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Abstract

DBA/2] mouse contains two renin gene loci (Renl? and
Ren2?). Ren2’ but not Renl‘ is expressed in submandibular
gland (SMG) while both are expressed in the kidney. Based
on in vitro studies, we have postulated that a negative regu-
latory element (NRE) in the renin gene promoter is involved
in its tissue-specific expression. In this study, we examined
the molecular mechanism at the in vivo level using direct
gene transfer. Fragments of the Renl® or Ren2 promoter
were fused to a chloramphenicol acetyltransferase (CAT)
gene expression vector. These constructs complexed in fuso-
genic liposomes were injected directly into the mouse SMG
or intraarterially into the mouse kidney via the renal artery.
The vector containing the CAT exhibited readily detectable
in vivo expressions in both SMG and kidney. In the SMG,
Renl* fragment containing the NRE abolished CAT expres-
sion while deletion of the NRE restored CAT expression.
The homologous fragment from the Ren2? promoter did not
inhibit CAT expression while deletion of the 150-bp inser-
tion resulted in the inhibition. Cotransfection of Renl? con-
struct with Ren1’-NRE oligonucleotides as transcriptional
factor decoy restored CAT expression. Contrary to the
SMG, transfection with Renl? fragment-CAT construct or
Ren2¢ fragment-CAT construct into the kidney resulted in
similar levels of CAT expression. Interestingly, human c-
myc NRE oligonucleotides which share homology with
Ren1?-NRE competed effectively with these oligonucleotides
for the regulation of Renl® gene expression in vive. This
NRE sequence is also homologous to silencer elements found
in multiple mammalian genes, suggesting the presence of a
family of NRE/NRE binding proteins regulating expression
of diverse genes. (J. Clin. Invest. 1995. 96:1230-1237.) Key
words: submandibular gland - negative regulatory element
« renin gene promoter  in vivo gene transfer « decoy

Introduction

Tissue-specific gene expression is dependent on the specific
interaction of cis-DNA sequences with nuclear trans-activating
proteins. Certain trans-acting factors are ubiquitous, whereas
others exhibit temporal, tissue, and/or cell-specific expression.
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Recently, it has been shown that the interaction of a negative
regulatory element (NRE or silencer)' with specific nuclear
trans-acting proteins plays an important role in tissue-specific
regulation of gene expression such as IL-2 gene or T cell recep-
tor gene (1, 2). Further complexity is attained when multiple
trans-acting factors, especially those exerting opposing effects,
are able to bind to the same cis-element. In this case, competi-
tion for the same element can play an important role in gene
regulation.

Renin, an aspartyl proteinase involved in the regulation of
cardiovascular homeostasis, exhibits tissue-specific expression
(3, 4). We have focused our studies on the molecular mecha-
nism of tissue-specific renin gene expression in mice. Certain
strains of mice such as DBA/2J contain two renin gene loci
(Renl“ and Ren2?), which show marked tissue specific expres-
sion (5). For example, Renl?, the homologue of the human
and rat renin gene, is expressed in the kidney but not in the
submandibular gland (SMG). On the other hand, Ren2? is ex-
pressed in both the kidney and SMG. Our previous in vitro
studies using promoter-reporter gene chimeras as well as gel
mobility shift assays suggest that tissue-regulated expression is
dependent in part on the specific interaction of an NRE located
in the 5'-flanking region of the renin gene with NRE binding
proteins (NREB) (6, 7) (Fig. 1). Our in vitro data suggested
that in the kidney the effect of the NREB is attenuated by
the competitive binding of cAMP responsive element (CRE)
binding proteins (CREB). In extrarenal tissues such as the
SMG, CREB appears to be inactivated (7). Consequently, the
NREB is able to bind to the NRE, resulting in the silencing of
Renl? in the SMG. On the other hand, Ren2? is expressed in
the SMG because the NRE appears to be nonfunctional due to
a 150-bp insertion that interrupts the NRE (8).

These data were derived from biochemical or cell culture
experiments using noncognate cells that require validation in
vivo. An ideal approach is to use promoter-reporter gene chime-
ric plasmids in transgenic mice. However, this method is time
consuming and species limited. To circumvent these problems,
in this study we use a novel approach using in vivo gene transfer
of promoter-reporter chimeras in combination with transcrip-
tional factor decoy oligonucleotides. The transcriptional factor
decoy method is based on the principle of competition for bind-
ing proteins between the cis-elements present in a target gene
and exogenously added double-stranded decoy oligonucleotides
corresponding to that cis-sequence. Several investigators have
used this approach to block the activity of multiple transcrip-
tional factors (9, 10).

