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Isoproterenol/tannin-dependent R 1 5  expression 
in transgenic mice is mediated by an upstream 
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Transgenic mice were used to locate the cis-acting DNA elements that are essential for tissue-specific 
and inducible expression of the rat proline-rich protein gene, R15. Chim eric genes with up to 
10 kb of R15 5'-flanking region fused to chloram phenicol acetyl transferase (CAT) or polyomaviral 
large T-antigen (PyLT) reporter genes were tested. O ur results demonstrate that (1) the isoproterenol/ 
tannin-inducible, parotid-specific transgene expression requires an upstream  cis-regulatory dom ain, 
namely the paro tid  control region, which extends from  - 6  to -1 .7  kb of the R15 gene; (2) this 
parotid  control region functions with a heterologous prom oter and is indispensable for achieving 
a reproducible chrom osomal position-independent transgene expression; (3) deletion of the R15 
5'-flanking region up to -1 .7  kb results in a pleiotropic effect on the transgene expression, which 
includes ectopic (nonsalivary) reporter expression and lack of inducibility by either the P-agonist 
isoproterenol or dietary tann in  stim ulation; (4) when the -1 0  to - 6  kb region from  the R15 gene 
is deleted in the construct, the inducible expression in the parotid  glands of the transgenic mice 
decreases by over 30-fold, but position-independent and tissue-specific transgene expression is 
retained. Moreover, the m echanism  of induction by either catecholam ine isoproterenol or dietary 
tann in  appears to be through a pi-adrenergic receptor-m ediated pathway for both norm al (non- 
transgenic) and transgenic animals.

In multicellular organisms, each tissue exhibits 
a distinct phenotype corresponding to its spe­

cialized function. This is a consequence of differ­
ential expression of tissue-specific genes. Most 
current studies on the molecular mechanism 
of cell type- or cell stage-specific and inducible 
gene expression aim to analyze the cis-DNA se­
quences and their trans-regulatory factors in­
volved in promoter, enhancer, and silencer func­

tions by utilizing transiently transfected cultured 
cells or in vitro transcription systems. However, 
the regulatory elements may be located a great 
distance from the proximal prom oter (Nitsch 
and Schutz, 1993; Grosveld et al., 1987), and/or 
the higher order chrom atin structure may be 
regulated in a tissue-specific m anner (for review 
see van Holde, 1989), thus lim iting the appli­
cation of in vitro assays. This has prom pted us
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to investigate the expression of the salivary- 
specific and inducible proline-rich protein (PRP) 
R15 gene in transgenic mice, a system which 
will allow us to explore the regulatory h ierar­
chy governing gene expression.

The transgenic mice model provides a unique 
approach to the elucidation of the genomic con­
figuration needed for recapitulating the tissue- 
specific, developmentally regulated, or induc­
ible gene expression and mechanisms regulating 
such expression in vivo. First, the transgene in ­
tegrates at the one-cell embryo stage, presum ­
ably before heterochrom atin formation. Unlike 
stable transfection, there is no selectable m arker 
used in the transgenic approach, so the trans­
gene integration need not be biased in favor 
of the expression of selectable markers. It is 
thus more likely that the distribution of trans­
gene integration sites is random . Second, u n ­
like transiently transfected expression con­
structs, the integrated transgenes are subjected 
to the same processes (replication, chrom atin 
packaging, etc.) as the host genome. All the n u ­
clear regulatory processes acting on the host 
genome will also affect the integrated transgene 
expression. Thus, it provides a m ore rigorous 
environm ent to dissect the regulatory regions 
that are necessary and sufficient to m ediate 
tissue-specific and inducible transgene expres­
sion. However, the potential com plication of 
such an approach is that the integration of trans­
genes commonly leads to dram atic differences 
in both the tissue specificity of expression and 
level of expression (Palmiter and Brinster, 1986; 
Al-Shawi et al., 1990). These differences are now 
attributed to the sequences flanking the site of 
integration, commonly called the position effect 
(Al-Shawi et al., 1990). The inability to p rede­
term ine the sites of integration has proven to 
be an obstacle for many experiments in study­
ing gene expression and regulation (for review 
see Palm iter and Brinster, 1986). If one can 
achieve position-independent chromosomal 
transgene expression, it would facilitate the iden­
tification of the cis-elements that are essential for 
either m odulating or directing tissue-specific, 
developmental stage-specific, or inducible gene 
expression.

Proline-rich protein gene expression has been 
studied as a classical tissue-specific and induc­
ible system for m ore than 20 years (reviewed 
by Carlson, 1993). The expression of PRPs is 
confined to the salivary acinar cells. The sali­

vary glands, like the pancreas, contain discrete 
groups of terminally-differentiated acinar and 
duct cells that display exocrine function (Hard­
man and Spooner, 1992). In the rat and mouse, 
PRP gene expression is dramatically induced 
by chronic injection of the (3-agonist isoproter­
enol (Ann et al., 1987). After 6 to 10 days of 
daily isoproterenol injection, the PRPs comprise 
up to 70% of the total soluble protein in the 
rat and mouse parotid extracts. Presumably, iso­
proterenol induces the expression of PRP 
through a second messenger, cAMP. O ur p re­
vious transient transfection analyses have dem ­
onstrated that there is a cell type-specific cAMP- 
inducible element in the proximal 5 'flanking 
region of the PRP promoter (Lin and Ann, 1992; 
Lin et al., 1993). This cAMP-inducible enhancer 
also contains an E-box to which protein factors — 
salivary cAMP-response element binding p ro­
teins (SCBPs) belonging to the basic helix-loop- 
helix (bHLH) transcription factor/DNA-binding 
protein superfamily (Lin et al., 1993) —bind.

A related finding is that feeding tannins (pro- 
anthocyanidins) to rats and mice causes an in ­
duction of PRPs in the parotid gland, which 
m irrors that caused by chronic isoproterenol 
treatm ent (Carlson, 1993). It has been hypothe­
sized that induction of PRPs by dietary tannins 
is also m ediated by a rise in the intracellular 
level of cAMP. The functional significance of 
tannin-induced PRP expression may relate to 
the affinity of PRPs for the tannin (Mehansho 
et al. 1987b). As suggested by M ehansho et al. 
(1987b), the salivary PRPs may bind to and neu­
tralize multihydroxylated phenols such as tan ­
nins that are naturally found in sorghum, tea, 
and other foods. Interestingly, when hamsters 
are fed with a 2% tannin  diet, the PRPs are not 
induced, and significant inhibition of growth of 
these hamsters occurs (Mehansho et al., 1987a). 
This unusual growth inhibition by a diet with 
2% tannin  in hamsters deficient in PRP induc­
tion supports the hypothesis that the expression 
of PRPs is beneficial to hum ans and rodents. 
Humans, in particular, may benefit from the 
induction of PRPs, since tannin and related phe­
nolic materials are prevalent in a variety of hu ­
man diets. For example, sorghum grain probably 
feeds more people than any other crop with 
the exception of rice (Mehansho et al., 1987b).

In light of these observations, experiments 
in this report were designed to analyze the ge­
nomic organization of the upstream  5' flanking
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regions needed for the complex regulatory fea­
tures that modulate PRP expression in vivo. We 
have undertaken a study in transgenic mice 
using hybrid genes containing a reporter gene 
and a progressively 5' truncated rat salivary- 
specific R15 gene 5' flanking region. O ur results 
reveal a parotid control region located between 
-  6 and -1 .7  kb upstream  of the R15 prom oter 
that is capable of directing parotid-specific and 
isoproterenol-inducible expression of a heterol­
ogous prom oter construct, and its presence is 
essential for achieving reproducible chrom o­
somal position-independent transgene expres­
sion. Moreover, studies with fusion genes con­
taining this region have confirmed that the 
parotid control region along with its prom oter is 
capable of recapitulating isoproterenol/tannin- 
dependent transgene expression in the parotid 
acinar cells.

