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The regulatory properties of mouse pancreatic amylase genes include exclusive expression in the acinar cells
of the pancreas and dependence on insulin and glucocorticoids for maximal expression. We have characterized
a murine pancreatic amylase gene, Amy-2.2y, whose promoter sequence is 30% divergent from those of
previously sequenced amylase genes. To localize sequences required for tissue-specific and hormone-dependent
activation, we established two lines of transgenic mice. The first line contained a single copy of the complete
Amy-2.2y gene as well as 9 kilobases of 5'-flanking sequence and 5 kilobases of 3'-flanking sequence. The second
line carried a minigene which included 208 base pairs of 5'-flanking sequence and 300 base pairs of 3'-flanking
sequence. In both lines the transgene was expressed at high levels exclusively in the pancreas. Both constructs
were dependent on insulin and induced by dexamethasone. Thus, the transferred genes contained the sequences
required for tissue-specific and hormonally regulated expression.

Pancreatic amylase (Amy-2) genes are members of a
multigene cluster which also includes the genes for salivary
amylase (Amy-i). Although the coding regions ofAmy-i and
Amy-2 are 90% homologous (21), the promoters associated
with each type of gene are dissimilar. Amy-i can be tran-
scribed from two distinct promoters: a strong, parotid-
specific promoter located 7 kilobases (kb) upstream of the
first coding exon, and a weaker promoter active in liver (52).
Each Amy-2 gene, in contrast, is associated with a single
promoter adjacent to the structural gene.
Amy-2 expression is restricted to the exocrine pancreas,

where amylase accounts for 15 to 25% of protein synthesis
and mRNA concentration (8, 44). Pancreatic amylase genes
have been shown to be hormonally regulated in vivo by
insulin and by glucocorticoids. Production of pancreatic
amylase is reduced in human diabetic patients (11), and
amylase mRNA is greatly reduced in diabetic rats and mice
(14, 29). Administration of insulin restores amylase expres-
sion in these diabetic animals. Induction of pancreatic
amylase by glucocorticoids has been demonstrated in neo-
natal mice (48) and in cultured cells (13, 31).
Recent studies have identified gene regions which appear

to be required for pancreas-specific gene expression. Walker
et al. (50) demonstrated that cis-acting sequences upstream
of the rat chymotrypsin gene preferentially increase expres-
sion in transfected cells derived from a tumor of the exocrine
pancreas. Using chimeric genes in transgenic mice, Ornitz et
al. (38) demonstrated that a 213-base-pair (bp) region up-
stream of rat elastase is sufficient to direct expression of
human growth hormone in the pancreas. Swift et al. (45a)
identified a conserved sequence element upstream of five
genes which are expressed specifically in the exocrine pan-
creas. Deletion of this element resulted in loss of pancreatic
cell specificity in transfection assays (9). This sequence is
therefore a likely candidate for mediation of pancreas-
specific expression in vivo.
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With regard to mechanisms of hormonal regulation, sub-
stantial evidence indicates that binding of the glucocorticoid
receptor to a small sequence element common to several
induced genes is involved in direct induction of transcription
(28, 51). This sequence element is lacking from some gluco-
corticoid-inducible genes, which are induced by an indirect
cycloheximide-inhibited mechanism (2, 4). Less is known
about the mechanisms of gene regulation by insulin. The
abundance of several proteins and mRNAs is affected by
insulin levels in diabetic animals and in cultured cells (23, 36,
39). Negative and positive effects of insulin on transcription
of phosphoenolpyruvate carboxykinase (PEPCK) and pyru-
vate kinase, respectively, have been demonstrated (18, 37).
DNA sequences mediating these effects have not yet been
identified.
The mouse genome contains two classes of pancreatic

amylase genes, designated Amy-2.1 and Amy-2.2. In strain
YBR, the Amy-2.1Y allele encodes isozyme A1 and Amy-2.2y
encodes isozyme B1 (20). The Amy-2.Ja allele, originally
isolated from inbred strain A/J (44), encodes the pancreatic
amylase isozyme A2 that is common to most inbred strains.
The Amy-2.2a allele of strain A/J is not expressed (22). To
characterize cis-acting sequences required for pancreas-
specific and insulin-dependent expression, we have se-
quenced the 5' regions of the two amylase genes from mouse
strain YBR. Both genes are pancreas specific, but Amy-2.2
demonstrates more extreme dependence on insulin (14).
Since transgenic mice provide an expression system for
localizing cis-acting regulatory sequences (38a), transgenic
lines carrying the Amy-2.2y gene have been produced. The
product of this gene is an electrophoretic isozyme that can
easily be distinguished from the endogenous pancreatic
amylase of the recipient mouse strain. Transgenic mice
which express the gene can be conveniently identified by
electrophoretic analysis of urinary amylase. Both the intact
Amy-2.2y gene and a shortened minigene were expressed
heritably in the pancreas of transgenic lines. We have
demonstrated that sequences required for pancreas-specific,
hormone-dependent expression of Amy-2.2y are present in
the transferred DNA fragments.
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MATERIALS AND METHODS