" We have recently used a highly efficient and simple method

1. Abbreviations used in this paper: CAT, chloramphenicol acetyltrans-
ferase; CRE, cAMP responsive element; CREB, CRE binding protein;
HMG 1, high mobility group 1 protein; HVJ, hemagglutinating virus of
Japan; MHC-I, major histocompatibility complex class-I; NRE, negative
regulatory element; NREB, NRE binding protein; SMG, submandibular
gland; tk, thymidine kinase.
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of DNA transfer using the hemagglutinating virus of Japan
(HVJ), also known as Sendai virus. This method involves the
encapsulation of DNA in neutral liposomes which is then com-
plexed with ultraviolet-inactivated HVJ (11). The HVJ en-
hances the fusion of the liposomes with cell membranes, facili-
tating the intracellular delivery of the DNA. A further modifica-
tion, complexing the DNA with high mobility group 1 protein
(HMG 1), increases the transport of the DNA into the nucleus.
This technique possesses many ideal properties for gene transfer
such as efficiency, safety, simplicity, brevity of incubation time,
no limitations of inserted DNA size, and efficiency in multiple
animal species including rodent and rabbit. The HVJ method
has been successfully used for gene transfer in vivo into various
tissues including liver (11), kidney (12), and vascular wall
(13) as well as cells in culture (14). This method has allowed
us to transfer plasmid vector DNA and oligonucleotides effi-
ciently. To demonstrate that the NRE found in the renin gene
promoter region is involved in regulation of gene expression
in vivo, we transfected renin gene promoter—chloramphenicol
acetyltransferase (CAT) fusion constructs directly into the
SMG and kidney in vivo. In the SMG study, we further
transfected the constructs with or without NRE oligonucleotides
as transcriptional factor decoy to inhibit the interactions be-
tween the renin-promoter constructs (NRE) and endogenous
transcriptional factors (NREB) in vivo.

Methods

Plasmid constructions (Fig. 2). pUtkCAT is a mammalian expression
vector encoding CAT under the control of a truncated herpes simplex
virus thymidine kinase (tk) promoter (15). pOCAT is a vector con-
taining a CAT gene but no eukaryotic promoter (15). pUtkCAT-Renl
includes a 340-bp Xbal fragment from Renl“ gene (positions —707 to
—368) which contains the NRE, cloned upstream of the tk promoter.
pUtkCAT-Ren2 includes a corresponding 484-bp Xbal fragment from
the Ren2 gene (positions —1058 to —575). pUtkCAT-Ren1 ANRE is
a deletion mutant plasmid that lacks the 23-bp segment (positions —619
to —597) of the NRE sequence from pUtkCAT-Renl constructed by
PCR using the overlap-extension method which uses PCR primers to
loop out the desired sequences (6). pUtkCAT-Ren2A150 is a deletion
mutant plasmid that lacks the 150-bp insertion (positions —969 to —820)
form pUtkCAT-Ren2 constructed by PCR. To monitor the efficiency of

the CRE/NRE region present in the mouse
renin gene. The CREB and the NREB com-
pete for binding to this region with the CREB
having a greater affinity. Renl? gene expres-
sion is suppressed in the SMG because CREB
is sequestered by an inhibitory protein,
thereby permitting NREB to bind to NRE
sequence. The triangles represent the 150-bp
insert present in the Ren2 gene, which inhib-
its NREB binding to the NRE, allowing
Ren2“ expression in both tissues.

transfection, pGL2-CV, a control vector that contains an SV40 promoter
and enhancer fused to a luciferase gene (Promega, Madison, WI) was
cotransfected with the above renin-CAT constructs. All plasmids for in
vivo transfection used in this study were purified on cesium chloride
gradients.

Preparation of HVJ-liposomes. Mixture of lipids, plasmid DNA,
nuclear protein, and virus was prepared as described previously (11).
Phosphatidylserine, phosphatidylcholine, and cholesterol were dissolved
in tetrahydrofuran in a weight ratio of 1:4.8:2. The lipid mixture (10 mg)
was deposited on the sides of a flask by removal of the tetrahydrofuran in
a rotary evaporator. To increase the transport of the DNA to the nucleus,
HMG 1, purified from calf thymus, was complexed with the plasmid
DNA mixture (renin-promoter CAT construct and pGL2-CV) by incu-
bation at 4°C for 1 h. The DNA-HMG 1 complex was then added to
the dried lipid in 200 ul of balanced salt (BSS; 137 mM NaCl, 5.4 mM
KCl, 10 mM Tris-HCI [pH 7.6]). In the decoy study, double-stranded
phosphorothioate oligonucleotides were also added in this mixture (15
M final concentration). The liposome—-DNA-HMG 1 complex sus-
pension was prepared by vortexing followed by sonication for 3 s and
shaking for 30 min. Purified HVJ (Z strain, 10,000 hemagglutinating
units ), inactivated by ultraviolet irradiation (110 erg/mm?/s) for 3 min
immediately before use, was added to the liposome suspension and
incubated at 4°C for 10 min and then for 30 min with gentle shaking
at 37°C. Free HVJ was removed from the HVJ-liposomes by sucrose
density gradient centrifugation. The top layer of the sucrose gradient
containing the HVJ-liposomes complex was collected and mixed with
2 mM CaCl, and 1 mg/ml glucose.