Materials and methods

Construction of /?75/reporter fusion genes

Three R15ICAI fusion genes containing vari­
ous lengths of the 5'-flanking region of rat 
parotid-specific PRP gene, R15, were constructed 
in this study. The 5'-flanking regions of R15 were 
derived from either cosmid R15 or plasmid 
R15BH (Lin and Ann, 1991). Plasmid R15BH 
was constructed from the 6 kb BamH I/Hind 
III fragm ent of cosmid R15, which includes 1.7 
kb of 5'-flanking region, three exons, and the 
polyadenylation site. An R15 oligo, which cor­
responds to the complementary sequence of the 
-21  to +2 region of R15 (Lin and Ann, 1991) 
was synthesized. This R15 oligo prim er together 
with the M13 reverse prim er was used in a poly­
merase chain reaction to amplify the -1 .7  kb 
to +2 DNA fragm ent from R15BH. Subse­
quently, the reaction product was cloned into 
pUC19, and the resulting construct was digested 
with Sal I and blunt-ended by Klenow. After 
BamH I digestion, the released insert was ligated 
into the BamH I/Bgl II (blunted by Klenow) sites 
o f pBLCAT3; the Bgl II site was regenerated in 
the process. This construct was designated 
-1.7i?i5/CAT. The second construct, - 1 0R15I 
CAT, containing approximately 10 kb of the 
5 'upstream  region of R15, was engineered by 
ligating an 8.3 kb H ind III/BamH I fragm ent of 
cosmid R15 (Lin and Ann, 1991) into the Hind III 
and BamH I sites of -  1.7R15ICAI. The th ird

construct, -6R15ICKT, was engineered by ligat­
ing a 4.3 kb Pst I/BamH I DNA fragm ent of ap­
proximately -  6 to -1 .7  kb from cosmid R15 (Lin 
and Ann, 1991) into the Pst I and BamH I sites 
of -  1.7R15ICAI. Another construct, 7?75PCR/tk/ 
CAT, driven by a heterologous promoter, was 
created by inserting a Pst I/BamH I fragm ent 
of R15 parotid control region (PCR) upstream  
of a thymidine kinase prom oter (tk, from nt 
-105  to + 51) that drives the CAT reporter gene.

To construct the 7?75/PyLT fusion genes, we 
used plasmid pPXMT-PyLT (kindly provided by 
Dr. Lorraine Chalifour, McGill University) con­
taining a Cla I/Xho I to Bgl II fragm ent of the 
mouse m etallothionein I (MT-1) prom oter and 
a Bgl II to BamH I fragment of the cDNA for 
polyoma viral large T-antigen (PyLT; Chalifour 
et al., 1990). First, plasmid pBLCAT3 was cleaved 
with Ava I, filled in with Klenow, and then cut 
to com pletion with BstY I. A 0.7 kb fragm ent 
containing the SV40 small t splicing and poly(A) 
signal was purified and ligated into the BamH 
I/Sal I (filled in with Klenow) sites of pPXMT- 
PyLT, regenerating the Sal I site. This plasmid 
was designated pPyLTl7. Subsequently, the plas­
mids -1.77275/CAT and -67?75/CAT were cut 
to completion with Sal I and Bgl II, respectively, 
and the fragments containing the R15 regula­
tory regions -1 .7  kb to +2 and - 6  kb to nt +2 
were purified and ligated into the Xho I/Bgl II 
sites of pPyLTl7 separately to replace its orig­
inal MT-1 promoter. These two constructs were 
designated -  1.77?75/PyLT and -67?75/PyLT, 
respectively.

Transgenic mice
The R15ICKT DNA fragments for m icroinjec­
tion were prepared by digestion with Kpn I to 
release the 3' ends and an appropriate  enzyme 
to release the 5' ends. The 7?75/PyLT DNA frag­
ments were separated from vector sequences 
after digestion with Cla I and Sal I. After aga­
rose gel electrophoresis, the desired DNA frag­
ments were purified through a Gene-Clean Kit 
(Bio 101) according to the m anufacturer’s in ­
structions. The DNA concentration was m ea­
sured and diluted to approxim ately 2 ng/^1 for 
m icroinjection. FVB/N mouse pronuclei were 
each injected with about 1-2 pi DNA solution 
and were subsequently transferred to pseudo­
pregnant females, as described by Hogan et al. 
(1986). Founder mice were identified by poly­
merase chain reaction analyses of tail DNA using
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prim ers designed according to the sequences 
of CAT or PyLT. Positive founders were bred 
to establish the transgenic lines, and two to six 
transgenic lines were established for each con­
struct. The FI and F2 offspring were used for 
this study. Transgene copy num bers were deter­
m ined in Southern analyses with 32P-labeled 
CAT or PyLT probes by com paring the in ten­
sities of labeled bands from tail DNA with those 
of known amounts of CAT or PyLT internal stan­
dards (Hogan et al., 1986). Southern analyses 
indicated that the transgenes were inserted in 
a head-to-tail array at a single integration site 
(data not shown).

Animal treatment and tissue collection
Rats, transgenic mice, and their non-transgenic 
litter mates were normally fed with Purina Lab 
Chow ad libitum. The regulation of the R15 
transgenes was studied under three metabolic 
conditions: control (fed with Purina Lab Chow 
only), Ipr-injected (repeatedly injected with iso­
proterenol for defined periods), and tannin-fed 
(fed with a 6% tannin-containing diet for 6 
days). Isoproterenol was adm inistered as de­
scribed previously (Ann et al., 1987); each mouse 
or rat received a daily intraperitoneal injection 
of 2 or 5 mg, respectively, of dl-isoproterenol 
HC1 in 0.2 ml of 140 mM NaCl for 10 days, u n ­
less otherwise indicated.

For tannin  feeding, mice were kept on Pu­
rina Lab Chow before starting the feeding ex­
periments. Sorghum grain with high tannin con­
tent, IS-8260, was ground and incorporated into 
the diet to a final tannin  content of 6%, as de­
scribed previously (Mehansho et al., 1987a). 
Food and water were provided ad libitum. To­
tal RNA and soluble extracts were prepared from 
salivary and nonsalivary tissues of at least three 
transgenic animals in each of the three treat­
ment groups (i.e., at least nine animals from each 
/?75/reporter pedigree) and assayed for reporter 
expression.

In the experim ents on the role of the |3- 
adrenergic receptor in the regulation of R15 
gene expression, a P-adrenergic receptor non- 
selective blocker [(± )-propranolol and its optical 
isomers ( + )- or (-)-propranolol], a pi-selective 
blocker (metoprolol), and a P2-selective blocker 
(butoxamine) were used. Each selected blocker 
was individually mixed with the tannin-contain­
ing sorghum at the ratio of 1 mg per gram of 
sorghum mixture. The mice were fed with this

m ixture for 6 days, and the CAT activity in 
the parotid extracts was com pared to that from 
the above-mentioned tannin-fed group.

For the treatm ent com bining isoproterenol 
and a (3-blocker, mice were injected daily for 
six days with 0.1 ml of 140 mM NaCl solution 
containing 1 mg each of dl-isoproterenol and 
one of the selected (3-blockers m entioned above.

For all the experiments, animals were anes­
thetized with CO 2 and sacrificed by exsangui- 
nation. The dissected organs were snap-frozen 
in liquid nitrogen and stored at -  80°C until use.