DNA sequencing. Restriction fragments containing the 5'
regions of Amy-2.1y and Amy-2.2y were isolated from previ-
ously described mouse genomic clones (20, 35). A 1.15-kb
EcoRI-Hinfl fragment and a 1.9-kb EcoRI-HindIII fragment
were isolated from subclones of cosmid clones cPamEl
(Amy-2.1y) and cPam23 (Amy-2.2y), respectively. The frag-
ments Were sonicated, size fractionated, and cloned into
M13mp8 by the procedure outlined by Bankier and Barrell
(3). Phage DNA was sequenced with dideoxy nucleotides
(43), [a-355]dATP, buffer gradient gels (7), and acrylosilane
to bond gels to one plate for drying (17). In addition, some
5'-end-labeled fragments were sequenced by the method of
Maxam and Gilbert (33), with a citrate A+G reaction (27).
Sequences were determined from both strands for 87% of the
Amy-2.2y fragments (1,005 of 1,153 bp) and 79% of the
Amy-2.1y fragments (911 of 1,153 bp). The remaining se-
quences were determined by repeated sequencing of a single
strand.
The 3' ends of both Amy-2.1y and Amy-2.2y were se-

quenced from subclones containing exon j of each gene as
described previously (20). Sequences were analyzed with the
computer programs of Pustell (International Biotechnolo-
gies, Inc.).

Preparation of DNA for microinJection. The intact Amy-
2.2y gene was isolated on a 43-kb NruI-MluI fragment from
the cosmid clone cPam23 (previously designated cos23) (35).
As a result of rearrangement during cloning at a site 9 kb
upstream of Amy-2.2, this cosmid carries 15 kb of non-

contiguous mouse genomic DNA (D. L. Gumucio, Ph.D.
thesis, University of Michigan, Ann Arbor, 1986, p. 92). This
Amy-2.2y gene, also isolated on cosmid cPamE24, has been
described previously (20). The fragment was purified by
agarose gel electrophoresis, electroeluted into dialysis tub-
ing, and dialyzed against 10 mM Tris hydrochloride, pH 7.5,
containing 0.1 mM EDTA. The DNA was diluted with
dialysis buffer to 6 pug/ml for microinjection into fertilized
mouse eggs obtained from a (C57BL/6J x CBA/CaJ)Fl
female after mating with a CBA/CaJ male (see below).
A minigene was constructed by partial EcoRI digestion of

the Amy-2.2y cDNA clone pADPbl (20). Full-length linear
products were isolated and ligated to a 4.2-kb EcoRl frag-
ment of cPam23 containing the 5' flank, exon a, intron 1, and
part of exon b. Clone Li, with the proper site and orientation
of insertion, was identified by restriction analysis. After
partial digestion of Li with TaqI, full-length linear products
were isolated. A 2.7-kb TaqI fragment from cPam23 contain-
ing part of exon j and3'-flanking sequences was ligated into
the linearized Li DNA. Clone L2, with proper site and
orientation of insertion, was also identified by restriction
analysis. This clone was digested with BglII to produce the
2.4-kb fragment designated AM-0.21/0.3 (see Fig. 2). This
amylase minigene contains 208 bp of 5'-flanking sequence
and approximately 300 bp of 3'-flanking sequence. The
2.4-kb BgIII fragment was gel purified and dialyzed as
described above. The DNA was diluted to 1,ug/ml prior to
microinjection into fertilized mouse eggs of strain CBA/CaJ
x C57BL/6J.
Microinjection of DNA. Embryos were obtained from

superovulated 12- to 14-g females 20 h after treatment with
human chorionic gonadotropin. Zygotes were dissected from
the oviducts into WM640 medium containing 0.1 mM EDTA
(1, 26), washed, and removed to a microdrop of medium
under paraffin oil in a microinjection chamber. Microin-
jection into the male pronucleus was performed with

Nomarski optics (10, 25). After microinjection, the zygotes
were incubated to the morula stage and then transferred to
(BALB/cByJ x 129/SvJ)Fl host females (24).

Southern blot analysis. Genomic DNA was isolated from
2-cm samples of tails as described previously (19; C.
Sabatos, N. Copeland, and N. Jenkins, personal communi-
cation). DNA concentrations were determined by measure-
ment of absorbance at 260 nm. To detect the microinjected
cosmid DNA, genomic DNA was digested with EcoRI and
PstI, producing a 750-bp vector fragment. Restriction frag-
ments were separated by electrophoresis on 1.2% agarose
gels and transfered to nitrocellulose filters as described
previously (47). Filters were hybridized with the 750-bp
EcoRI-PstI fragment purified from pJB8 (see Fig. 2). Probes
were labeled by nick translation or by random oligomer-
primed labeling (16).
To detect minigene sequences, genomic DNA was di-

gested with TaqI. An 850-bp internal coding fragment was
detected by hybridization with a cDNA probe containing the
EcoRI-ClaI fragment from clone pMSalO4 (21) (see Fig. 2).
Hormone treatment. To induce diabetes, 6- to 10-week-old