In vivo transfection and tissue harvest. Male DBA/2J mice (40-
d-old) (Charles River Breeding Laboratories, Cambridge, MA) were
anesthetized using ketamine (80 mg/kg) (Parke-Davis, Morris Plains,
NJ) and xylazine (12 mg/kg) (Lloyd Laboratories, Shenandoah, 1IA)
and underwent either SMG or kidney transfection procedure. In the SMG
transfection study, 100 pl of the HVJ-liposomes complex (prepared as
above) was injected directly into 10 different sites of SMG (an organ
of ~ 160 pg) using a 31-gauge needle. In the kidney transfection study,
abdominal aorta was temporally clipped above the left renal artery and
a needle was inserted directly into the left renal artery. The left kidney
was flushed with saline, then 300 ul of the HVJ-liposomes complex
was injected slowly (5 min) into the left kidney. The needle was then
removed and the clip was released. The incision was closed and the
animals were allowed to recover. 3 d after the transfection, mice were
killed and the tissue(s) removed rapidly for further analysis. At the time
of tissue harvest, there was no evidence of bleeding or inflammation.

CAT assays. CAT assays were performed as described previously
by Seed et al. (16). In brief, fresh SMG or kidney was homogenized
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with a Polytron (Brinkmann Instruments, Inc., Westbury, NY) in 300
or 800 ul of 250 mM Tris-HCI [pH 7.5], 0.5% Triton X-100, and 5
mM EDTA, respectively. After centrifugation at 12,000 g for 10 min,
20 pl of the supernatant was used in the luciferase assay. The remaining
amount of the supernatant was incubated at 70°C for 15 min to inactivate
endogenous acetylases. After a second centrifugation, the protein con-
centration was measured by the Bradford method (17) (Bio Rad Labora-
tories, Hercules, CA ). The final supernatant was assayed for CAT activ-
ity. 200 ug of protein per sample (50—100 ul), 5 pl of [**C] chloram-
phenicol (specific activity, 56 mCi/mmol; Amersham Corp., Arlington
Heights, IL), and 8 ul of n-butyryl coenzyme A (5 mg/ml; Sigma
Chemical Co., St. Louis, MO) were mixed and filled to a total volume
of 125 pl with homogenization buffer. The reaction mixture was incu-
bated at 37°C for 16 h, which was in the linear range of the reaction.
The acetylated chloramphenicol fraction of the suspension was extracted
by adding 360 ul xylene. Suspensions were back-extracted three times
with 250 mM Tris-HCI [pH 8.0]. Aliquots of 200 ul were counted in
scintillation fluid in a beta counter. Relative CAT activity (counts per
minute/picogram of luciferase) was calculated by dividing the CAT
activity in each gland (counts per minute/milligram of protein) by the
corresponding levels of luciferase (picograms). )

Luciferase assays. Luciferase assays were performed as described
previously (18) using a luciferase assay system (Promega). In brief,
light emission was measured for 20 s by Monolight luminometer (model
2001; Analytical Luminescence Laboratory, San Diego, CA) immedi-
ately after the addition of 100 ul of luciferase assay reagent containing
coenzyme A, D-luciferin, and ATP to 20 pl of the supernatant of sample
or standard luciferase (Sigma Chemical Co.).

Preparation of oligonucleotides. Oligonucleotides (28 bp) corre-
sponding to the mouse Renl?-NRE (—617/—590), human c-myc NRE
(—336/—-309) (19), mouse major histocompatibility complex class-I
(MHC-I) NRE (—165/—138) (20) were synthesized on an automated
solid-phase synthesizer (Applied Biosystems, Inc., Foster City, CA):
Renl?-NRE: 5' CTAACTTGGTCTCACAGGCTAGAATTTA 3'; c-
myc NRE: 5 ATGATITTATACTCACAGGACAAGGATGC 3'; MHC-
I NRE: 5’ CCCCATCTCCTCAGTTTCACTTCTGCAC 3'; putative
consensus NRE sequence (6) is underlined.

Single-stranded oligonucleotides were washed by 70% ethanol,
dried, and dissolved in sterile Tris/EDTA buffer (10 mM Tris-HCI [pH
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: pUtkCAT-Ren1

: pUtkCAT- Ren1ANRE

: pUtkCAT-Ren2

: pUtkCAT- Ren2A150

: pUtkCAT
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Figure 2. Renin gene promoter-CAT expres-
sion plasmids. pUtkCAT (5.5k-bp) is a CAT
expression vector containing a truncated her-
pes simplex virus thymidine kinase promoter.
pOCAT (5.2k-bp) contains a CAT gene but
no eukaryotic promoter. pUtkCAT-Renl, de-
rived from pUtkCAT, contains a 340-bp Xbal
fragment from Renl® gene including the pu-
tative CRE and NRE fused upstream to the
thymidine kinase (tk) promoter. pUtkCAT-
Ren2, also derived from pUtkCAT, contains
a 484-bp Xbal fragment from the corre-
sponding region in the Ren2¢ gene. pUtk-
CAT-Renl ANRE is a deletion mutant that
lacks the 23-bp segment of NRE sequence
from pUtkCAT-Renl. pUtkCAT-Ren2A150
is a deletion mutant plasmid that lacks the
150-bp insertion from pUtkCAT-Ren2.