CAT assay

To determ ine CAT activity, tissues were thawed 
and homogenized in 0.1 to 0.2 ml of 250 mM 
Tris (pH 7.5) and 0.5 mM PMSF. After three 
cycles of freezing and thawing, the homogenates 
were spun in a m icrocentrifuge for 15 minutes, 
and protein concentrations of the supernatants 
were determ ined with a Bio-Rad protein assay 
kit. Subsequently, the samples were heated at 
65°C for 10 m inutes to inactivate endogenous 
deacetylases, and 1 to 100 gg of the protein ex­
tracts were assayed for CAT activities, as de­
scribed previously (Lin et al., 1991). The inclu­
sion of 0.5 mM of the protease inhibitor PMSF 
in the tissue preparation and reaction (Pothiec 
et al., 1992) is critical for a quantitative CAT 
assay using extracts prepared from the salivary 
glands of transgenic mice. The CAT enzyme re­
action products were separated by thin-layer 
chromatography. Acetylated forms of [14C]chlor- 
amphenicol were excised individually and 
counted in a scintillation counter. For quantifica­
tion, these assays were dem onstrated to be 
within linear range by varying the incubation 
time and am ount of extracts used.

Reverse transcriptase-coupled polymerase chain 
reaction and Northern blot analyses

Total RNA was extracted from frozen mouse 
tissues as described by Chomczynski and Sac- 
chi (1987). Approximately 1 gg of total RNA 
was incubated with RNase-free DNase (U. S. Bio­
chemical) according to the m anufacturer’s in ­
structions. Subsequently, the DNA-free RNA was 
reverse-transcribed in a total volume of 10 gl 
with random  hexamers and M-MLV reverse tran­
scriptase (BRL). Following the cDNA synthesis, 
4 pmol each of a pair of specific oligomers corre­
sponding to mouse glyceraldehyde-3-phosphate 
dehydrogenase (GAD) or PyLT were added to
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4 |il of the cDNA reaction mixture, respectively, 
for the polymerase chain reaction. Each 20 [i\ 
reaction m ixture included 10 mM Tris (pH 8.3), 
50 mM KC1, 2.5 mM MgCb, 0.01% gelatin, 200 
[iM dNTPs, and 0.5 unit of Taq DNA polym er­
ase (Promega). Sixteen cycles of amplification 
reactions were perform ed using the following 
profile: 92°C, 30 seconds; 55°C, 30 seconds; and 
72°C, 30 seconds. Ten \il from each reaction 
were analyzed for the presence of either trans­
gene or GAD cDNA by Southern analyses with 
32P-labeled GAD or PyLT probes. These condi­
tions were carefully selected so that the mes­
sage levels were in proportion to the levels of the 
amplified product. Also, negative controls were 
included in each assay. For N orthern  analyses, 
approximately 10 ng total RNA for each sample 
were electrophoresed, blotted, and hybridized 
with 32P-labeled specific probes as previously 
described (Ann et al., 1987).

In situ hybridization
The in situ hybridization was carried out as pre­
viously described (Lazowski et al., 1992). Briefly, 
a 400 bp CAT fragm ent was subcloned into the 
riboprobe vector pGEM-4 (Promega) in an orien­
tation permitting transcription of CAT antisense 
RNA from the SP6 promoter. The transcripts 
were labeled with [35S]UTP. Frozen sections of 
subm andibular glands from control and trans­
genic mice were thaw-mounted onto slides coated 
with 3-aminopropyltriethoxysilane (TESPA). The 
slides were stored at -  70°C until processed. Tis­
sue sections were fixed in 4% formaldehyde in 
1 x PBS for 5 minutes, washed, and acetylated 
with 0.25% acetic anhydride in 0.1 M triethanol- 
amine-HCl, pH 8.0, for 10 m inutes at room  tem ­
perature. After washing in 2 x SSC, sections were 
dehydrated in a graded series of ethanol, de- 
lipidated in 100% chloroform, and air-dried. 
Subsequently, sections were hybridized for 18 
hours at 52°C in a solution containing 50% 
formamide, 0.6 M NaCl, 10 mM Tris-HCl, l x  
Denhardt’s solution, 1 mM EDTA, 0.01% salmon 
sperm DNA, 0.05% total yeast RNA, 10% dextran 
sulfate, 100 mM DTT, 0.1% SDS, 0.1% sodium 
thiosulfate, and 2 x l0 4 cpm/|d of 35S-labeled 
probe. Following hybridization, slides were 
washed for 1 hour in several changes of 2x 
SSC/10 mM DTT to remove the unhybridized 
probe, treated for 30 m inutes at room  tem pera­
ture with 20 |ng/ml RNase, and washed another 
30 m inutes with RNase buffer, twice in 2x

SSC at room  tem perature, 1 hour in 2x SSC at 
50°C, and finally in 0.2x SSC for 1 hour each 
at 55°C and 60°C. After dehydration in an as­
cending series of ethanol (50%, 70%, 90%, and 
95%) containing 0.3 M am m onium  acetate and 
in 100% ethanol, slides were air-dried and ex­
posed to Hyperfilm-(3max (Amersham) to esti­
mate the approxim ate time of exposure for the 
emulsion autoradiography. Emulsion autoradi­
ography was perform ed at 4°C using Kodak 
NTB2 emulsion. Tissue sections were exposed 
for the times estimated as described above, de­
veloped with Kodak D-19 developer, fixed, and 
counterstained with hematoxylin-eosin.

Results

Inducible and tissue-specific expression of rat 
PRP genes, R15 and R4

The dram atic changes in rodent salivary gland 
gene expression induced by the catecholam ine 
isoproterenol (Ipr) and tannins in the diet sug­
gest that this is a useful model system to study 
overall regulation of tissue-specific gene expres­
sion. As dem onstrated in Figure 1A, R15 mRNA 
from nontransgenic rats is too low to be detected 
in salivary glands of control (untreated) ani­
mals and nonsalivary tissues such as liver of both 
control and Ipr-injected animals. However, upon 
isoproterenol injection of the nontransgenic 
rats, the R15 messages are tremendously in­
creased in the salivary glands. This induction 
of R15 expression is more pronounced in the 
parotid  glands than in the subm andibular 
glands (Fig. 1A, lanes 4 and 6), in contrast to 
the PRP R4 messages (Lin and Ann, 1991) that 
are dramatically induced in both the parotid  
and subm andibular glands (Fig. 1A, lanes 8 and 
10). In order to dissect regulatory element(s) 
directing the tissue-specific and inducible PRP 
R15 gene expression in vivo, we generated vari­
ous constructs consisting of 5'-flanking regions 
of R15 and one of the reporters, CAT (chloram­
phenicol acetyltransferase) or PyLT (polyoma- 
viral large T-antigen), as shown in Figure IB.

