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Abstract

This work has becen focused on the regulation of mouse NHE-1 promoter in
diffueent cell models. We examined the regulation of the NHE-1 promoter in both neonatal
rat cardiomayocytes and rat skeletal muscle cell line--L6 cell. In primary myocardium,
external acidosis failed to increase the transcription from the promoter. On the contrary,
serum treatment incscascs the promoter activity. Deletion and mutation of AP2 site abolish
the sumutatory cffect of serum and cause a dramatic decrease in promoter activity. This
finding indicates that the cis-acting putative AP2 site and the presence of serum are
inportant in NHE-1 expression in myocardium while external acidosis had no direct effect
on the promoter. NHE activity has been shown to vary between proliferating myocytes
and differentiated myotubes. Since NHE-1 is belicved to be important in this event we
cxamined the regulation of the NHE-1 in L6 cell. Our studies demonstrate that the basal
cxpression ol the NHE-1 is mediated largely by two proximal regions of the gene. onc is
fromk bp - 155 to -17 1 and arother one is between bp -92 and -125. However, during the
process ol ditferentiation more distal regions arc involved in the 2-3 fold elevation of
expression, suggesting NHE-1 is somehow related to cell differentiation. We have also
examined the role of a highly conserved poly (dA:dT) element of the promoter in regulation
of NHE-T expression in L6 cells. Deletion or mutation of this rcgion results in a
substantial decrease in activity of the promoter. DNA footprinting and gel retardation show
protein(s) binding 1o the clement. Insertion of the poly (dA:dT) into upstrecam of SV40
promoter increases the activity of the foreign promoter.  All the results indicate that the poly
(dAdT) rich region is important in upregulation of NHE-1 expression in L6 cell.
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Introduction




Introduction
General Background

The overall cellular homeostasis involves in a number of biological processes.
Many of these processes are performed by membrane trans: - Lovery important
process is the regulation of intracellular pH (pHi). Under physiologicas - . wditions, pHi of
most mammalian cells is at about pH 7.2, This comes about as a result of an equilibrium
between production of acid and elimination of acid. The major source of acid yvield is from
metabolites. The acid extruding mechanisms are mainly composed of several membrane
H* transport systems, including the ATP-dependent HY punmp. the Nat/H+ exchanger.,
and the Nat-dependent/-independent ClI-/HCO- exchangers (1. Although the
contributions of those mechanisms change with cell types, the Na*/H* exchanger (NHE)
has been demonstrated to be one of the major mechanisms involved in maintaining plli in
most, if not all, cells (2).

The NHE was first functionally identitied in vesicles from rabbit Kidoey and small
intestine brush border membrane (3), and has since been found in virtually all cell types
examined (4). It has been generally accepted that, under physiological conditions, NHE
uses the energy of the inwardly directed sodium clectrochemical gradient to carry out the
electroneutral exchange of one intraceliular H¥ ion for one extracetular Nat ion, or, under
abnormal conditions, vice versa (5, 6). NHE has negligible activity at physiological pth,
but as the pHi falls o levels away from ncutrality by cven fess than 1 pti unit, the
antiporter is rapidly activated and rcaches its maximum transport rate. This type of
activation indicates that the NHE is a very scnsitive mechanism to maintain pHi, and leads
to the hypothesis that there might be a proton sensor at the intracellular face of NHE (7).

The finding that the NHE cxpressed at the apical face of epithelial cells in kidney
and intestine showed lower affinitics for the inhibition than the exchangers of non-cpithelial
cells, indicates that in addition to the ubiquitously cxpressed amiloride sensitive NHE,
namiply NHE-1, other isoforms also exist with restricted distribution and functions (8- 10)).
By now, five NHE isoforms (NHE-1 to NHE-5) have been identified in mammalian cells
with molecular biology techniques (11-16). All these isoforms possess similar N-terminal
hydropathy profile of 10 to 12 transmembrance domains with two highly conserved
segments presumably involved in ion transport. These isoforms arc allosterically activated
by intracellular H* on their cytoplasmic (C-terminal) domain which is less homologous