mice were treated with six daily injections of streptozotocin
(40 mg/kg) as described previously (14). Four weeks after
injection, diabetic animals with urinary glucose levels of
>2% were identified by using Diastiks (Miles Laboratories,
Inc.). Loss of the B1 isozyme from urinary amylase was used
to confirm diabetic status (14). Insulin was administered to
diabetic animals for 14 days by subcutaneous implantation of
Alzet pumps (model 2001), which released insulin at a rate of
1.2 U/day. The pumps contained a solution of regular insulin
(Eli Lilly and Co.), 62.5 U/ml in diluent, plus glutamic acid (7
mg/ml).
Dexamethasone was administered by subcutaneous injec-

tion of 0.1 mg of dexamethasone per kg of body weight (48).
Six-day-old animals were injected once daily for 3 days.

Electrophoresis of amylase isozymes. Isozymes were sepa-
rated by electrophoresis on 7% polyacrylamide gels at pH
8.1, as described previously (8, 14). Amylase activity was
visualized with a starch-iodine stain, which can detect as
little as 5 ng of amylase protein. Urine samples were mixed
with glycerol and tracking dye and applied directly to the
gels. Urine from diabetic animals was concentrated by
lyophilization prior toelectrophoresis.

Preparation of tissue samples. Tissue homogenates (10%,
wt/vol) were prepared in 0.25 M sucrose-50 mM Tris hydro-
chloride (pH 7.5) with a Polytron homogenizer. In vivo
labeling was carried out by intraperitoneal injection of 250
,uCi of [35S]methionine (8). After a 15-min labeling period,
amylase was purified from pancreatic homogenates by pre-
cipitation with high-molecular-weight oyster glycogen. After
electrophoresis of the 35S-labeled amylase as above, the gel
was treated with 50% trichloroacetic acid, followed by
En3Hance (New England Nuclear Corp.), and dried on
Whatman paper for autoradiography. For quantitation, indi-
vidual lanes were cut from the dried gel, sectioned, rehy-
drated, solubilized in Protosol (New England Nuclear), and
counted in a liquid scintillation counter after addition of 10
ml of ACS scintillation fluid (Amersham).
Northern blot analysis. Total cellular RNA was purified by

the CsCl cushion method of Chirgwin et al. (12). The
integrity of the RNA was evaluated fromthe appearance of
the 28S and 18S rRNAs on nondenaturing agarose gels.
Electrophoresis was through a 1.5% agarose gel containing
formaldehyde (32); transfer to nitrocellulose and hybridiza-
tion were carried out as described by Thomas (49). Northern
blots were probed with pADPbl, a cDNA clone complemen-
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tary to Amy-2.2y mRNA (20). Probes were labeled by nick
translation to 1 x 108 to 3 x 108 cpm/p,g or by random
oligomer-primed labeling to 1 x 109 cpm/,ug.

Quantitation of Amy-2.2 mRNA by solution hybridization.
To specifically detect the Amy-2.2y transcript in the presence
of an excess of Amy-2.1 mRNA, we took advantage of
sequence divergence in the 3' untranslated regions of the two
transcripts. A 20-base synthetic oligomer, 5'-
TGTGCTCTCTACATGTCTTT-3', was synthesized by the
University of Michigan Oligonucleotide Facility. The
oligomer is complementary to the Amy-2.2y mRNA and
differs from the Amy-2.1y transcript at the eight underlined
positions.
The oligomer was labeled to a specific activity of 6 x 106

cpm/pmol in a 5-,ul reaction mixture containing 50 to 100 ,uCi
of [y-32P]ATP at >5,000 Ci/mmol, 20 ng of gel-purified
oligomer, and 5 U of T4 polynucleotide kinase. The reaction
was incubated at 37°C for 45 min. Specific activity was
determined by adsorption to DE81 paper. Unincorporated
nucleotide was removed by three successive ethanol precip-
itations with 10 ,ug of tRNA added as carrier. Solution
hybridization to RNA samples was carried out by the
method of Durnam and Palmiter (15) with the following
modifications. Each RNA sample was brought to 50 ,ug of
RNA with tRNA, formamide was replaced by SET (15) to a
final concentration of0.2 x, each reaction received 1 x 104 to
2 x 104 cpm of labeled oligomer, and hybridizations were
carried out without paraffin oil at 50°C in Eppendorf tubes
submerged in a water bath. S1 nuclease (50 to 100 U/ml)
digestions were carried out at 37°C for 1 h. Trichloracetic
acid precipitates were incubated on ice for at least 1 h.
Nitrocellulose filters were used to collect the precipitates;
GF/C filters did not retain them efficiently.
The abundance of Amy-2.2y mRNA from strain YBR was

estimated to be 105 molecules per acinar cell, assuming that
5% of total pancreatic RNA is mRNA, that amylase mRNA
accounts for 15% of the pancreatic mRNA in strain YBR,
and that 60% of the amylase RNA in YBR is the product of
Amy-2.2 (8). The following values were used: 1,572 bases of
length per Amy-2 mRNA (21); 6.4 pg ofDNA per mouse cell;
and an RNA-DNA ratio of 8.4 in mouse pancreas (38, 46).