8.0], 1 mM EDTA). The oligonucleotides were purified over a NAP
column (Pharmacia LKB, Piscataway, NJ) and quantitated by spectro-
photometer. Complementary pairs of single-stranded oligonucleotide
were annealed for 2 h while the temperature descended from 80 to 25°C.
We used double-stranded phosphorothioate oligonucleotides as a decoy
to decrease the degradation of the oligomer during the experiment.

Preparation of nuclear extract. Nuclear extract was prepared from
SMG as described previously (7). In brief, the SMG from 10 male
DBA/2J mice (40-d-old, Charles River Breeding Laboratories) were
removed quickly and homogenized with a Potter-Elvehjem homogenizer
in 4 vol of ice-cold homogenization buffer (10 mM Hepes [pH 7.5],
0.5 M sucrose, 0.5 mM spermidine, 0.15 mM spermin, 5 mM EDTA,
0.25 mM EGTA, 7 mM S-mercaptoethanol, 1 mM PMSF). After cen-
trifugation at 12,000 g for 30 min at 4°C, the pellet was lysed in 1 vol
of ice-cold homogenization buffer containing 0.1% Nonidet P-40 by
homogenizing in a Dounce homogenizer. Then lysed nuclei were centri-
fuged at 12,000 g for 30 min at 4°C and the pellet nuclei were washed
twice with ice-cold buffer containing 0.35 M sucrose. After washing,
nuclei were preextracted with 1 vol of ice-cold homogenization buffer
containing 0.05 M NaCl and 10% glycerol for 15 min at 4°C. The nuclei
were then extracted with homogenization buffer containing 0.3 M NaCl
and 10% glycerol for 1 h at 4°C and the concentration of DNA was
adjusted to 1 mg/ml. After pelleting the extracted nuclei at 12,000 g
for 30 min at 4°C, the supernatant fraction was brought to 45%
(NH,),SO, and stirred for 30 min at 4°C. The precipitated proteins were
collected at 17,000 g for 30 min, resuspended in homogenization buffer
containing 0.35 M sucrose, and stored in aliquots at —70°C.

Gel mobility shift assay. Double-stranded Renl?-NRE oligonucleo-
tides and c-myc NRE oligonucleotides, which have cohesive end, were
labeled as primers at the 3’ end with the Klenow fragment of Esche-
richia coli DNA polymerase I (GIBCO BRL, Gaithersburg, MD) using
[a-*?P]dCTP (sp act = 3,000 Ci/mmol; Amersham Corp.). After end
labeling, 3?P-labeled oligonucleotides were purified by Nick column
(Pharmacia LKB). Binding reactions (10 1) including each *’P-labeled
primer (0.5-1 ng, 20,000 cpm) and 1 ug of polydeoxyinosinic-poly-
deoxycytidic acid (Sigma Chemical Co.) were incubated with 10 ug of
SMG nuclear extracts for 30 min at room temperature before loading
onto a 5% polyacrylamide gel. The gels were subjected to electrophore-
sis and dried, and the labeled DNA was visualized by autoradiography
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Figure 3. In vivo expression of CAT. The renin-promoter CAT construct was transfected into the SMG (A) or kidney (B) of DBA/2J mice. 3 d
later, the organs were removed, homogenized, and assayed for CAT and luciferase activity. Relative CAT activity (counts per minute/picogram of
luciferase) was calculated by dividing the CAT activity in each organ by the corresponding levels of luciferase. (A) The transfected vector,
pUtkCAT, was readily expressed in the mouse SMG as detected by relative CAT activity compared with that of SMG transfected with pOCAT.
The vector, pUtkCAT-Renl, containing a functional Renl¢-NRE abolished CAT expression while the deletion mutant which lacks the NRE
(pUtkCAT-Ren1 ANRE) restored CAT expression. The homologous fragment from Ren2? promoter, pUtkCAT-Ren2 had no inhibitory effect on
CAT expression while deletion of the 150-bp insertion from the Ren2¢ promoter fragment, pUtkCAT-Ren2A150, abolished CAT expression. (B)
The vector, pUtkCAT, was significantly expressed in the mouse kidney as detected by CAT activity compared with that of kidney transfected with
pOCAT. There was no significant differences in relative CAT activity among pUtkCAT, pUtkCAT-Renl, and pUtkCAT-Ren2. Results are expressed
as mean+SE. n for each condition is noted on the graph. Statistical significance was assessed by ANOVA followed by Scheffe’s test.

(7). For the competition assay, unlabeled competitor DNA oligonucleo-
tides were preincubated with parallel samples 10 min before the addition
of the labeled probe.