than the transmembrance domain in amino acid sequence among isoforms. All the NHE
isoforms regulate intracellular pH in a Nat-dependent manner, and are inhibited by
amiloride and its derivatives with different Ki values (17). Among them, NHE-1 has been
most extensively studied. Results have indicated that NHE-1 consists of 815 amino acids,
with 4 molecular weight of about 110 kD. Its N-terminal domain consists ¢f 500 amino
acids and there have been reports that there are an amiloride binding site, N-, O-linked
elycosylation sites (18), an HY-modifier site and the ion transport site on this domain.
Whereas, the C-terminal domain has been shown 1o contain a2 number of phosphorylation
sites and the potential proton sensor. It has yet to answer whether the functional unit of
NHE-1 is a dimer or an oligomer (19). It is known that NHE-1 is amiloride sensitive,
vrowth factor-activatable, and widely expressed in most type of cells. It is therefore called
the housekeeping isoform of NHE. However, the whole scenario of how NHE-1 is
regulated is still unclear (20).

It has been believed that in addition to protection against cytoplasmic acidification
and regulation of cell volume (21), NHE is also implicated in many physiological and
pathophysiological cellular events including fertilization (22), cell cycle control (4),
differentiation (23, 24), essential hypertiension (25), kidney discases (22) and hypertrophy
«4). It has been suggested that NHE is responsible for an elevation of pHi during
proliferation, and the intracellular alkalinization plays an important permissive role in cell
crowth (4, 26). Morcover, although mitogens like serum can stimulate quisscent cells to
undergo proliferation (27), it scems that the stimulation is. at I~ust parually. through
activation of NHE. Quiescent fibroblasts which are treated to induce intracellular
alkalinization can undergo mitosis, even in the absence of serum (26). In the presence of
serum. NHE deficient fibroblasts showed lower rate of DNA synthesis and cell growth in
comparison to wild cell types, presumably due to the failure to raise pHi (28). Most
interestingly, however, is that phorbol esters, a tumor promoter, increases NHE activity
«29) and the inhibition of NHE can hinder the proliferation of tumor cells (30). Taken
wgcether, this short list suggests that NHE is important for a number of cellular activities.
These above mentioned physiological roles are principally performed by the ubiquitously
oxpressed NHE-1 isoform. In the contrast, other NHE isoforms are specifically expressed
at the apical face of epithelia where they participate in more specialized salt transport tasks
31D,
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Rationale

Abnormal NHE-1 activ=-ies have been found to be involved in some pathological
processes. This includes cardiovascular discases including essential hypertension (23),
postischaemic myocardial arrhythmias (32). and kidney discases (22). It has been
proposed that during ischemia and reperfusion. cell damage and arrhythmias oceur due 1o o
so-called " pH paradox ' (20). Ischemia results in a dramatic accumulation o protons in
the myocardium until the reperfusion phase when NHE-  is activated. This results in o
rapid increase in intracellular Nat. In turn, the increase in intracelular Nat activates the
Iat/Ca?* exchanger which leads te increased intracellular Ca®t and subscquent damage o
the myocardium. In addition, it has also been shown that NHE-1 inhibitors, such as
amiloride and its derivatives, can alleviate the damage and might be potential antiarthythmic
agents in clinical practices (33).

It has been well known that NHE plays an important role in regulation of pHi in
different types of muscle cells. This includes skeletal muscle (34), the myocardium (35)
and smooth muscie (36). Considering the wide involvement of NHE-1 in both
physiological and pathological processes mentioned above, and its predominant expression
in myocardium (12, 37, 38) and skeletal muscle (12, 37), itis of great significance to study
the regulation of NHE-1 activity in those tissues.