RESULTS

Comparison of promoter regions ofAmy-2.1y and Amy-2.2y.
The nucleotide sequences of the 5' portions of Amy-2. lY and
Amy-2.2y are presented in Fig. 1. A 233-nucleotide sequence
of perfect identity began at nucleotide -8 and extended
through exon a into the first intron. Upstream of nucleotide
-8, the two genes diverged markedly. The degree of diver-
gence was approximately 30% between -8 and -400 and
50% in the remaining 5'-flanking region. There were several
short conserved sequences within this region. Two of these
corresponded to elements in the rat pancreatic amylase gene
which are required for cell type-specific expression in a
transfection assay (9). These regions of the rat and mouse
genes are compared in Table 1.

Since pancreatic amylase is known to be inducible by
glucocorticoids, we searched our sequences for the core of
the glucocorticoid response element, TGT(T/C)CT (41, 51).
One homologous sequence, in the inverted orientation, was
detected (Fig. 1). This element was located in an unusual
position between the TATA box and the mRNA cap site.

Production of transgenic mice carrying an intact Amy-2.2y
gene. A 43-kb DNA fragment containing the intact Amy-2.2y
gene (Fig. 2) was microinjected into fertilized mouse eggs.

Twenty-nine liveborn animals were tested for expression of
the transferred gene by electrophoretic analysis of urine
samples collected at the time of weaning. The B1 isozyme
which is encoded by Amy-2.2y was present in the urine of
individuals 2670 (Fig. 3A) and 2797 (not shown). The pres-
ence of the transferred DNA was directly demonstrated by
hybridization of genomic DNA with a probe (shown in Fig.
2) homologous to the cosmid cloning vector. The predicted
750-bp EcoRI-PstI fragment was detected in individual 2670
(Fig. 3B). Comparison with quantitative standards indicated
that a single copy of Amy-2.2y was present (Fig. 3C). In
addition, a third transgenic individual, 2845, was detected by
Southern blot analysis, but neither he nor his offspring
expressed the transgene in any of the tissues analyzed.
Mouse 2670, a female, was the founder of the transgenic

line A70. Progeny carrying the transgene were identified by
electrophoresis of urine. Autosomal Mendelian transmission
of the transgene to 50% of offspring has been observed
during several generations of outbreeding. In this line there
was concordance between the presence of the vector frag-
ment in genomic DNA and detection of the B1 pancreatic
amylase isozyme in urine.
Homozygous A70 animals were obtained by crossing two

hemizygous transgenic animals. Homozygotes were identi-
fied by the increased intensity of hybridization on Southern
blots. Homozygosity was confirmed by test crosses in which
two putative homozygotes transmitted the transgene to
100% of their offspring (23 of 23 and 8 of 8). The homozygous
animals were healthy and fertile.

Tissue-specific expression of Amy-2.2y in A70 mice. Homo-
genates were prepared from a variety of tissues from the
progeny of mouse 2670 and analyzed by electrophoresis
followed by staining for amylase activity (Fig. 4). The B1
isozyme product of the Amy-2.2y transgene and the endog-
enous A2 isozyme were clearly visible in pancreatic
homogenates. The product of the transgene was not detect-
able in any of the other tissues.
Northern blot analysis was carried out on RNA isolated

from various tissues. (The normal transcript of the Amy-2.2y
gene cannot be distinguished from other amylase transcripts
by this method [34].) No unusual transcripts were detected
in transgenic mouse pancreas (Fig. 4C). Amylase mRNA
was detectable in as little as 0.01 ,ug of RNA from transgenic
pancreas. In contrast, amylase mRNA was not detectable in
10-,ug samples of RNA from the other tissues.

Regulation of the transgene in diabetic mice of line A70. To
determine whether the transferred Amy-2.2y retained its
marked insulin dependence, A70 mice were treated with
streptozotocin, which induces diabetes by destruction of the
insulin-producing ,3-cells of the pancreas. Electrophoresis of
urine from control and diabetic mice demonstrated a prefer-
ential loss of the B1 isozyme (Fig. 5A). The effect on the rate
of synthesis of pancreatic amylase was evaluated by in vivo
labeling with [35S]methionine. Purified amylase was then
analyzed by electrophoresis and autoradiography (Fig. SB).
In untreated controls, labeling of the B1 isozyme was clearly
detected. Quantitation of gel slices by liquid scintillation
counting demonstrated that the amount of total amylase
synthesis associated with the B1 isozyme in untreated A70
mice was 6.9 + 0.6% (mean + standard deviation, n = 3). In
diabetic animals, synthesis of the B1 isozyme could not be
detected (Fig. 5B).
An oligonucleotide complementary to the 3' noncoding

sequences of the Amy-2.2y mRNA was used to measure the
abundance of Amy-2.2y transcripts (see Table 2). This
20-mer differs at eight nucleotides from the corresponding
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2.1 -523 CCCCCTTATATAATTCTG--- TTAATTTAGAGTACTTTCTATAAATT--GGCAACTTGCACAAAATCTTAACTTTTTT-CATTCTCTCTTTTACTAGTAG
2.2 -519 .T.AGC.CA.AGGA.... AAAA.GT... CA.AA.AA.GA ..G... C.TCT.. C.AA.G ... GGGA.GGTCA.AAAGGTACAAGAAGCC ..TA.AACA