Distal sequences are required for salivary- 
specific and isoproterenol/tannin-dependent 
expression of R75/reporter genes in transgenic 
animals

To test w hether the proximal regulatory region 
of the R15 gene is sufficient to target PRP ex-
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Figure 1. N orthern analysis o f rat parotid  and subm an­
dibular glands and liver PRP expression and schematic 
diagram of i?75/reporter transgene constructs. A. RNA 
(10 pg) from parotid  (Pa), subm andibular (Su) glands, 
and liver (Li) o f control (C) and isoproterenol-treated 
(I) rats were electrophoresed on a 1.5% denaturing aga­
rose gel, blotted onto nitrocellulose filters, and probed 
with two PRP gene-specific probes (R15 and R4). The 
blot was first probed with 32P-labeled fti5-specific 
probes. After removing the hybridized R15 probes, the 
same filter was reprobed  with R 4 -specific probes. The 
indicated m olecular weight (left) was estim ated from 
the 0.16-1.77 kb RNA ladder (BRL) analyzed in the same 
gel. Autoradiography was perform ed at -8 0 °C  for 4 
hours with two intensifying screens, for both R15 and 
R4 probes. B. Top heavy line is a schematic diagram 
of the rat proline-rich protein gene, R15. Num bers in ­
dicate the distance from the transcription initiation 
site ( r )  in kilobases, except that 2* represent nt +2. 
Genomic fragments (dotted box) derived from cosmid 
R15 were inserted into the promoterless expression vec­
tor (open box) containing either the CAT or PyLT cod­
ing region with splicing/poly(A) signals (t.A.) to create 
constructs used in the transgenic animal studies. The 
i?75/reporter transgenes with progressively truncated 
5'-flanking DNA are term inated with a fixed 3' endpoint 
at nt +2 (2*).

pression in the salivary glands, constructs con­
taining the rat R15 proximal regulatory region 
(-1 .7  kb to nt +2) and either the CAT (-1 .7R15I 
CAT) or PyLT ( -  1.7i?75/PyLT) were used to gen­
erate transgenic animals. Total RNA and tissue 
extracts prepared from either Ipr-injected or

tannin-fed transgenic mice were analyzed and 
com pared to that prepared from control trans­
genic mice. As shown in Figure 2, among the 
11 tissues surveyed from -1.7R15ICAI trans­
genic mice, significant levels of CAT activity were 
detected in brain, thymus, trachea, and sub­
mandibular glands. Except for the subm andibu­
lar glands, PRP is not normally found in brain, 
thymus, and trachea. Despite the report that 
PRPs or related proteins have been identified 
immunologically in the hum an trachea (Warner
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Figure 2. Representative tissue profiles of -  1.7ft75/CAT 
and -  1.7f?15/PyLT transgene expression in transgenic 
mice. A. Protein extracts were prepared from the in­
dicated tissues o f -  1.7R75/CAT transgenic mice fed Pu­
rina Lab Chow (control) or injected with isoproterenol 
for 10 days (Ipr-injected; see Materials and M ethods 
for details). The CAT assays were perform ed using 100 
Hg of soluble protein for each sample, and the reactions 
were at 37°C for 14 hours. H, heart; K, kidney; Lu, lung; 
M, muscle; Sp, spleen; Th, thymus; Tr, trachea; Li, liver; 
B, brain; Pa, parotid; Su, subm andibular; ( -) , protein 
extract from parotid  glands of nontransgenic mice as 
a negative control; CM, chloramphenicol; Ac-CM, acet- 
ylated chloramphenicol. The percent conversions were: 
B, 11%; Th, 3%; Tr, 2%; Su, 4%; Ipr-B, 10%; Ipr-Th, 4%; 
Ipr-Tr, 1%; <1% for Ipr-Su and the rem aining tissue 
extracts. B. One microgram total RNA from the in ­
dicated tissues of control and Ipr-treated -  1.7ftl5/PyLT 
transgenic mice was reverse transcribed using random  
hexamers as primers. Subsequently, equal am ounts o f 
cDNA were subjected to amplification with PyLT or glyc- 
eraldehyde-3-phosphate dehydrogenase (GAD)-specific 
prim er pairs in polymerase chain reactions, electro­
phoresed through a 1.5% agarose gel, blotted to Nytran 
membrane, and hybridized with 32P-labeled probes as 
indicated. The m inus RNA as a negative control is de­
noted as (-) . The autoradiography was perform ed with 
double intensifying screens at -8 0 °C  for 16 hours.
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and Azen, 1984), there is no evidence that the 
endogenous PRP genes are expressed or re­
spond to the (3-agonist isoproterenol in the 
rodent trachea (Carlson, 1993). Also of note is 
a decrease in CAT activity upon either chronic 
isoproterenol injection (Fig. 2A) or tannin feed­
ing (not shown) in the subm andibular glands. 
However, no significant change in CAT activities 
was detected in the brain, thymus, and trachea 
o f these treated -1.7R15ICXT transgenic ani­
mals. The decrease of CAT activity in the sub­
m andibular glands may be explained as an 
indirect side effect of the isoproterenol or tan ­
nin treatm ent. For example, the great increase 
in the subm andibular endogenous PRP content 
upon treatment with the (3-agonist isoproterenol 
may, in effect, dilute the m easured CAT-specific 
activity. Further examination of tissues from 
four independent -  1.77?75/PyLT transgenic lines 
by RT-polymerase chain reaction analyses re­
vealed ectopic (nonsalivary) transgene expres­
sion and lack of isoproterenol-inducibility in 
either parotid  or subm andibular glands (Fig. 
2B). No apparent change of -  1.77?75/PyLT trans­
gene messages was observed in these tested tis­
sues, which also supports our explanation of 
the above-mentioned decrease of CAT activity 
in the subm andibular glands. Clearly, with two 
different transgene reporters, CAT and PyLT, 
the 1.7 kb of R15 5'-flanking inform ation is 
insufficient to confer either isoproterenol or 
tannin  inducibility in the tissues studied.

We next examined four independent trans­
genic lines generated from a -  107275/CAT con­
struct that carries 10 kb of contiguous rat R15 
upstream  sequences. Shown in Figure 3 is a rep ­
resentative tissue CAT activity profile from one 
of these lines. In the control (untreated) trans­
genic mice generated with the -  107?75/CAT con­
struct, no significant CAT activity could be de­
tected in any tissue. This is similar to the 
expression pattern of the endogenous R15 gene, 
for which basal expression could not be detected 
(Fig. 1A). Furthermore, like the endogenous R15 
gene activity, the CAT transgene activity was dra­
matically induced in the parotid glands from 
both the Ipr-injected and tannin-fed transgenic 
mice (Fig. 3). The induction of transgene ex­
pression in the subm andibular glands by iso­
proterenol was much less than that in the pa­
rotid glands, which also resembles the pattern 
of endogenous R15 rather than R4 gene induc­
tion (Fig. 1A, lanes 4 and 6, 8 and 10). However,

Ac-CM  -*►

CM - ►

Ac-CM -**

CM-**

Figure 3. Tissue-specific induction of -107?75/CAT 
transgene expression by catecholamine isoproterenol 
and dietary tannin. F2 progeny o f transgenic line 
-10R75/CAT-01 were fed Purina Lab Chow (Control), 
fed a diet containing IS-8260 high-tannin content sor­
ghum for 6 days (Tannin-fed), or injected with isopro­
terenol for 10 days (Ipr-injected; see Materials and M eth­
ods for details). Soluble protein (50 ng) was assayed for 
CAT activity at 37°C for 2 hours. The CAT assays using 
protein extracts from the parotid  (Pa) glands o f Ipr- 
injected and tannin-fed -  107?75/CAT-01 transgenic mice 
were over-reacted in order to dem onstrate a weak in ­
duction in the subm andibular (Su) glands by isoproter­
enol, and not by tannin. See Figure 2 for details.