Studics have shown that NHE-1 activity and/or mRNA levels are increased duc 1o a
number of treatments including chronic acid loading, agents causing cellular proliferation
and trcatments resulting in cellular differentiation (39-42). In intact animals (42) and in
renal cell lines (43), both NHE-1 Vmax and mRNA levels have been shown to increase due
to chronic metabolic acidosis. This may be an adaptive mechanism by which cells can
uprcgulate NHE-1 in response to chronic acid load (44-46). In a limited number of studics
on primary cultures of isolated myocytes, it has becen shown that chronic low external phl
(pHo) treatment allows for a more rapid recovery from an acute acid load (47). Also, low-
flow myocardial ischemia causes an increase in steady state NHE-1 message levels,
possibly as a result of decreased intracellular pH (47). In addition it causes an increase in
the amount of a smaller isoform of thec NHE-1 message (45). Acidosis may act as a
specific mechanism to increase NHE-1 message and protein levels through both increased
ranscription and decreased mRNA degradation. Although there is evidence that growth
factors stimulate NHE-1 at transcription level in certain cell types (48), little is known
about regulation of expression in the myocardium. Preliminary studies have suggested that

.
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serum might be a factor to act on cither regulation of activity or expression of the NHE-1 in
cultured myocardial cells (39). Also, it was reported that during retinoic acid induced
diftferentiation of human leukemic cells (HL-60)), there is an 8.3-fold increase in NHE-1
transcription (4)). More recently colleagues in our laboratory have shown that there is a
ransient incrcase in the level of the NHE-1 transcription during retinoic acid induced
differentiation of P19 cells (48). This data provides evidence to suggest that NHE-1 plays
an important role in ccllular differentiation. Increcased exchange activity during
difterentiation may be important for differentiation to occur, at least in some cell types (49,
50). Since this requirement has not been shown to occur universally and the role of the
NHE-1 may vary between cell types (51), it is of great interest to explore the requirement in
other cell types.

It has been shown that the regulation of NHE-1 varies between proliferating
myoblasts and differentiated myotubes (34). This suggests that there are important
physiological changes in the protein and its function during the process of differentiation.
It is also suggested that the skeletal muscle provides an expected model for studying the
regulation of NHE-1 at transcription lcvei during both differentiation and non-
differentiation.

Although the mechanism of regulation of NHE-1 is extremely important and the
eftects of mitogenic stimulation have been well documented at protein level (41, 52, 53),
few studies have examined the NHE-1 gene (48, 54-56). Until recently, it has been
thought that the regulation of NHE-1 activity is controiled by short-term changes (4, 18).
However, there is now strong evidence supporting long-term regulation at the pre-
translational level. It has been reported that the steady state levels of NHE-1 mRNA
increascd under certain conditions such as acidosis (42, 57-59), ischemia (54) and
differentiation (23, 60). These findings indicate a strong rationale for the examination of
the long-term regulation of NHE-1 at transcriptional level. Since the increased levels of
NHE-1 mRNA can tcll us little about how the gene is regulated itself, the mouse
promoter/enhancer of NHE-1 was examined (55, 56). The availability of the promoter has

provided us the opportunity of gaining valuable information about the regulation of NHE-1
at the gene level.

According to studies on human NHE-1 promoter, a number of putative cis-elements
were found lying just upstream of the human NHE-1 TATA box (55, 56). Those elements
include one cyclic AMP response element, two CAAT boxes, four GC boxes, three AP-1
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sites and five CACCC boxes (56). Sequential deletions of the promuter region were .
performed from a CAT reporter plasmid and the etfects on CAT activity analyzed (59).
The results indicate that there are elements in the promoter which regulate the human NHE-
I gene and there are different NHE-1 regulatory factors in various tissues (35). In
addition, similar results have been obtained through the study of mouse NHE-1 promoter
in our laboratory. It has been shown that there are two CAAT boxes. an SP-1 site, a cycelic
AMP response clement binding site, and an AP-2 like site on the upstream of a TATA box
in a 1.1 kb mouse NHE-1 promoter (61). Partial deletion of the 1.1 kb fragment up to a
putative AP-2 binding region did not result in significant decreases in the level of promoter
direcied transcription. However, deletion of the putative AP-2 site resulted in a loss of
most of the reporter gene activity in mouse fibroblast (NIH3T3) and human Hep G2 cells
(61). The transcription factor AP-2 is one factor that may be important in regulation of the
NHE-1 gene (48). Interestingly, the comparison among human (55), rabbit (62) and
mousec (61) NHE-1 promoter sequences also shows that there are highly conscerved
clements which may be important in regulation of NHE-1. It is therclfore our beliet that the
study on the promoter will most likely reveal transcription elements which are involved in
the regulation of NHE-1 gene.