Results

In vivo silencing effect of Renl“-NRE expressed by CAT
activity in mouse SMG

SMG transfection. 40 male DBA/2J mice were divided into
six groups. Five groups were cotransfected with renin-CAT
construct and pGL2-CV (n = 7) and one group was transfected
with pOCAT and pGL2-CV (n = 5). The HVJ-liposomes com-
plex (100 ul), containing 10 ug of plasmid DNA, was injected
directly into the SMG. 3 d later, these mice were killed and the
tissue was removed. The transfected vector, pUtkCAT, was
readily expressed in the mouse SMG as detected by CAT activ-
ity (3218.2+54.8 cpm/mg protein) compared with that of SMG
transfected with pOCAT (167.9%+12.5 cpm/mg protein) (AN-
OVA, mean=SE, P < 0.001). The transfection efficiency moni-
tored by luciferase activity showed no statistical difference
among the groups (P = 0.68). Relative CAT activity was calcu-
lated by dividing the CAT activity in each gland by the corre-
sponding levels of luciferase (counts per minute/picogram of
luciferase) (Fig. 3 A). To test the effect of the Renl? Xbal
fragment which contains the putative NRE, we examined the
expression of pUtkCAT-Renl. Consistent with our results in
cultured JEG-3 cells (6), the presence of the 340-bp Xbal frag-
ment inhibited by fourfold the expression of CAT. We next
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examined if the NRE sequence was in fact responsible for the
inhibition of CAT expression. pUtkCAT-Ren1 ANRE contains
the 317-bp Xbal fragment in which the NRE has been deleted.
This vector was expressed at levels compatible to pUtkCAT,
suggesting a negative effect of the NRE on the activity of the
thymidine kinase promoter. The homologous 484-bp Xbal frag-
ment from Ren2? promoter, pUtkCAT-Ren2, had no inhibitory
effect on CAT expression compared with pUtkCAT. However,
the deletion of the 150-bp insertion adjacent to the NRE from
this fragment, pUtkCAT-Ren2A 150, abolished CAT expression
(P < 0.01 vs. pUkCAT and P < 0.05 vs. pUtkCAT-Ren2)
(Fig. 3 A), demonstrating that the 150-bp insertion may inhibit
the NRE and NREB interaction.

Kidney transfection. 20 male DBA/2J mice were divided
into four groups. Mice were cotransfected with each CAT con-
struct (pOCAT, pUtkCAT, pUtkCAT-Renl, and pUtkCAT-
Ren2) coupled with a luciferase reporter construct (pGL2-CV)
(n = 5). The HVJ-liposomes complex (300 ul), containing
30 ug of plasmid DNA, was injected into the left kidney via left
renal artery. Mice were killed 3 d later and CAT and luciferase
activities in the kidney cortex fragment were measured. The
vector, pUtkCAT, was significantly expressed in the mouse
kidney as detected by CAT activity (331.8+18.8 cpm/mg pro-
tein) compared with that of kidney transfected with pOCAT
(122.9%13.5 cpm/mg protein) (P < 0.05). The transfection
efficiency monitored by luciferase activity showed no statistical
difference among the groups (P = 0.77) and relative CAT
activity was calculated as described previously (counts per mi-
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nute/picogram of luciferase). As shown in Fig. 3 B, the relative
CAT activity was significantly higher in the pUtkCAT-
transfected kidney as compared with that of pPOCAT-transfected
kidney, demonstrating successful transfection and expression.
However, the CAT activity level of pUtkCAT-transfected kid-
ney was lower than that of pUtkCAT-transfected SMG. This
may be due to a lower transfection efficiency of an intraarterial
approach and the small population of renin-expressing cells in
the kidney. Importantly, there were no significant differences
in the relative CAT activities among pUtkCAT-, pUtkCAT-
Renl-, and pUtkCAT-Ren2-transfected kidneys (Fig. 3 B).
Therefore, the silencing effect of Renl?-NRE which we ob-
served in the SMG was not observed in the kidney.

In vivo cis- and trans-interactions of renin promoter with
double-stranded phosphorothioate Renl*-NRE
oligonucleotides

To provide further evidence that the interaction of NRE and
NREB is involved in tissue-specific gene expression, we em-
ployed a decoy approach to modulate the expression of the
promoter-CAT chimeric plasmids in vivo (9, 10). 28 base pair
of phosphorothioate oligonucleotides containing the NRE se-
quence were used because of the reported increase of stability
(9). In preliminary experiments using FITC-labeled oligomers,
intranuclear fluorescence could be observed 24 h after injection
and was detectable for up to 7 d (data not shown).

48 male DBA/2J mice were divided into six groups (n
= 8). pUtkCAT, pUtkCAT-Renl, or pUtkCAT-Ren2A150 was
cotransfected with pGL2-CV into the SMG with or without
double-stranded'phosphorothioate Renl “-NRE oligonucleotides
(28-bp, 15 uM final concentration) as decoy. 3 d later, the
glands were removed and assayed for CAT and luciferase activ-
ity. Consistent with Fig. 3 as well as our previous cell culture
studies, pUtkCAT was expressed at levels fourfold higher than
pUtkCAT-Renl or pUtkCAT-Ren2A150. It is important to note
that cotransfection of the Renl?-NRE decoy had no effect on
the expression of CAT from pUtkCAT (Fig. 4). On the other
hand, these oligomers restored the CAT activity of pUtkCAT-
Renl to those observed for pUtkCAT (P < 0.05 vs. pUtkCAT-
Renl without decoy) (Fig. 4). Moreover, Renl?-NRE decoy
also restored the CAT activity of pUtkCAT-Ren2A150 to those
observed for pUtkCAT (P < 0.05 vs. pUtkCAT-Ren2A150
without decoy) (P < 0.05) (Fig. 4). These data suggest that
exogenously transfected NRE oligonucleotides competed with
endogenous NREB, resulting in the inhibition of the binding of
NREB to the NRE in the renin gene promoter.