H K Lu M Sp Th Tr Li B Pa Su 
1------------------------ C o n tro l-------------------------

Tr Li B Pa Su Tr Li Pa Su (-)
1— Ip r- in je c te d — 11--------Tan n in -fe d  -------

a high-tannin diet induced transgene expres­
sion only in the parotid, and not the subm an­
dibular glands. A m oderate CAT induction by 
isoproterenol treatment in the trachea, as shown 
in Figure 3, was not always reproducible, even 
in the same line of transgenic mice. The overall 
expression pattern among the four independent 
lines of -  107?75/CAT was quantitatively similar 
to the one shown. Together, these results indi­
cate that regulatory elements upstream  of the 
R15 proximal regulatory region are critically 
im portant in facilitating a high level of isopro- 
terenol/tannin-dependent transgene expression
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Figure 4. Localization o f CAT messages in the salivary acinar cells o f transgenic mice using in situ hybridization. 
Tissue sections o f subm andibular glands from non-transgenic litter-mate (A and B) and -1.7/275/CAT transgenic 
(C and D) mice, as well as parotid  glands of Ipr-injected (E and F) and tannin-fed -  107275/CAT transgenic mice 
(G and H) were prepared  as described in Materials and Methods. In situ hybridization was perform ed using 35S- 
labeled CAT cRNA probes. Both bright field (A, C, E, G) and dark field (B, D, F, H) are shown. All the sections were 
displayed at 400x magnification. Open arrows indicate the acinar cells, and dark arrows indicate the duct cells. 
The arrowheads shown in E and F indicate the patchy appearance of transgene expression.
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in the parotid glands and in preventing the ec­
topic transgene expression observed in the trans­
genic animals harboring the -  1.7/?/5/reporter 
constructs.

1.7 kb of S'-flanking region is able to direct 
acinar cell type-specific expression
To determ ine the cell-type specificity of R15 
transgene expression within the salivary glands, 
cross sections of salivary tissue from selected 
transgenic mice were analyzed by in situ hybrid­
ization with anti-CAT cRNA. Because the en­
dogenous PRP expression occurs at high levels 
in the parotid glands of Ipr-injected rats and 
mice (Ann et al., 1987), and the highest levels 
of CAT enzyme activity were also observed in 
the induced parotid glands of -KXR75/CAT 
transgenic mice (Fig. 3), we sought to identify 
the cell types expressing the transgenes within 
the induced parotid glands. As shown in Fig­
ure 4E-H, the signals for the -  1&R/5/CAT trans­
gene induced by either the catecholamine iso­
proterenol or dietary tannin  were prim arily 
seen in the acinar cells of parotid glands (open 
arrows), which is consistent with the previous 
report on the localization of the induced en­
dogenous PRP messages (Lazowski et al., 1992).

Analysis of subm andibular cross sections 
from a transgenic mouse harboring the -1 .7R15I 
CAT construct revealed that the transgene was 
detected unambiguously in most subm andib­
u lar cells (Fig. 4C and D), whereas there were 
practically no detectable signals in those from 
non-transgenic litter mates (Fig. 4A and B). Fur­
therm ore, these CAT messages, like that from 
parotid  glands of the -  10i?75/CAT transgenic 
mice, were localized in the acinar cells (open 
arrows, Fig. 4C and D), but not in the duct cells 
(dark arrows, Fig. 4C and D) of the subm andib­
ular glands. These results suggest that there are 
cis-elements located in the proximal 1.7 kb of 
the 5'-flanking region of R15 that are able to 
direct the basal transgene expression unam ­
biguously to most of the salivary acinar cells 
(Fig. 4C and D). However, this 1.7 kb region alone 
does not contain the necessary elements to 
confer P-adrenergic or tannin  inducibility on 
the transgene expression in either the parotid 
or subm andibular glands of transgenic mice 
(Fig. 2).

The parotid control region is located between 
- 6  and -1 .7  kb of R15

To localize the sequences within the 5' distal 
region that are required for parotid-specific and 
isoproterenol/tannin-dependent i?75/reporter 
transgene expression, we generated six and five 
lines of transgenic mice harboring 6 kb of the 
R15 5'-flanking region with e ither the CAT or 
PyLT reporter gene, respectively. No detectable 
CAT activity was seen in 11 tissues from the con­
trol -6R15ICAI transgenic mice, whereas sig­
nificant CAT induction was observed solely in 
the parotid  glands of both the Ipr-injected and 
tannin-fed transgenic mice (Fig. 5A). The induc­
tion level was, however, significantly less than 
that seen in the -  10R15ICKT transgenic mice, 
taking into account the amounts of soluble pro­
tein and incubation times used in the CAT assays 
(see Figures 3 and 5A). To partially account for 
the effect o f the transgene integration sites, ex­
pression of the -6R15IFylH transgenes was ana­
lyzed by N orthern  blots. As shown in Figure 5B, 
a single band, which corresponds to the p re­
dicted size of PyLT transcript, was detected in 
the parotid  glands of Ipr-injected -67?75/PyLT 
transgenic mice. No similar band or band of 
different size was detected in the RNA isolated 
from  tissue of control transgenic mice or from 
the brain, liver, and subm andibular glands 
of treated -67?75/PyLT mice (Fig. 5B). These 
results suggest that the distal -1 0  to - 6  kb re­
gion of R15 is not required for the observed 
tissue-specific transgene expression; however, 
it may enhance the fold of induction by isopro­
terenol and tannin.

The overall pattern of expression am ong the 
21 transgenic lines used in this study is sum­
m arized in Table 1. There is no obvious differ­
ence in the penetrance of the pedigrees derived 
from  the same series of R15ICAI and R15IFyYI 
constructs. This suggests that the observed pat­
terns in terms of tissue specificity and induc­
ibility among different transgenic lines with vari­
ous lengths of R15 5'-flanking regions are not 
caused by the reporter genes we used, CAT and 
PyLT, and that the sequences of the -1 0  to -  6 kb 
region are dispensable for the reproducible 
parotid-specific transgene expression. Also, since 
no two transgenic lines are likely to have the 
same integration sites, the observed phenotypes 
seem to be independent of the site of integra­
tion. Therefore, we have designated the - 6  to
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-6K75/CAT

Tr Li Pa Su Tr Li Pa Su (-)
1------- Ipr-injected — 1 1----------  Tannin-fed---------1

B -6/?75/PyLT
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p-actin

<-18 s 
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Figures. Induction o f -  6R15ICAI 
and -  6/?/5/PyIT transgene expres­
sion by P receptor agonist, isopro­
terenol, and high-tannin sorghum. 
Results from representative inde­
pendent lines containing either 
-6-R75/CAT or -6i?15/PyLT trans­
gene are shown. A. CAT assays 
were perform ed using 100 pg of 
soluble protein at 37°C for 14 
hours. The percent conversions 
were Ipr-Pa, 23%; Tannin-Pa, 62%; 
<1% for the rem aining tissue 
extracts. B. N orthern blot was 
first probed with PyLT probe for 
transgene expression (upper pan­
el), and then the same blot was 
stripped and rehybridized with 
mouse P-actin cDNA probes (lower 
panel). The autoradiography was 
perform ed with double intensify­
ing screens at -8 0 °C  for 4 days 
(PyLT) and 2 days (p-actin), respec­
tively. The positions of 18S ribo- 
somal RNA, as visualized by EtBr 
staining, are shown at the right. 
See Figures 2 and 3 for fu rther 
details.

-1 .7  kb R15 region the parotid  control region 
(PCR), due to its ability to direct isoproterenol/ 
tannin-dependent transgene expression exclu­
sively in the parotid glands of all 15 lines har­
boring constructs containing this region. The 
levels of isoproterenol- or tannin-induced CAT- 
specific activity from the -1 0  and -6R15ICXT

constructs, after faking copy-number into con­
sideration, can vary by as much as 10-fold among 
independent lines derived from the same con­
struct (not shown). In some experiments using 
the founder transgenic mice (Wilkie et al., 1986), 
copy number-independent transgene expression 
may be explained by the supposition that the

Table 1. Summary of /?75/reporter transgene studies.