Objectives

In our experiments, two cell models, primary myocardium and skeletal muscie, will
be employed based on the information discussed above. With primary myocardial cultures,
we will attempt 1o determine if the increased level of NHE-1 mRNA observed during
ischemia is due to the increasc in promoter aclivity. By using differentially deleted mouse
NHE-1 promoter constructs, we will examine the basal regulation of the gene in this cell
tvpe. In particular, we will examine the effects of serum in primary cardiomyocytes and
will attempt to localizc where any responsive clements are located in the promoter. With 1.6
cells, a skeletal muscle cell line, conditions for diftferentiation will be established. In both
differentiated and non-differentiated L6 cells, progressively deleted mouse NHIE:-|
promoter constructs will be tested to determine the locations of potential responsive
elements of the promoter, and to observe whether the regulation of NHE-1 promoter
activity depends on ccllular differentiation or not. We will also examine a highly conserved
poly (dA:dT) clement. This element is highly couserved in the proximal region of the

NHE-1 gene promoter isolated. We will analyze its importance in regulation of the NHE- |
gene.
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Introduction

The amiloride sensitive Nat/H+ exchanger (NHE-1) is a ubiquitous transmembrane
ransporter involved in pH regulation. The protein mediates the exchange of one
intraccHular H+ for one extracellular Na+ when decreases in intracellular pH occur (11).
Recently, more than one form of the Nat/H* exchanger has been shown to exist. In the
myocardium however, the predominant form is the NHE-1 isoform {6, 23). The presence
of this antiporter and its role in regulation of intracellular pH is of special importance to the
functioning myocardium. For example. during ischemia, normal resting intracellular pH
drops dramatically therehy causing depression of myocardial contractility. The lowered
pHi depresses contractility by acting on a number of steps of cxcitation-contraction
coupling (8). Because the myocardial Nat/H+ exchanger is activated over a low pH range
it is likely to be involved in pH regulation during an acute acid challenge to the heart.

Regulation of Na+/H™ exchanger transcription has not been well studied. In
tissues such as the kidney, there are adaptive mechanisms by which cells can upregulaic
NHI-1 in response o chronic acid load. In intact animals and in renal cell lines, both
NHE-1 Vvmax and mRNA lcvels huve been shown to increase due to chronic metabolic
acidosis (1, 5. 16, 19, 22). When a mouse renal cortical tubule cell line (MCT) was treated
with acidic medium, an increasc in both NHE activity and NHE-1 mRNA level was also
observed (21). In primary cultures of isolated myocytes it has been shown that chronic
low ¢xternal pH treatment altows for a more rapid recovery from an acute acid load (9).
Also, fow-flow myocardial ischemia causes an increase in steady state NHE-1 message
levels, possibly as a result of decreased intracellular pH (9). In addition it causes an
increase in the amount of a smaller isoform of the NHE-1 message (5). Acidosis may act
as a specific mechanism to incrcase NHE-1 message and protein levels through both
increased trunscription and decreased mRNA degradation.  Other factors that affect
regulation of transcription in the myocardium are not well known. Serum is onc such
factor that has been suggested to act on either regulation of activity or expression of the
Nat/H* antiporter in cultured myocaraial cells (10).

The purpose of this study was to examine regulation of expression of the Nat/H+
antiporter in primary cultures of isolated myocytes and in MCT cell as well. Specifically
we examined factors that affect activizy of the exchanger and are suspected of affecting
regulation of transcription in the myocardium. These factors included acidosis and serum.
In addition. we examined basic regulatory factors involved in regulation of transcription of



the Na*t/H* exchanger gene in the myocardium. Our results represent the tirst examination
of how the NHE-1 promoter is regulated in the mammalian myocardium.