Consensus silencing effect of Renl*-NRE

Mouse Renl“-NRE shares homology with the silencer elements
in the human renin gene (21), the human c-myc gene (19), the
chick lysozyme gene (22), rat collagen II gene (23), and the
human T cell receptor gene (24) (consensus sequence
[TNN(T/G)TC(C/T)CA(C/G)AGG]). Gel mobility shift
assays using *’P-labeled Renl“-NRE probe and nuclear extract
from the SMG demonstrated specific complex formation (Fig.
5 A). This binding was competed effectively by Renl?-NRE
oligonucleotides and only slightly less effectively by human c-
myc NRE oligonucleotides, but not at all by mouse MHC-I NRE
oligonucleotides (an NRE which does not exhibit homology to
the Renl®-NRE [20]). When 3?P-labeled c-myc NRE probe
was incubated with SMG nuclear extracts, a similar complex
was formed and, again, the Renl“-NRE and c-myc NRE effec-
tively competed this complex formation while the MHC-I NRE
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Figure 4. The effect of Renl?-NRE decoy oligonucleotides on CAT
expression in vivo. Double-stranded Ren!¢-NRE decoy (28-bp oligonu-
cleotides, 15 uM final concentration) was cotransfected into the mouse
SMG with pGL2-CV plus either pUtkCAT, pUtkCAT-Renl, or pUtk-
CAT-Ren2A150. 3 d later, the glands were removed and assayed for
CAT and luciferase activity. Cotransfection of the Renl?-NRE decoy
had no effect on the expression of CAT from pUtkCAT. On the other
hand, these oligomers restored the CAT activity of pUtkCAT-Renl to
those observed for pUtkCAT. Moreover, Renl“-NRE decoy also re-
stored the CAT activity of pUtkCAT-Ren2A150 to those observed for
pUtkCAT. Results are expressed as mean+SE. n for each condition is
noted on the graph. Statistical significance was assessed by ANOVA
followed by Scheffe’s test.

was ineffective (Fig. 5 B). The c-myc NRE was slightly less
effective at heterologous competition (versus *?P-labeled
Renl?-NRE) than at the homologous competition (versus *2P-
labeled c-myc NRE) whereas the Renl?-NRE was equally ef-
fective. This suggested that the mouse SMG NREB bound more
strongly to the Renl’-NRE than to the human c-myc NRE,
presumably due to minor sequence differences in the NREs.
We examined whether these double-stranded NRE oligonu-
cleotides would influence the CAT expression regulated by re-
nin gene NRE in vivo. 30 male DBA/2J mice were divided
into five groups (n = 6). pUtkCAT-Renl plus pGL2-CV was
cotransfected with or without phosphorothioate NRE oligonu-
cleotides (28-bp, 15 uM final concentration) into the SMG. 3
d later, the glands were removed and assayed for CAT and
luciferase activity. Renl“-NRE decoy restored the expression
of pUtkCAT-Renl (Fig. 6). Interestingly, human c-myc NRE
decoy also restored CAT expression from pUtkCAT-Renl (P
< 0.05 vs. pUtkCAT-Renl). In contrast, we did not observe
any effect when mouse MHC-I NRE oligonucleotides were co-
transfected with pUtkCAT-Renl (Fig. 6). These results would
suggest that Renl?-NRE and human c-myc NRE, but not the
negative element from mouse MHC-I, may belong to the same
family of silencers that regulate tissue-specific gene expression.

Discussion

Renin is synthesized in high quantities in the juxtaglomerular
cells of the kidney. In addition, there is also evidence for extra-
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Figure 5. The existence of specific nuclear protein binding with Ren. “-
NRE. (A) Gel mobility shift assays using *P-labeled Renl“-NRE probe
and nuclear extract from the SMG (10 pg) demonstrated specific com-
plex formation. This binding was competed by Ren!“-NRE oligonucleo-
tides and human c-myc NRE oligonucleotides. However, oligonucleo-
tides containing the negative element found in the mouse MHC-I NRE
(which does not exhibit homology to the Renl?-NRE) did not compete
NRE-NREB complex formation. (B) Gel mobility shift assays using
32p_labeled c-myc NRE probe and nuclear extract from the SMG (10
ug) also demonstrated specific complex formation, which was competed
by Renl“-NRE oligonucleotides but not by the MHC-I NRE oligonucle-
otides.