2.1 -429 GTAGTAGGTGCATGGCACAATGCAGCATCTTAAAAT-TAAAC-GAAAATA CTGAAATAACAACAAAAAAATCTTAAGTAGGTGAAACAAAAAGAAAAGAA
2.2 -419 CC.AA--- .AA.... G. C.-----G.AAAG..... C.TCT.ATC ..... A --A--. .T.A.TA.TTGA...... -G A.. T CTC..

2.1 -331 TTGATAATCCCA------TTTCTATTTGGAA-TGGTGCAATACAAAGATT TAGAGATGAAACGTCCCAGATATATTT-GATTT - CAGTTGTAATTCTCCT
2.2 -330 .A ...TTGGTTTTTT.........A.. C.TAAAT.C ...... TT. .GC.A.AAT .......... ACC.CCAA.A ..A... TA.

2.1 -240 TGTACGGGTTGGTGGAGGTCACAAAAAGTAAGA--TATAGTA-TCAGTCAATTAGTAATTGATATTTAAAAGAATTAAGTTTATTCTCCATGGGAGTTTC
2.2 -232 AT.G.A -.----CC ... ... TC G.....-.....---CA ..GCC.CAG.GG.CT.. ........ T.G.G. .....

BgI 11

2.1 -143 TGAAGAACCTTCAGCTGTGCACATCATTGCTACTAATCTCTT-----TCGAATGATAGACTGTA-CCT-TAAATATTTACTCATGAGCATTTACTTTGGA
2.2 -143 .A ..AGT.A C .C.CA.AG.A. T. AGATTAT ......A .G.T ..TT. .C T .......G GAT.

2.1 -50 AAATGTACTTTTTGTAGAAATATAAATAGGCGCTAGAGAGAAAGA CTGACAA=CAAAGCAAAATGAA=C=CTGCTGCTCCCTCATTGGG
2.2 -45 -C.CAGG G. .T... C....----..

2.1 51 TTCTGCTGGGCTCATATGACCCACATA CAGATGGGAGGACTGCTATTGTCCACCT CGAGTGGCGCTGGGTTGATATTGCCAAGGAATGTGAGC
2.2 51

2.1 151 GATA = AGCTCCTAGGGA=GGAGGGGTGCAGGTAAGATAACTTCACAAATAAATGCAGAGCTTACTGTGCTCACATCATATTCTAATCAAACTAG
2.2 151.A.. .CA.A...A. A

2.1 251 TGACTTTAGAGCAC-------AACTTCATTTCACACATGACTTTGCTGAGAAAGAAAAAGGATTGGTAGTTGTGGCACCTTTGTACTTATTGTAGAATAT
2.2 251. G. .T.TTATGTGTGA...C..A.A......... A. .A.

2.1 344
2.2 350

CAAGAGGACCTCTGCAATGTCCTT-CCATAATATCTGGTGATATTATGATACACAACAGAAGTGAATGTTTATAGGTTAAGAAGTAATGTCAGATTATTG
..G T.T. A. .TT. ... ..T ....A.TA ----. .T..AT. A. .G ....A.

2.1 443 ATAGCTTTCTATAAGATTTAGGTATGTAGCATAAGCCATCATCTGGTACTAATTATAACTGTTTTACTTGTAGGTCTCTCCACCCACGAAACGTTGTA
2.2 446 G.C.AT.A.G. A.T.T. TA.

2.1 543 GTTCATAACCCATCAAGACCTTGGTGGGAAAGATACCAACCAATCAGCTATAAAATCTGCACAAGGTCTGGAAATGAAGATGAA'C
2.2 546 A...................... ........... .C T.

FIG. 1. Sequences of the 5' regions of two murine pancreatic amylase genes. Dots represent nucleotides which are identical in the two
genes. Dashes indicate deletions introduced to maintain alignment. Position +1 is the mRNA cap site of Amy-2.1a (21). The sequences of
exons a and b are italicized. Underlining indicates the positions of the TATA box (-30 to -24), glucocorticoid response element core (-8
to -3), and AUG initiation codon (+ 18 to +20). The BglII site at -208 of Amy-2.2y was used to generate the amylase minigene.

sequence of the Amy-2.1y transcript (see Materials and
Methods). The specificity of the probe for Amy-2.2y was

demonstrated by using two inbred strains. RNA from strain
YBR/Ki, which expresses Amy-2.2y, protected the probe
from nuclease digestion, while RNA from strain C57BL/6J
did not protect the probe. The abundance of Amy-2.2y
transcripts in RNA from line A70, with one gene copy per
diploid genome, was one-third of that in strain YBR/Ki, with

two gene copies per genome. Reduced abundance of Amy-
2.2y transcripts was observed in diabetic A70 mice after
treatment with streptozotocin, and treatment with insulin
resulted in the reappearance of transcripts. This result
indicates that a cis-acting sequence present in the transgene
mediated the regulation of amylase by insulin.

