; Nr = Narl; Eg =
Eagl; Sc = Sacll; Cl = Clal; Xh = Xhol. The REGL, REG and REG pseudogene loci are

indicated.

tained the HindIIl fragment of the ‘REG
pseudogene’, while clone C contained only a
portion of this fragment. These data have
been confirmed by PCR assays, using specific
primers (data not shown). In that part of the
study, we did not attempt to locate the exact
position of the three REG-related genes in the

cloned sequences and focused our interest on
the genomic organization of the region.

Contig Construction

A cosmid contig (fig. 3) was constructed
after comparison of the sizes of restriction
fragments and hybridization with the single-
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Fig. 4. Expression of a sequence described as the
REG pseudogene in various human tissues revealed by
RT-PCR. Lane 1 = pancreas; 2 = kidney; 3 = fetal kid-
ney; 4 = liver; 5 = fetal liver; 6 = brain; 7 = fetal brain,
8 = lung; 9 = fetal lung; 10 = placenta; 11 = fibroblast;
12 = HeLa cells; M = 100-bp ladder.

copy probes for REG, REGL or REG cDNA.
Clones were oriented by hybridization with
32P-labelled T3 and T7 oligonucleotides lo-
cated on both sides of the cloning site of the
cosmid vector. Clones A, B, C, D, H and I
were digested with several rare-cutter restric-
tion enzymes. A BssHII fragment (11 kb long)
was detected in cosmids B and I. This frag-
ment contained a Narl site. This observation
allows the positioning of clones B and I. To
expand this contig in both directions, the Eco-
RI ends of clones B and I were used as probes
for the other four clones. One extremity of
clone I hybridized with clones A and D and
the other end of clone B hybridized only with
clone H. Other digestions performed by XAol
and Clal restriction enzymes allowed us to
locate the clones by alignment of the restiction
sites. The total size of the cosmid contig was
about 100 kb. Hybridization of the restriction
fragments with a REG cDNA probe located
the REGL gene in a Clal-Xhol fragment
(16 kb long) of clones B and H, the REG gene
in the BssHII-XAol fragment (16.5 kb long) of

clone I and the REG pseudogene in the X/ol-
Clal fragment (15.5 kb long) of clone D.

Expression of REG Pseudogene

The expression of the REG and REGL
genes has been reported previously. We have
looked for the expression of the sequence
named the REG pseudogene in several hu-
man tissues by RT-PCR tests. The primers
used to amplify the cDNA were located in
putative exons 2 and 3 of the REG pseudo-
gene [7] encompassing a potential intron and
and the stop codon described in this sequence.
We obtained amplification (fig. 4) of two
c¢DNA fragments (174 and 169 bp long) from
pancreatic RNA. These two fragments hy-
bridized to the REG ¢DNA probe and were
observed only with pancreatic RNA. The
quality of each mRNA preparation was veri-
fied by RT-PCR tests using primers for actin
mRNA. The occurrence of two fragments was
observed in at least three independent reac-
tions starting from pancreatic RNA. The am-
plified fragments were cloned and sequenced.
Sequence analysis of the 174-bp fragment
confirmed the hypothesis of Watanabe, 1.e.
the exons of REG and the REG pseudogene
are identical in size and aligned. Furthermore,
we observed the in-frame stop codon. The
sequence of the shorter fragment (169 bp) was
identical to that of the REG pseudogene ex-
cept for a deletion of 5 nucleotides located at
the 5’ junction of exon 3, suggesting that it
had been generated by differential splicing.
The sequence contained a complete open
reading frame spanning over 56 amino acids.

Discussion

In the present paper we report the structur-
al organization of a restricted genomic region
containing three homologous genes, located
on chromosome 2 in band p12. We have con-
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structed a cosmid contig spanning about
100 kb including the three genes REG, REGL
and another REG-related sequence, i.e. the
REG pseudogene. The expression of the REG
gene in the pancreas has been previously re-
ported [7]. In prior work [9], we observed the
expression of the REGL gene in the pancreas
and liver. REG and REGL genes have the
same exon-intron organization and their
mRNAs have 91% nucleotide identity. The 5°
regions of both genes contain the consensus
sequence for the genes expressed in the exo-
crine or endocrine pancreas [15]. In the
present work we observed the specific expres-
sion, in the human pancreas, of the genomic
sequence previously named the REG pseudo-
gene. Translation of its nucleotide sequence
corresponding to the coding region of the REG
gene indicated numerous amino acid replace-
ments and the interruption of the translation
by an in-frame stop codon [7]. For these rea-
sons, the sequence was supposed to be a pseu-
dogene. Although we do not have data con-
cerning the in vivo translation of the mRNA
that we detected by RT-PCR, our results indi-
cate the presence, in the pancreas, of two
mRNAs originating from this genomic se-
quence by alternative splicing. Analysis of the
transcribed sequences indicated the presence
of open reading frames. The putative reading
frame of one of the mRNAs is interrupted, as
expected, by a stop codon. However, this RNA
might encode a polypeptide shorter than the
products of REG or REGL. Analysis of the
shorter mRNA indicated the presence of a
complete open reading frame (56 amino acids)
between the oligonucleotides used for RT-
PCR. We do not know where the ATG initiat-
ing translation of the two mRNAs is located
and the complete sequences of the transcripts
have to be determined for further analysis.
However, the probable presence of an alterna-
tive splicing site, the existence of a complete
open reading frame in one transcript and the

specific expression in the pancreas strongly
suggest that this sequence is a genomic se-
quence encoding pancreas-specific protein(s).

Several REG-related genes and proteins
have been reported in mammals: the rat PAP
family [16-18], rat peptide 23 [19], bovine
PTP [20] and human HIP/PAP [21, 22]. The
human HIP/PAP gene and REG genes map to
identical localizations (2p12) [23, 24]. How-
ever, HIP/PAP sequences were not detected in
the YAC clone described here. Recently, two
genes have been described in the mouse [25].
These genes are situated on two different chro-
mosomes. The Regl gene islocalized on mouse
chromosome 12, and the Reg2 geneislocalized
on chromosome 3. However, mouse Regl pro-
tein exhibits a higher degree of similarity to rat
and human Reg proteins than mouse Reg2 and
was thought to be the mouse homologue to rat
and human Reg proteins. It has been suggested
that the ancestral REG gene may have been
duplicated prior to divergence of the mouse
andrat [25]. Inthe human, the REG gene fami-
ly members are tandemly organized in a locus
that is not homologous to the loci of mouse
Regl and Reg? genes. It is now of interest to
look for the presence of tissue-specific DNA
domains that regulate the expression of these
pancreas-specific genes. However, the patterns
of tissue expression of the REG-related genes
are different. The REG gene is expressed in the
pancreas and at a low level in gastric mucosa
and the kidney [7], REGL is expressed in the
pancreas and liver [9], while expression of the
REG pseudogene was only detected in the pan-
creas. A more precise structural analysis of the
REG locus region has now to be performed.
Determining the orientation of each gene will
help towards identifying different tissue-spe-
cific promotors and enhancers; moreover, the
presence of repetitive elements would argue
strongly for sequential duplications of an an-
cestral gene that led to the genomic organiza-
tion reported here.
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