Material and Methods

Materials

Restriction endonuclease and DNA-modifying cnzymes were obtained from
Boehringer Mannheim (Laval. Quebec. Canada) and Bethesda Rescarch Laboratories
(Gaithersburg, MD, USA). The pBluescript plasmids used for subcloning were tfrom
Stratagene (LaJolla, CA, USA). Plasmids pXP-1 and pSV-hGH were gifts from Dr. M.
Nemer of the Institute de Recherches Clinigues de Montreal, Montreal., Quebec, Canada.
All other chemicals not listed were of analytical grade or molecular biology grade and were
purchased from Fisher Scientific (Ottawa. Ont.. Canada). Sigma (St. Louis, MO, USA) or
BDH (Toronto, Ont., Canada). MCT cells were a generous gift of Dr. R, Alpern
(University of Texas Southwestern Medical Center, Dallas, Texas) and were cultured as
described carlier (14)

Reporter Plasmid Construcis

pXP-1MP was constructed as described carlier (4). Briefly, a 2.2 kb fragment
containing the mouse NHE-1 promoter/exchanger region was cloned trom a genomic DNA
library and digested with Pst | and Sma 1. An intermediate plasmid which contained a Pst
] site flanked by a Hind III and Sal 1 was used to transfer the Pst-Smia 1.1 kb fragment
into pXP-1 directionally. pXP-1 was digested with Hind HI and Sal I and the 1.1. kb
fragment contains basc pairs -1085 to +22 of the NHE-1 promoter. To construct
pMP+AP2 plasmid, two oligonucleotides were used as primers for polymerase chain
reaction (# 1, ugg atc CGT GAC ACT TCC TTC CCT and #3, cc tic gaa GGG TCC CGC
GGT AGC GGA) were synthesized to amplify base pairs -125 1o 422 of the gene. The
PCR product had the restriction enzyme sites Bam HI and Sma | generated on cither end.
This product was digested with Bam HI and Sma 1 and inscrted directionally into pXP-1.
Similarly, pMP-AP2 plasmid was made using the product of the primers # 3 and #2 (#2,
ttgg atc CTG CAC CGC GCG GGC GCT) and the 114 bp product (-92 to +22) was
inserted into pXP-1. The mutations in pMP(MUT)AP2 were gencrated by PCR, using a
mismatched oligonucleotide (#1-mut, ugg atc CGT GAC ACTTCC TTTTTT AAG TAA
TAT AAG CCG CTG CAC CG) similar to oligonucleotide #1 above. Mutations in
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pMP(MUTb)AP2 were also constructed in a similar fashion using a mismatched

oligonucleotide (#3b-mut, ugg atc CGT GAC ACT TCC TTT TTT AAG CGA CAG AAG

CCG CTG C). All plasmids were sequenced to verify proper orientation and fidelity of
PCR.

Primary Cultures of Isolated Myocytes

Primary cardiomyocyte cultures were prepared from neonatal rats essentially as we
have described carlier (6). Brictly, hearts were removed from 6-day old rats under aseptic
conditions and ventricles minced to small size. The tissuc was digested with a series of
treatments with 0.1% collagenase (Worthington, Biochemical Corp.). To remove
nonmyocardial cells selectively a differential attachment procedure was used. Dissociated
cells were incubated in Corning T-75 culture flasks at 37°C in a humidified atmosphere
(5% CO2, 95% air) for a 20 minute period. During this time noncardiomyocytes
(fibroblasts, endothelial cells, and smooth muscle cells) attach and the majority of the
myocyles remain in suspension. Subsequently cardiomyocytes were removed and plated at
1 X 105 cells/ecm2. They were maintained in medium containing DMEM/F12
supplemented with 10 pg/ml transferrin, 10 pg/ml insulin, 10 ng/ml selenium, 100 U/ml
penicillin, 100 pg/ml streptomycin, 2 mg/ml BSA, 5 pg/ml linoleic acid, 3 mM pyruvic
acid, 0.1 mM MEM-nonessential amino acids, 10% MEM vitamins, 30 mM HEPES pH
7.4 and with or without 10% fetal bovine sera. In some experiments myocytes were
maintained in the same medium at pH 6.9 for 18 hours. Examination of nconatal myocytes
kept in culture for up 1o 2 weeks by light microscopy or immunostaining revealed cultures
essentially free of nonmyocardial cells. The myocardiocytes possessed myocyte like
morphology and characteristic cross-striations. Actin immunocytochemistry was done by
Dr. M. Opuas, Dept. of Anatomy. U. of Toronto and myocytes showed the characteristic
myocyle like structure.