Production of transgenic mice carrying aiw Amy-2.2 mini-
gene. To localize the sequence required for the observed

TABLE 1. Conserved sequence elements upstream of pancreas-specific genesa
Sequence (positions)

Gene
I II

Rat Amy-2 (-154) T TC CATGAGAGTT TC (-140) (-129) C AGCTGT (-122)
Mouse Amy-2.1y (-158) C - - - - - -G- - - - - - - (-144) (-131) - - - - - - - (-125)
Mouse Amy-2.2y (-158) - -G -G - - - - - - - - - - (-144) (-131) - - C - - - - (-125)

a The two rat sequences were shown to be required for preferential expression of transfected constructs in AR42J cells (9). Sequence II is also conserved in
several other rat pancreas-specific genes (45a). Dashes represent identity of the mouse genes with the rat sequence.
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FIG. 2. Structures of DNA fragments used for microinjection. The 43-kb NruI-MluI fragment of cosmid cPam23 contains the entire
Amy-2.2y gene with 9 kb of 5'-flanking sequence and 5 kb of 3'-flanking sequence, 15 kb of noncontiguous mouse genomic DNA (hatched
area), and 4.2 kb of pJB8 vector sequence (single line). Exons are represented by solid boxes a through j. The 2.4-kb amylase minigene,
AM-0.21/0.3, was constructed by insertion of genomic fragments from this cosmid into an Amy-2.2y cDNA clone. The stippled area is derived
from the cDNA. Abbreviations: N, NruI; M, MIuI; B, BglII; T, TaqI; E, EcoRI.
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FIG. 3. Expression ofAmy-2.2y in transgenic line A70. Fertilized
eggs were microinjected with 100 to 200 copies of the 43-kb cosmid
fragment shown in Fig. 2. (A) Urine was collected from mice 21 days
after birth. Three-microliter samples of urine were analyzed by
polyacrylamide gel electrophoresis at pH 8.1. Gels were stained to
visualize amylase activity with a starch-iodine stain. Lanes: 1 to 9,
littermates from one microinjection experiment; 10, recipient mouse
strain; 11, YBR mouse urine containing authentic B1 isozyme. (B)
Southern blot analysis of genomic DNA. DNA from the littermates
described for panel A was digested with EcoRI and PstI. The blot
was probed with a vector fragment. The marker lane contained
genomic DNA from an untreated animal mixed with cPam23 DNA.
(C) Comparison of genomic DNA from transgenic mouse 2670 with
quantitative standards. Southern blot analysis was carried out as
above. The copy standards contained 10 ,ug of genomic DNA from
an untreated control animal mixed with 9.5 or 19 pg of pBR322
DNA, corresponding to one and two copies per diploid genome,
respectively. The blot was probed as described for part B.

tissue specificity and insulin dependence of the Amy-2.2y
gene, we constructed a minigene by adding two fragments of
genomic DNA to an Amy-2.2y cDNA fragment (Fig. 2). In
addition to the complete coding sequence, the minigene
contained 208 bp of 5'-flanking sequence, intron 1, and
approximately 300 bp of 3'-flanking sequence. The protein
product encoded by the minigene was identical to that of the
intact Amy-2.2y gene. A 2.4-kb minigene DNA fragment was
purified from agarose gels and microinjected into fertilized
eggs. Genomic DNA from one of 12 liveborn animals, 2852,
contained a diagnostic 0.85-kb TaqI restriction fragment
(Fig. 6, lane 5). Mouse 2852, the founder of line M52,
transmitted the 0.85-kb fragment to approximately 25% of
his progeny. The low frequency oftransmission is suggestive
of genetic mosaicism in 2852. Most of the offspring carried
approximately 75 copies per diploid genome (Fig. 6, lanes 1
to 3), while a few offspring gave a less intensely hybridizing
band corresponding to approximately 4 copies per diploid
genome (Fig. 6, lane 4). Both high-copy and low-copy
phenotypes were stably transmitted to 50% of subsequent
generations, suggesting a single site of insertion in each case.
Whether the two phenotypes were the result of two indepen-
dent insertion events is under investigation.
The B1 isozyme was not detectable in urine from mouse

2852, but all of his progeny carrying the transgenic DNA did
produce detectable B1 amylase. The level of expression was
similar in the high-copy and low-copy progeny.