renal renin expressions both in experimental animals as well as
humans (3, 25). This is particularly evident in the mouse in
which extrarenal tissues such as SMG, adrenal gland, testis, and
ovary express renin in significant concentrations which are un-
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Figure 6. The effect of c-myc NRE and MHC-I NRE decoy oligonucleo-
tides on CAT expression in vivo. pUtkCAT-Renl plus pGL2-CV was
cotransfected with or without double-stranded phosphorothioate NRE
oligonucleotides (28-bp, 15 uM final concentration). 3 d later, the
glands were removed and assayed for CAT and luciferase activity. As
in Fig. 5, Renl?-NRE decoy restored the expression of pUtkCAT-Renl.
Human c-myc NRE decoy also restored CAT expression from pUtk-
CAT-Renl. In contrast, no effect on CAT expression was observed
when mouse MHC-I NRE oligonucleotides were cotransfected with
pUtkCAT-Renl. Results are expressed as mean+SE. n for each condi-
tion is noted on the graph. Statistical significance was assessed by AN-
OVA followed by Scheffe’s test.

der hormonal and genetic control. While some of the extrarenal
renin in the mouse is due to the expression of a duplicated gene
that is present in certain strains (e.g., DBA/2J), even the single
renin gene mouse strains (e.g., C57 BL/10J) express renin in
sites distinct from the kidney (26). Although the human genome
only contains one renin gene, we and others have shown that
several extrarenal tissues in the human (i.e., adrenal, ovary, and
placenta) clearly express renin messenger RNA and synthesize
the protein (25, 27, 28). The study of mouse renin gene expres-
sion may provide insight into tissue-regulated expression of
human renin gene. A detailed comparison of promoter structure
and function should be useful in generating a hypothesis of
tissue-regulated expression that can be tested further in humans.

The identification of the molecular mechanisms by which
the renin gene is regulated has relied on transient transfection
experiments in cultured cells. In this approach, various frag-
ments of the renin regulatory region are fused to reporter genes
and the constructs introduced into the cells. In theory this ap-
proach should yield valuable information but in practice this
method suffers from the lack of appropriate renin-expressing
cells. For example, Ekker et al. (29) transfected constructs con-
taining the promoter region of the mouse renin genes fused to
CAT into five cell lines that do not express renin (baby hamster
kidney, L cells, Chinese hamster ovary, JEG-3, and a human
mammary tumor cell line). They reported that the promoter
regions of these genes were inactive in noncognate cells unless
a functional enhancer (SV40) was coupled to the constructs.
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We observed similar results, finding that it was necessary to
fuse the renin gene regulatory regions to a thymidine kinase
promoter which was in turn linked to a reporter gene to create
a functional expression vector. This construct allowed an exami-
nation of the putative regulatory regions of the renin gene. Our
previous biochemical and in vitro studies suggested that tissue-
regulated expression is dependent on a complex interaction of
positive and negative transcriptional factors competing for a
specific cis-region (CRE/NRE) in the 5’ region of the renin
gene (7, 8). In the kidney the positive factor, CREB (43 kD),
binds to the cis-element under basal conditions, blocking the
binding of the NREB (72 kD). This allows basal, constitutive
expression of the renin gene. In extrarenal sites such as the
SMG, the NREB is able to bind effectively to the region, since
the CREB is inactivated by an inhibitory protein present in the
extrarenal tissue, thereby inhibiting renin expression (7). Some
strains of mice (e.g., DBA/2J) contain a second renin gene
(Ren2?) which exhibits a different pattern of tissue expression
than the wild-type gene (Renl?). The Ren2 but not the Renl?
gene is expressed in the SMG, while both are expressed in the
kidney (5). Our data demonstrated that Ren2? contains a 150-
bp insertion which interferes with the function of the NRE, thus
allowing expression in the SMG (6, 8). Thus, the regulation
of renin expression at this sequence is similar to the dynamic
interaction of nuclear factor-«B, v-rel, and inhibitor-xB or I-
kB at the region of the kB sequence (30) first identified in the
k immunoglobulin gene.

To circumvent the caveats associated with transient culture
experiments, many investigators have used transgenic animal
studies. This approach provides the opportunity to examine the
expression of transgenes temporally in all tissues. Under appro-
priate conditions the introduced genes exhibit regulated expres-
sion characteristics of the endogenous gene. To date, several
groups have undertaken studies using transgenic animals con-
taining various renin genes and constructs. However, some of
the conflicting reports have been published concerning the se-
quences necessary for proper tissue expression (4, 31-33).