Transfection and Reporter Assays

Cells were plated onto 35 mm dishes at a density of 1 X 105 cells/cm2. Each dish
received 2.0 pg of luciferase reporter plasmid and 2.0 pug of pSV-B-Galactosidase plasmid
or pSV-hGH as an internal control. Myocytes were transiently transfected using the
Ca3z(PO4g)2 precipitation technique (2, 7). After transfection, cells were allowed to
incubate at 37°C for five hours betore being washed with fresh media and left for 36 hr.
After 36 hours cells were harvested and the cell lysate was assayed for both luciferase
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activity and the B-Galactosidase activity. The medium was aspirated and the cells washed

in 1x PBS-1mM EDTA. The cells were then allowed to incubate in 1 ml of PBS-1mM
EDTA for 15 minutes. Cells were then scraped. transferred to a microcentrifuge tube, and
pelieted at 10,000 rpm for 30 seconds. The supernatant was removed and the pellet was
resuspended in 50 pl of ice cold lysis buffer (Tris 1M pH 7.8, 10% NP40 and 1M DTT)
for 15 minutes. The solution was then pelleted at 14,000 rpm for 10 minutes at 4°C. The
supernatant was removed and assayed for luciferase and B-Galactosidase activity. Each
luciferase assay contained 30 pl of the cell lysate and 100 pl of the luciferase assay reagent
(Tricine 20 mM, MgCO3 1.07 mM. MgSO4 2.67 mM. EDTA (.1 mM. DTT 33.3 mM,
luciferin 470 mM, ATP 530 mM. Coenzyme A 270 mM, and BSA 1 ng/ml). The -
galactosidase assay included 5 pl of cell lysate, 95 gl H20 and 20 pt of o-Nitrophenyl-83-D-
galactopyranoside, incubated at 37°C for 60 minutes. After 60 minutes, 60 pl of |M
Na2C03 was added to stop the reaction and the optical density was measured at a
wavelength of 420 nM. Luciferase activity was assayed with an Berthold Lumat 1.B
9501/16 luminometer and normalized to B-Galactosidase for cfficiency of transfection.
Human growth hormonc production from pSV-hGH was mecasurcd using a
radioimmunoassay kit from Immunocorp. Results are the mean * SE of 4-6 experiments.
Where not shown SE was too small to be displayed.  Statistical significance was
determined with a Mann-Whitney U test.

DNA Binding Assavs

Nuclear extracts were prepared {rom myocytes or whole hearts according to the
procedure of Schreiber (24). The synthetic oligonucleotides of the sequence 5 TTC C1T
CCC TGG GCG ACA GGG GCC 3’ (MPAP2a) and 5° GGC CCC TGT CGC CCA
GGG AAG GAA 3 (MPAP2b) were made corresponding to the mouse promoter AP-2
region. The oligonucleotides were end-labeled with [y-32PJ-ATP using T4 polynucleotide
kinase. They were heated to 95°C for 2 minutes and cooled to room temperature overnight
for annealing. DNA binding reactions were carricd out as follows: 132p]-labeled
oligonucleotides (30 000 CPM) were mixed with purified AP-2 (1.4 pg) or myocylte
nuclear extract (5 pg) in a binding buffer (4% glycerol, 1.25 mM MgClp, 0.5 mM EDTA,
0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCI, pH 7.5 and 0.05 pg/mi poly dI:dC). The
reaction was incubated for 10) minutes at room temperature and size fractionated on 4%
polyacrylamide gels. Gels were dried and exposed to X-ray film for 16 hours. In some
experiments nuclear extracts were treated to specifically remove AP-2 protein before gel
mobility shift assays. Twenty pl of a 10% solution of Protein A was incubated with 4 pg
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of AP-2 antibody (IgG, Sants Cruz Biotechnology Inc.) for 4 h at 4°C. After 4 hours the

solution was washed 3 times (20mM Tris, pH 7.9, 400mM NaCl, ImM EDTA, 1mM
EGTA, 1mM DTT, and 1mM PMSF), mixed with 5 pl of heart nuclear extracts and
incubated at 4°C for 16 hours. The mixture was then spun at 6500 rpm for 2 min. and the

supernatants were collected. Control experiments contained equal amounts of irrelevant
IgG.