Construct

Number of 
transgenic 

lines

Copy
number of 
transgene

Parotid
specificity

Non-salivary
ectopic

expression

Parotid
IPR

inducibility

Parotid
tannin

inducibility

-107? 75/CAT 4 1-15 4/4 0/4 4/4 4/4
-6K75/CAT 6 1-26 6/6 0/6 6/6 6/6
-6/? 7 5/PyLT 5 1-19 5/5 , 0/5 5/5 5/5
- 1 .7R15/CAT 2 21-45 0/2 2/2b 0/2 0/2
-1.7R15/PyLT 4 N.D.° 0/4 4/4b 0/4 N.D.°

0 Not determined.
b Ectopic expression was observed in the brain, trachea, and thymus.
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transgenes in transgenic mice are mosaic; this 
is not the case in our experiments, since the 
mice analyzed were either the FI or F2 off­
springs. The “patchier” appearance of transgene 
expression than the endogenous PRP expres­
sion pattern  (Lazowski et al., 1992) detected by 
in situ hybridization, as shown in Figure 4E and 
F, suggests that this variation in CAT expression 
may be due to the fact that not all acinar cells 
responded to isoproterenol stim ulation or ex­
pressed the transgene equally. A similar obser­
vation has been made in o ther transgenic sys­
tems (Simonet et al., 1993).

To verify that the parotid control region d i­
rects the observed parotid-specific and isopro­
terenol-dependent transgene expression, we ana­
lyzed the expression of transgenes containing 
CAT reporter gene driven by the heterologous 
herpes simplex virus thymidine kinase (HSV- 
tk) promoter. W hen a 2.9 kb Pst I-Bam H  I frag­
ment from the PCR, which contains two salivary- 
specific DNase I-hypersensitive sites (D. K. Ann 
et al., unpublished data), was ligated upstream  
of the heterologous tk promoter, a high level 
of expression of the resulting 2?i5PCR/tk/CAT 
fusion transgene in the parotid glands of trans­
genic mice receiving isoproterenol injection was 
observed (Fig. 6). This isoproterenol-dependent

expression is not observed in other tissues, such 
as liver, or in the parotid glands of transgenic 
mice bearing tk/CAT transgenes. Thus, the pa­
rotid control region is able to direct parotid 
isoproterenol-dependent expression via a het­
erologous promoter, confirming that this region 
contains most of the necessary sequence infor­
m ation to confer isoproterenol-inducible gene 
expression to the parotid gland.

pi-adrenergic receptor is likely involved in the 
regulation of R15/CAJ transgene expression 
in the parotid glands

To dem onstrate that the parotid  control region 
can recapitulate the regulation of endogenous 
R15 expression, we examined the time course 
of CAT induction by either isoproterenol (Fig. 
7A) or dietary tannin (Fig. 7B) in two indepen­
dent lines derived from either the -  10R15ICAI 
(solid curves) or the -  6R15ICAI (dashed curves) 
construct, respectively. As shown in Figure 7A 
and B, the effect of these treatm ents on the CAT 
activities in the parotid glands of two indepen­
dent -  10R15ICAI lines was similar to that in 
two individual -6R15ICAI lines; they shared 
a comparable, but not identical, time-response 
curve and displayed their maximum activities

tk/CA T

/?75PCR/tk/CAT

I Pa Su | | L i Pa Su i 
1-Control -> L- ipr-injected -I

Figure 6. The parotid  control re­
gion of the R15 gene is able to d i­
rect isoproterenol-inducible and 
parotid-specific expression from 
a heterologous promoter. A 2.9 kb 
Pst I-Bam H  I fragm ent (PCR), 
which is within the - 6  to -1 .7  kb 
o f theR15  parotid control region, 
was ligated upstream  of a thymi­
dine kinase (tk) prom oter that 
drives a CAT reporter gene. The 
control tk/CAT fragm ent and the 
fusion construct, i?75PCR/tk/CAT, 
were used to generate transgenic 
mice separately. The param eters 
used for CAT assays were the same 
as those described in Figure 5A. 
The percent conversions were: Ipr- 
Pa o f the #25PCR/tk/CAT trans­
genic mice, 7%; <1% for the o ther 
tissue extracts. Representative re­
sults from liver (Li), parotid  (Pa), 
and subm andibular (Su) glands 
are shown for each construct. CM, 
chloramphenicol; Ac-CM, acety- 
lated chloramphenicol.
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Figure 7. Kinetics o f CAT induc­
tion by isoproterenol treatm ent or 
tannin feeding in transgenic mice, 
com pared to the induction of en ­
dogenous rat R15 expression by 
isoproterenol. CAT activity was 
m easured from a pool o f paro t­
id glands (from 3 mice) o f two 
independent lines o f -6R15IC A I 
(-6i?i5/CAT-01 and -0 3 ; curves 1 
and 2) and -  10i?f5/CAT (-1 0 R15I 
CAT-01 and -0 4 ; curves 3 and 4) 
constructs, respectively, with de­
fined periods (days as indicated) 
of isoproterenol treatm ent (A) and 
tannin-feeding (B). The results are 
expressed as the relative CAT ac­
tivity. One relative CAT activity is 
defined as 1% chloram phenicol 
conversion per copy o f transgene 
when 50 |xg of soluble parotid pro­
tein extracted from -6R15IC A I 
transgenic mice were incubated at 
37°C for 17 hours. The parotid ex­
tracts from -10i?15/CAT mice 
were serially diluted in order to 
obtain a com parable CAT activity 
that is in a linear range with that 
from  the -6R15ICXT  mice. The 
calculated relative CAT activities 
are normalized for the fold-dilution. 
C. RNA (10 (ig) isolated from the 
parotid glands o f rats treated with 
isoproterenol (days indicated) was 
separated on a denaturing agarose 
gel, blotted onto nitrocellulose 
paper, and probed with 32P-labeled 
/?75-specific probe (upper panel). 
The autoradiography was p er­
form ed with double intensifying 
screens at -8 0 °C  for 4 hours. 
Three micrograms o f the same 
RNA preparation  were also ana­
lyzed by EtBr staining to dem on­
strate the quality o f the RNA prep­
aration and equal loading (lower 
panel).

after approxim ately 3 to 4 days of treatm ent. 
Generally, the pattern  of induction in the par­
otid glands of these transgenic mice (Fig. 7A 
and B) is consistent with the kinetics of endoge­
nous R15 induction by isoproterenol in the rat 
parotid  glands (Fig. 7C). However, with the 
-  10R15ICXT transgenic mice, induced CAT ac­
tivity was more than 30-fold greater than that 
induced in the -6R15ICAI transgenic mice by 
both catecholam ine and dietary tannin  stim­
ulation (Fig. 7A and B, curves 3/4 versus 1/2).

Taken together, these results confirm that most 
of the isoproterenol/tannin-responsive elements 
are located within the parotid control region 
( - 6  to -1 .7  kb of R15) and suggest that one 
of the putative function of the DNA sequences 
between -1 0  and - 6  kb of R15 is to m odulate 
the m agnitude of induction m ediated by the 
parotid  control region.