A technologic advancement in the studies of promoter func-
tion has come with the advent of in vivo gene transfer tech-
niques which have recently been used to examine in vivo the
sequences necessary for proper gene expression. Previous inves-
tigators have reported the feasibility of direct gene transfer into
the heart or arterial wall for studying in vivo the sequences
necessary for proper gene regulation (34-36). For example,
Kitsis et al. (34) showed that a construct containing the «
cardiac myosin heavy chain gene promoter driving the expres-
sion of CAT was expressed in the rat heart but not in skeletal
muscle, demonstrating proper tissue-specific expression. Many
methods for the introduction of DNA in vivo have been pro-
posed including viral gene transfer using retrovirus or adenovi-
rus, liposomal gene transfer with cationic liposome (lipofectin),
or direct injection of the DNA. We have recently developed a
highly efficient and simple method of DNA transfer using the
HVIJ-liposome method (11). This method is manyfold more
efficient than the standard liposome method (14) and does not
need complicated plasmid construction as retrovirus or adenovi-
rus transfection requires. Using this gene transfer approach, we
have shown that the renin promoter-CAT chimeric plasmids
were expressed in a qualitatively similar fashion in vivo to
that observed in cell culture. Importantly, the results differed
quantitatively in that the magnitude of the inhibition of CAT
expression was significantly greater in vivo than that observed
in cell culture (6). In vivo, pUtkCAT-Renl was expressed at

1236 Yamada, Horiuchi, Morishita, Zhang, Pratt, and Dzau

only 10—15% of the level of pUtkCAT (after subtraction of the
background levels as measured by p0CAT), while in cell cul-
ture the decrease was on the order of 50—60%. Moreover, the
expression of pUtkCAT-Renl in vivo was not statistically dif-
ferent from that observed for pOCAT, suggesting that the pres-
ence of the NRE in the Xbal fragment completely suppressed
CAT expression. Thus, the effects of the NRE on the expression
of CAT from the thymidine kinase promoter are similar to the
magnitude of (endogenous) suppression of Renl? relative to
Ren2? and suggest that the NRE is sufficient to suppress renin
expression. The discrepancy in the data may be explained by
the fact that JEG-3 cell is a noncognate cell line which does not
express renin (6) and probably does not contain the appropriate
trans-acting factors required for specific renin gene expression.
On the other hand, there were no differences in the CAT activity
among pUtkCAT-, pUtkCAT-Renl—, and pUtkCAT-Ren2-
transfected kidneys. The silencing effect of Renl? promoter
which we observed in the SMG was not functioning in the
kidney. This is compatible with the fact that Renl? and Ren2?
genes are expressed equally in the kidney. These results further
illustrate the necessity of examining the importance of cis- and
trans-interactions in vivo as well as in cell culture. Similar
conclusions were drawn by Kitsis et al. (34) and Buttrick et al.
(37) in examinations of the cis-elements controlling cardiac
myosin expression. One may question the use of the thymidine
kinase promoter rather than the endogenous renin promoter.
The use of this promoter does necessitate that the conclusions
with respect to renin gene expression be carefully stated. On
the other hand, it allows potentially a wider interpretation with
respect to other genes.

An approach to test the validity of cis- and trans-acting
factors interaction involved in tissue-specific gene expression
is the transcriptional factor decoy method. This assay is based
on the in vivo competition for trans-acting factors. The competi-
tion is between the endogenous cis-elements present in a target
gene and exogenously added oligonucleotides corresponding to
that cis-sequence. This competition will attenuate the authentic
cis-elements and trans-acting factors interaction, resulting in
the removal of the trans-factors from the endogenous cis-ele-
ment with the subsequent modulation of gene expression. Bie-
linska et al. (9) used this approach to block octamer transcrip-
tion factor or nuclear factor-«B-dependent trans-activation in
B cells. Sullenger et al. (10) reported that overexpression of
trans-activation response element containing sequences ren-
dered a CD4-positive human T lymphoid cell resistant to human
immunodeficiency virus replication. Previously, we have hy-
pothesized, based on the sequence homology, that the mouse
renin NRE belonged to a family of negative elements that were
found in numerous and disparate genes such as human renin,
human T cell receptor, chicken lysozyme, and rat collagen II
(6). In this study, we have furthered the hypothesis by demon-
strating that the NRE sequences are functionally similar in that
both the renin and c-myc NRE exhibit decoy properties with
respect to the SMG expression of pUtkCAT-Renl, while an
unrelated negative element from the MHC-I gene had no effect.
Whether the binding proteins which recognize these elements
are identical or are also members of a family of proteins is
unclear. It is possible that the NREB for mouse renin NRE and
the NREB for c-myc NRE are different proteins. However, these
proteins have a common DNA binding site, therefore they can
recognize consensus NRE sequence. To our knowledge, this is
the first validation of the silencing effect of a specific gene
sequence demonstrated by direct gene transfer method in vivo.



Previous reports have used transgenic animals (38, 39). Re-
cently, we have purified an NRE binding protein by affinity
chromatography using agarose bound NRE (40). The ultimate
cloning of the cDNA for this protein should further clarify this

point.

In summary, we have identified a DNA sequence in the
mouse renin gene (promoter) region which acts in vivo as a
silencer. This sequence is conserved in many genes and may
function as a consensus silencer in gene regulation. Our data
demonstrate that in vivo gene transfer technique using the HVJ—
liposome coupled with transcriptional factor decoy approach
may provide a useful method for the general investigation of
cis- and trans-elements interaction in tissue-specific gene regu-
lation in vivo.
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