RNA Isolation and Measurement of NHE-1 mRNA Levels by PCR

Total RNA was isolated from ventricular myocytes as described earlier (9). Poly
(A*) RNA was purificd with a PolyAtractTM mRNA isolation kit as described by the
manufacturer (Promega). For reverse transcriptase PCR Poly (A1) RNA was isolated as
described above and 2 pg was copied with reverse transcriptase from the Invirogen cDNA
cyclcTM kit using the procedures described by the manufacturer.

We used a compeltitive reverse transcriptase PCR assay to measure NHE-1 mRNA
levels. The assay is based on the use of a competitive substrate that competes with the
reverse transcribed ¢cDNA. The principle is the same as a competitive PCR assay that we
ha. ~ recently described (28). The assay uses competitive PCR to measure relative levels of
NHE-1 in comparison to levels ol glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Primers for the Nat/H* exchanger were NHQ-1 (tacggtACCCTGCTCTTCTGCCTC) and
NHQ-2 (gatgcaTGCGGATTCTTCCTCCTT). These primers were specific to NHE-1 and
were used to amplity a 649 bp product froni reverse transcribed cDNA. To a series of
these amplification reactions an increasing amount of competitive template was added.
Increasing amounts of competitor result in decreasing amounts of DNA product. The
Nat/H* cxchanger competitive template was produced by using cDNA from rat mRNA.
The primers NHQ-1 and NHQ-2 were used to amplity the 649 bp PCR product which was
subcloned into the plasmid pTZ 19 producing the plasmid p16. An internal Eco 47111
fragment was removed and the plasmid (Ap16) was religated with a resulting 496 bp insert.

To normalize for any differences in purity of the mRNA sample plus and
differences in reverse transcription we used the internal standard of GAPDH. The GAPDH
competitive template was produced using a similar procedure. The primers GA3P-1
(tatggatCCTTCATTGACCTCAAC) and GA3P-2 (aatctcgAGTIGTCATGGATGACC)
were used to amplify a 396 bp product from rat cDNA. The 396 bp product was subcloned
into pTZ 19 producing the plasmid pGA3. The competitive template was made using the
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restriction enzyme Nco | that removed an internal 155 bp. The resulting plasmid was

called ApGA3 and amplification of this plasmid with the primers produced a 241 bp
product.

PCR reactions containced 1 ul of reverse transcribed ¢cDNA in a total volume of 50
ul containing 50 mM HEPES pH 7.9, 50 mM KCI, 1.5 mM MgCla, 100 uM cach ANTP,
2.5 U of Taq polymerase. Reactions contained 1 puCi of [o-32P] dCTP (3.000 Ci/mmol).
Amplification vsas for 30 cycles under the following conditions: 94°C for 45 sec. 60°C for
45 sec, and 72°C for 60 sec on a Coy TempCycler. Ten-pl portions were resolved on 99
polyacrylamide gels.

For quantification of relative amounts of Nat/H* exchanger, PCR was done with
decreasing amounts of compctitor DNA. Products of rcactions were resolved on 99% gels
and the incorporated radioactivity quantificd with a model BAS1000 phosphoimager (Fuji
Photo Film Co., Ltd.) For illustrations the amount of radioactivity incorporated was
shown using autoradiography. For quantification of relative amounts of message, the log
of the ratio of CPM in competitor-derived products to target-derived products is plotted
versus the log of the number of competitor template molecules. When the target-derived
and competitor-derived products have the siame number of incorporated counts, the target
and competitor DNA templates were present at the same levels, corresponding to a
logarithm equal to (). Aftler measurcment the amounts of Nat/H* exchanger were
normalized using the amounts of GAPDH. GAPDH showed no consistent pattern of
changes corresponding to any trcatments of tissues. Because the target and competitor
DNA were of different size they could amplify with slightly different efficicncy. We
therefore compared the kinetics ol amplification of the two targets and found no appreciable
differences {not shown). Although no differences in amplification were noted, for the
present series of experiments we only compared the relative amounts of ¢CDNA in samples
and not absolute amounts to the amount of cenipetitor.