Further investigations were conducted to de­
term ine whether a (3-adrenergic receptor pa th ­
way is involved in regulating R15ICAT transgene
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expression by a tannin  diet in the transgenic 
mice derived from either -  1&R75/CAT or the 
-67275/CAT construct. As shown in Figure 8, 
( ± ) propranolol (a nonspecific P-antagonist), 
when included in the diet, almost completely 
blocked the induction of CAT activity by dietary 
tannin  (compare lanes 1 and 2), as it did in the 
isoproterenol-induced CAT expression (com­
pare lanes 7 and 8) in the parotid glands of 
-  107U5/CAT transgenic mice. Treatment with 
either metoprolol (Pi-selective antagonist, lanes 
6 and 10) or ( - )  propranolol (active optical 
isomer of propranolol, lane 3) resulted in in ­
hibition of the induced CAT expression com­
parable to that from treatm ent with ( ± ) p ro ­
pranolol. In contrast to this m arked effect by 
the Pi-adrenergic antagonist on CAT induc­
tion, treatm ent with butoxam ine ^-selective 
antagonist) or (+) propranolol (inactive opti­
cal isomer of propranolol) either enhanced 
(lane 5) or had little effect (lanes 4 and 9) on

the tannin- or isoproterenol-induced CAT ac­
tivities. Although this enhancem ent of tannin- 
induced CAT activity by butoxamine is rep ro ­
ducible, the exact m echanism rem ains obscure. 
Similar observations were made in a represen­
tative line harboring -6R15ICAI transgenes (not 
shown). Taken together, com parable inhibition 
of the isoproterenol- and tannin-induced -1 0  
and -67275/CAT activities occurred when the 
Pi-selective antagonist was used; therefore, the 
p-adrenergic receptor involved in the induction 
pathways by both isoproterenol and tannin  is 
likely to be of the pi subtype. These findings 
not only are consistent with the previous hy­
pothesis (Mehansho et al., 1987b) that isopro­
terenol and dietary tannin regulate PRP expres­
sion via a rise in the intracellular level of cAMP, 
but also suggest that the induction of PRP R15 
expression by catecholamine isoproterenol and 
dietary tannin  in the parotid glands may share 
some common mechanisms, and that R15 ex-

I 2 3 4  5 6 7 8 9 1 0 1 1

Figure 8. pi-adrenergic pathway is involved in m odulating R15 expression by either isoproterenol or a high level 
o f dietary tannin. CAT activities from the parotid  extracts o f -  107?75/CAT-01 transgenic mice fed Purina Lab Chow 
only (lane 11), fed a diet containing IS-8260 high-tannin sorghum  for 6 days (lane 1), or injected with isoproterenol 
for 10 days (lane 7) were assayed. These CAT activities were com pared to that from  the parotid  extracts o f the same 
line of transgenic mice receiving the com bined treatm ent o f tann in  feeding or isoproterenol injection together 
with metoprolol (pi-antagonist; lanes 6 and 10), butoxam ine (^-antagonist; lanes 5 and 9), (± )  propranolol (non­
specific P-antagonist) or its optical isomers (+) or ( - )  propranolol (lanes 2-4  and 8), as indicated. See M aterials 
and M ethods for fu rther details. The CAT assays were perform ed at 37°C for 2 hours. The percent conversions 
were: lane 1, 37%; lane 4, 42%; lane 5, 98%; lane 7, 13%; lane 9, 20%; <1% for lanes 2, 3, 6, 8, 10, and 11. CM, chlor­
am phenicol; Ac-CM, acetylated chloramphenicol.
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pression is regulated, in part, by the parotid 
control region we have identified: - 6  to -1 .7  
kb of R15.

Discussion

We have studied the expression of various 
R15ICAI and7?75/PyLT transgenes with respect 
to their tissue specificity and regulation by the 
P-agonist isoproterenol and dietary tannin  in 
vivo. O ur data suggest that the 6 kb R15 
5' flanking region contains most of the control 
elements necessary for the position-independent, 
tissue-specific, inducible transgene expression, 
bu t lacks the element(s) required for its high 
level of expression. Since no transgenic mice 
were produced with a construct containing the 
10 kb R15 5' flanking region with an internal 
deletion of the - 6  to -1 .7  kb sequences linked 
to the reporter gene, it is difficult to determ ine 
whether the observed high expression level in 
the -  107275/CAT transgenic mice resulted from 
interaction(s) between elements in distal -1 0  
to - 6  kb region and the - 6  to -1 .7  kb frag­
m ent or the basic 1.7 kb prom oter region. How­
ever, using transient transfection assays, the dis­
tal -1 0  to - 6  kb region was shown to function 
as an enhancer for the heterologous prom oter 
in various non-salivary cells, and several AP-1 
or AP-l-like sequences are located in this region 
(D. K. Ann et al., unpublished observation). This 
suggests that the respective tissue-specific and 
inducible regulatory elements are located within 
the R15 -  6 to -1 .7  kb region, and their activity 
can be enhanced by sequences outside this re­
gion. Parotid-specific and isoproterenol-inducible 
transgene expression was found in all mouse 
lines in which the - 6  to -1 .7  kb region was 
included in the transgene construct bu t was not 
observed in any line without it. Since the parotid- 
specific and inducible regulation of homologous 
and heterologous promoters was restored by the 
presence of the - 6  to -1 .7  kb R15 region, it 
has been designated the parotid control region.

Studies of several o ther mammalian genes 
in transgenic mice have revealed that regulatory 
elem ents in the proximal prom oter are suffi­
cient to confer tissue-specific expression, al­
though maximal expression requires a distal 
upstream  or downstream enhancer (Pinkert et 
al., 1987; Neznanov et al., 1993; R indt et al.,
1993). For instance, 300 bp of the proximal 
5' flanking sequence of the album in gene are

sufficient to direct relatively low levels of trans­
gene expression to the liver; however, high lev­
els of expression require the presence of an en­
hancer -8 .5  to -10.4 kb upstream  from the 
album in prom oter (Pinkert et al., 1987). For 
the hum an keratin 18 gene, a m ajor enhancer 
elem ent located at approximately 4 kb down­
stream from the transcription start site is re­
quired for a high level of expression in the liver 
and intestine (Neznanov et al., 1993). Further 
studies have shown that reporter genes driven 
by the pancreatic-specific elastase (Kruse et al.,
1993) and cardiac-specific myosin light chain 
(Lee et al., 1992) prom oters are properly ex­
pressed when only 205 or 250 nucleotides of the 
proximal 5'-flanking region, respectively, are 
included in the constructs used to generate trans­
genic mice. In contrast, the proximal 1.7 kb of 
the 5' flanking region of R15 appear to be in ­
capable of directing reporter expression to the 
parotid glands of Ipr-injected or tannin-fed 
transgenic mice. Although a high level of induced 
expression was achieved with the -  107?75/CAT 
construct, we cannot rule out the possibility that 
there may be other regulatory elements, either 
fu rther upstream  from -1 0  kb or downstream 
from +2 nt of the R15 gene, involved in gov­
erning its expression. This uncertainty stems 
from the possibility that CAT, whose activity was 
m easured in this study, has a half-life different 
from that of the PRP, at either the protein or 
message level. Therefore, it is unclear whether 
the induced level of -  107?75/CAT quantitatively 
reflects expression of endogenous R15.

Based on our previous results, the lack of 
isoproterenol inducibility of transgene expres­
sion in the salivary glands of mice harboring
-  1.77?75/reporter constructs is puzzling. In our 
previous studies, in which several proximal reg­
ulatory elements affecting gene transcription 
were identified (Lin and Ann, 1992), the activ­
ity of the PRP prom oter had been analyzed by 
the transient transfection experiments. In those 
assays, the most critical elem ent directing PRP 
expression was found to be the SCRE enhancer, 
located between nt -1 3 6  and nt -109  relative 
to the transcription start site. This SCRE binds 
to basic helix-loop-helix SCBP proteins; co­
expressed SCBP isoforms mimic the cAMP effect 
in that they enhance expression of the tran­
siently transfected SCRE-reporter constructs 
(Lin et al., 1993). However, the -  1.77275/CAT and
-  1.77?75/PyLT constructs containing this SCRE



Tissue-specific and inducible transgene expression 303

m otif failed to display isoproterenol inducibil- 
ity in any of the tissues that expressed these 
transgenes (Fig. 2). It has been dem onstrated 
in many cases that when elements identified 
by transient transfection were tested in assay 
systems that involve gene integration into chro­
matin, such as a transgenic animal model, the 
ability of these elements to potentiate transcrip­
tion varies considerably. Furtherm ore, the level 
of transcription of the transgenes is almost al­
ways considerably lower than the level obtained 
in the gene’s native environm ent (Palmiter and 
Brinster, 1986). There are two possible expla­
nations for such a discrepancy between the tran­
sient transfection assays and transgenic studies.