Tissue-specific and insulin-dependent expression of the
amylase minigene. To determine whether the minigene in-
cludes the sequences required for pancreas-specific expres-
sion, tissue homogenates were prepared and tested for
amylase activity (Fig. 4B). The B1 isozyme was present in
pancreatic homogenates, but was not detectable in the other
tissues tested. In both high-copy and low-copy individuals,
the B1 isozyme constituted approximately 0.5% of the total
pancreatic amylase.
The abundance of the Amy-2.2y transcript in various

tissues of M52 mice was compared by the oligonucleotide
protection assay (Table 3). The abundance of the transcript
in pancreas exceeded that in other tissues by more than
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FIG. 4. Pancreas-specific expression in transgenic mice. (A and
B) Ten-microliter samples of 0.05% tissue homogenates from strain
A70 and M52 mice were analyzed by polyacrylamide gel electro-
phoresis. Gels were stained for amylase activity. Isozyme positions
are indicated. (C) Northern blot analysis of total RNA from tissues
of line A70. After electrophoresis in the presence of formaldehyde
and transfer to nitrocellulose, blots were hybridized with nick-
translated pancreatic amylase cDNA. Pancreas lanes, 10 and 100 ng;
other tissues, 10 pg.

100-fold. After treatment with streptozotocin, the Amy-2.2y
transcript in pancreatic RNA was reduced to undetectable
levels (Table 2, experiment 2). These results demonstrate
that the sequences mediating tissue specificity and insulin
dependence were present in the minigene.

Correct initiation of transcription. Pancreatic RNA was
tested for its ability to protect an end-labeled genomic
fragment which included the cap site of the mRNA from
nuclease digestion. The pattern of bands protected by RNA
from lines A70 and M52 was identical to that seen in
nontransgenic mice, even after very long exposure of the
autoradiographs, indicating that transcription was initiated
correctly (data not shown).

Induction of amylase by glucocorticoid treatment. After
treatment of 6-day-old animals with dexamethasone, the
total amylase activity in pancreas was increased three- to
fourfold. To determine whether the B1 isozyme had been
induced, samples of pancreatic homogenates were analyzed
electrophoretically (Fig. 7). It is evident that the B1 isozyme
was induced by dexamethasone in both A70 and M52 mice.

B1 _ a-

A2 -0.

FIG. 5. Reduced expression of Amy-2.2y in diabetic mice from
the A70 transgenic line. Diabetes was induced by treatment with
streptozotocin. (A) Amylase activity in urine samples. Lane 1, 2 pd
of control urine; lane 2, 4 ,ul of control urine; lane 3, 100 Il of urine
from diabetic A70 mouse. (B) Pancreatic amylase was labeled in
vivo with [3"S]methionine, purified, and analyzed by electrophore-
sis. The gel was dried and X-ray film was exposed. Lane 1, control
(55,000 cpm); lane 2, control (35,000 cpm); lane 3, diabetic (38,000
cpm).

DISCUSSION

The two nonallelic pancreatic amylase genes Amy-2. IY and
Amy-2.2y are closely linked in strain YBR. The production of
B1 isozyme in transgenic mice carrying the Amy-2.2y gene
confirmed the previous assignment of amylase genes and
isozymes (20). We sequenced approximately 1.1 kb of both
genes, including 500 nucleotides upstream of the cap sites.
The two genes diverged markedly upstream of nucleotide
-8. Based on 30% divergence of the flanking sequence,
assuming a mutation rate of 7 x 10-9 substitutions per site
per year for noncoding sequences (40), the time of diver-
gence of these two genes can be estimated to be 43 million
years ago. This value exceeds our earlier estimate of 11
million years ago, which was based on the rate of silent
substitutions in coding sequences (20). The difference be-
tween these two estimates may be explained by gene con-
version events affecting the coding sequences. Evidence for
one such conversion event was provided by the perfect
identity of a 233-bp region of the two genes, which included
exon a and part of intron 1 (Fig. 1).

Previous comparison of restriction maps and intronic
sequences indicated that Amy-2.2y is allelic with the silent
Amy-X gene from strain A/J (20). This indication was

TABLE 2. Expression of transgenes in diabetic micea
Amy-2.2Expt Strain Treatment mRNA

no. (cpm/>Lg)
1 YBR/Ki None 12,000

C57BL/6J None 17
A70 None 3,900
A70 Streptozotocin 7
A70 Streptozotocin plus insulin 2,100

2 YBR/Ki None 8,000
C57BL/6J None 20
M52 None 160
M52 Streptozotocin 2

a A 20-base oligonucleotide specific for Amy-2.2y was '2P labeled and
hybridized with total pancreatic RNA. After S1 nuclease digestion, the
protected fragment was counted. The amount of RNA in each assay varied
between 10 ng and 50 pLg. Values were derived from multiple points in the
linear range of the assay (200 to 1,200 cpm). The abundance of Amy-2.2y
transcripts in YBR/Ki pancreas is approximately 105 molecules per cell.
Values are derived from representative individuals.
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strengthened by the extensive homology now evident be-
tween the 5'-flanking sequences of Amy-2.2y reported here
and the corresponding sequence of Amy-X (22). The two
genes differ by less than 2% (three single-base insertions and
three base substitutions) within the 434-bp flanking sequence
available for comparison. In the same region, the nonallelic
Amy-2.Jy and Amy-2.2y differed by 30%o. It is not clear
whether any of the identified differences are responsible for
the lack of expression of Amy-X in strain A/J.
The pancreas-specific expression of the intact Amy-2.2y