The first explanation involves the function 
of putative boundary elements of eukary­
otic expression domains. Hypothetically, these 
boundary elements flank eukaryotic expression 
dom ains and act to insulate the regulatory 
dom ains from the influence of neighboring 
chrom atin and possibly to exert topological 
constraints on the regulatory sequences. The 
matrix-attachment sites of the chicken lysozyme 
gene have been proposed as candidates for such 
boundary elements (Bonifer et al., 1990). They 
are located both 5' upstream  and 3' downstream 
of the chicken lysozyme gene in order to create 
an environm ent favorable to the functioning 
of regulatory domains of the gene. Presumably, 
the expression of a transgene without bound­
ary elements in transgenic mice is easily affected 
by the sequence near the transgene integration 
site, especially for a relatively short transgene. In 
contrast, such chromosomal boundary elements 
are not required for transient expression, for 
which the transgene is not integrated into the 
genome. Thus, in our -\HR151CKY or PyLT 
transgenic mice, the lack of putative chrom o­
somal boundary elements may have dramatically 
influenced the functioning of regulatory do­
mains of these relatively short constructs and 
thus may account for the discrepancy between 
the transient transfection assays and transgenic 
mice studies, and the observed ectopic trans­
gene expression.

A second possibility is that the expression 
of certain genes is m ediated by a collection of 
individual elements surrounding the transcrip­
tional unit, with each individual element hav­
ing lim ited activity. However, highly sensitive 
reporter genes, such as CAT or luciferase, may 
allow DNA sequences with a very weak effect

to be classified as generic m ajor enhancers in 
transient transfection assays. The enhancer ele­
ments of the (3-globin gene are good illustrations 
of this possibility (Grosveld et al., 1987). A series 
of four DNase I-hypersensitive sites are located 
within 15 kb at the far 5' region of the p-globin 
locus (Grosveld et al., 1987). By itself, each site 
is capable of enhancing the expression of a 
linked P-globin gene, albeit at a lower level than 
with the cumulative effect of the four hypersensi­
tive sites. This synergistic effect of m ultiple reg­
ulatory elements in controlling cell-specific ex­
pression of eukaryotic genes has also been 
demonstrated in many other transgenic studies, 
including those with the album in gene (Kruse 
et al., 1993) and tyrosine aminotransferase gene 
(Nitsch and Schultz, 1993) in the liver and the 
myosin heavy chain gene (Rindt et al., 1993) and 
myosin light chain gene (Lee et al., 1992) in the 
muscle. O ur observation that a high level of in ­
duced transgene expression in the salivary 
glands depends on the inclusion of the DNA 
sequences from -1 0  to -  6 kb of R15 in the trans­
gene also supports this possibility.

Among independent lines of transgenic mice 
prepared from different constructs, only trans­
genic mice made with constructs containing 
the parotid  control region ( - 6  to -1 .7  kb of 
R15) were capable of displaying predictable 
transgene expression in the parotid glands. In 
contrast, all the transgenic mice that harbored 
constructs without the parotid control region not 
only showed ectopic expression in nonsalivary 
tissues but also lacked inducible expression in 
the parotid glands (Table 1). Taken together, these 
findings suggest that the R15 parotid  control 
region, along with the R15 promoter, can repro- 
ducibly direct isoproterenol/tannin-dependent 
reporter expression in the parotid  glands of 
15 out of 15 independent transgenic mice de­
rived from 3 different constructs: -  10Z?75/CAT, 
-  6R15ICAT, and -  6tfi5/PyLT (Table 1). It is u n ­
likely that such high-frequency, reproducible 
transgene expression is a coincidence of trans­
gene integration. Allen et al. (1988) have found, 
using an enhancer trap experiment, that the 
frequency of gene expression/activation through 
a weak prom oter that resulted from random  
transgene integration was 16 out of 72, or 22%. 
This is significantly lower than the penetrance 
achieved by the constructs containing the pa­
rotid  control region in this report (15 out of 
15 transgene-positive lines).
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Although the co-integration of parotid  con­
trol region into the R15 transgene loci resulted 
in establishing persistently position-independent, 
tissue-specific, and inducible transgene activity, 
there is no direct evidence that these parotid 
control regions are actually the boundaries of 
its chrom atin structure. However, the parotid 
control region exerts its effect only in the stably 
transfected cell lines and in transgenic mice de­
scribed herein, and not in transient transfectants 
(D. K. Ann et al., unpublished data). Therefore, 
the identified R15 parotid  control region p rob­
ably functions at the chrom atin level.

Clearly, these effects are similar to some of 
those m ediated by the locus control region 
(LCR) in regulating RNA polymerase II tran­
scription (Dillon and Grosveld, 1993). The LCR 
is a potent DNA element that confers copy 
num ber-dependent and chromosomal position- 
independent expression to genes that are sta­
bly integrated into the genome (Dillon and Gros­
veld, 1993). The lack of copy num ber-dependent 
transgene expression in our experiments ( ~  10- 
fold variation per copy of transgene derived 
from the same construct) may simply reflect a 
less-than-perfect role assumed by R15 parotid 
control region. This compromised copy number- 
dependent transgene expression is also observed 
in the transgenic studies using the LCR or its 
homologue of hum an P globin gene (Dillon and 
Grosveld, 1991) and m urine imm unoglobulin 
gene (Jenuwein et al., 1993) in their artificial 
constructs.

One hallm ark of LCRs is that they contain 
DNase I-hypersensitive sites in the chrom atin 
structure and sequences displaying regulatory 
function (Dillon and Grosveld, 1993). We have 
observed the parotid-specific DNase I-hyper- 
sensitive sites within the parotid control region 
of the R15 (data not shown), and the presence 
of regulatory elements in the identified parotid 
control region is fu rther evidenced by the fact 
that part of this region is capable of directing 
isoproterenol-stimulated expression of a hetero­
logous prom oter construct in the parotid  gland 
of transgenic animals (Fig. 6).

A nother possible role of the parotid  control 
region may be targeting the transgene to active 
chrom atin domains. However, this hypothesis 
implies that the transgenes are able to deter­
mine integration sites, which seems unlikely 
since the foreign DNA is integrated into the ge­
nome of a one-cell (sometimes two-cell) embryo

in which the patterns of heterochrom atin have 
not yet been established.

In conclusion, although the exact mechanism 
of its action calls for further investigation, our 
data establish that the novel parotid  control re­
gion is required for the tissue-specific R15 gene 
induction by isoproterenol and tannin  in vivo, 
and thus serve as a starting point for defining 
the cis-elements that function in vivo. Identifica­
tion of these elements should allow for a more 
accurate definition of the trans-factors respon­
sible for salivary transcriptional regulation of 
PRP expression. Upon establishing how these 
elements work in concert and unraveling their 
DNA sequences, we should be able to design 
vectors in which transgene expression is p re­
dictable and reproducible. Further experiments 
are also needed to elucidate the putative m ech­
anism by which isoproterenol/tannin treatm ent 
leads to the formation of a parotid-specific tran­
scriptional complex that mediates PRP expres­
sion via the parotid control region. We favor 
the bimodal process proposed by Archer et al.
(1992), in which the horm one-dependent acti­
vation of mouse mammary tum or virus expres­
sion goes through two steps: receptor-dependent 
chrom atin rem odeling and then transcription 
factor recruitment. O ur transgenic mice system 
clearly is a valuable tool to investigate the molec­
ular basis of tissue-specific and inducible trans­
gene expression in a chromosomal position- 
independent manner.
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