gene in transgenic line A70 and of the amylase minigene in
line M52 demonstrates that sequences regulating expression
during differentiation are located near this structural gene. In
the amylase minigene, noncoding sequences available for a
regulatory role have been limited to 208 bp upstream of the
cap site, one intron, and approximately 300 bp downstream
of the polyadenylation signal. The upstream sequence of the
minigene included two small regions with homology to rat
amylase sequences that have been shown to function in
pancreatic cell-specific enhancement in transfected cells (9).
One of these sequence elements is also conserved in rat
pancreatic protease genes (45a). The presence of these
elements within the amylase minigene is consistent with
their function in pancreas-specific gene expression. The base
substitutions in Amy-2.JI , Amy-2.2y, and the protease genes
presumably represent changes which are compatible with
function. Site-directed mutagenesis within these elements

M52 M52
progeny founder copy # standards
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FIG. 6. Southern blot analysis of genomic DNA from transgenic
line M52. The founder of this transgenic line, animal 2852, carried
the 0.85-kb TaqI fragment derived from the microinjected minigene
AM-0.21/0.3 (lane 5). Between 10 and 20 copies of the minigene
were present in the sample of DNA from 2852. Some progeny
contained 75 copies of the minigene per diploid genome (lanes 1 to
3), while others contained 4 copies per genome (lane 4). Copy
standards contained 10 ~±g of genomic DNA from a control animal
mixed with 5.2 pg of minigene DNA per copy. Fragments from
endogenous amylase genes are visible near the top of the gel. The
probe is a cDNA fragment (Fig. 2).

TABLE 3. Tissue-specific expression of an amylase minigene in
strain M52'

Amy-2.2
Strain Tissue mRNA (cpml

'g)
YBR/Ki Pancreas 5,500
C57BL/6J Pancreas 12
M52 Pancreas 83

Liver <0.2
Kidney <0.3
Spleen <0.6
Heart <0.3
Lung <0.1
Brain <0.1
Muscle <0.3

aAmy-2.2y transcripts were quantitated as described in Table 2, footnote a.
For nonpancreatic tissues, duplicate samples (20 to 50 Rg) of total RNA were
assayed. Less than 0.1 cpmljj.g was detected in the carrier tRNA.

could provide definitive evidence for their role in tissue-
specific expression in vivo.
The level of activity of the intact Amy-2.2y gene in

transgenic line A70 was comparable to that of the endoge-
nous gene in strain YBR/Ki, resulting in approximately i05
molecules ofmRNA per cell. The expression of the minigene
in line M52 was an order of magnitude lower. Analysis of
additional lines would be required to determine whether this
is a consistent difference resulting from removal of regula-
tory sequences during construction of the minigene. Varia-
tion in quantitative expression is frequently observed among
transgenic lines carrying the same construct (38a); potential
sources of quantitative variation include differences in copy
number and in chromosomal site of insertion.
The intact amylase transgene and the minigene were both

inducible by dexamethasone. Within the sequenced region of
Amy-2.2y there is a single copy of the postulated glucocor-
ticoid response element core sequence, TGTTCT. It will be
of great interest to determine whether this sequence, located
between the TATA box and the cap site, is functional in
mediating the glucocorticoid induction.
We have demonstrated that the Amy-2.2y gene and

minigene retain sequences which mediate the loss of amylase
mRNA in diabetic animals. The concentration of Amy-2.2y
transcript was restored by treatment of the diabetic mice
with insulin. These results provide evidence that cis-acting
sequences mediate the response to diabetes and insulin.
Either the transcription or the stability of the amylase
mRNA may be affected. Although the effects of diabetes and
insulin on pancreatic amylase were first described in 1963

M52 MO0 YBR

BlU I

FIG. 7. Induction of Amy-2.2y by dexamethasone. Six-day-old
mice were treated with dexamethasone (DEX) on 3 successive days,
and pancreatic amylase was analyzed on day 4. For each strain,
equal amounts of pancreatic homogenate from treated and control
animals were applied to the gel.
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(11), it is still unclear whether the effect of insulin is direct or
is mediated by other hormones or second messengers. The
effects of insulin on transcription of PEPCK in cultured liver
cells (18) and transcription of pyruvate kinase in the liver of
diabetic rats (37) have been demonstrated, but the nature of
the nuclear effector is not known. Sequence comparison of
Amy-2.2y with the recently published 5'-flanking region of
PEPCK (5) did not reveal any striking homologies which
might be related to regulation by insulin. However, compar-
ison with a larger number of insulin-regulated genes might be
more fruitful. Localization of insulin-responsive sequences
by transfer to other promoters will be the goal of future
work.
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