Results

To characterize the expression of the Nat/H+ exchanger in isolated myocytes we
made primary cultures of nconatal rat myocytes essentially as described carlier (6).
Myocytes could be kept in culture for several weeks though transfection was 36 hours after
preparation. Examination of both stained and unstained cells suggested that cultures were
essentially 95% free of other contaminating cell types as described carlier (6).
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We have recently isolated and sequenced the NHE-1 mouse promoter (4). Figure 1

shows the NHE-1 promoter in diagrammatic form with the essential features noted. The
sequence was reported earlier (4). Five constructs of the promoter were used: pXP-1MP,
pMP+AP2, pMP-AP2, pMP(MUT)AP2 and pMP(MUTb)AP2. The plasmid pXP-1MP,
pMP+AP2 and pMP-AP2 contain bp's from -1085, -125, -92 to +22 of the NHE-1
promoter. The plasmids pMP(MUT)AP2 and pMP(MUT)AP2 contain several mutations in
the AP-2 containing regior (Fig. 1-1).

[ NHE-I Promoter |

NHE-1 Promoter Activity
(%7 of AP2+)
r T T Lk 1] 1
yomes "
-1 -11n =19
BEL o) ) | t
COTGACACTTCCTTOCCTGHCACAGGIGN W] - 1 e MP+APD )
Cran P g 3
- COTOACACTTCCTTTTTTAAGTAATATAAGETGC - 3 —N—pMP (MUT)ADPD D’
-125 can as e
- CGTGACACTTCCTTTTTTAAGCGACAGAAGCCGC - 3¢ ~Hl—pMPp (MUThL) AP2 U;

-02

c - 3 ~—DMP-AP2 r

Fig. 1-1. Schematic diagram of constructs used for transfection of neonatal rat cardiomyocytes and
relative luciferase activitics.  pXP-1MP contains the complete insert from -1085 to +22 of the mouse
promoter/enhancer region. pMP+AP2 contains the region between -125 and +22 and pMP-AP2 contains
the region between -92 and +22. The AP-2 containing sequence is shown. pMP(MUT)AP?2 is the same as
pPMP+AP2 with the nucleotide mutations shown and denoted by the asterisk *. pMP(MUTD)AP2 is a
partid mutation of pMP+AP2 with the mutations denoted by the asterisks *. The labeled sequence indicates
the region containing the putative AP-2 site is deleted in pMP-AP2. The location of the beginning of the
sequence of pMP-AP2 is denoted by 7. Al plasmids, pXP-1MP, pMP+AP2, pMP-AP2, pMP(MUT)AP2
and pMP(MUTH)AP2 were cotransfected with pSV-B-Galactosidase as described in the "Materials and

Methods". Luciferase values are relative to that of the transfection with pMP+AP2. * P < 0.01 vs. values
for pMP+AP2.

To examine which regions of the NHE-1 promoter are important in activity of the
promoter in isolated myocytes, nconatal rat myocytes were transfected with the various
constructs of the promoter. The results are shown in Fig. 1-1. Transfection with the
plasmid pXP-1MP resulted in the highest level of luciferase activity. Reduction of the
NHE-1 containing region up to the AP-2 containing region reduced the activity 75%. A
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further reduction in the size of the promoter to remove the AP-2 containing site resulted in

almost complete reduction in activity ot the promoter. Similarly, mutation ot several of the
residues of this region also resulted in a dramatic loss of luciferase activity produced from
this construct eliminating over 70% of the activity remaining in the AP2+ construct (Fig.
1-1).

To discern whether the transcription factor AP-2 could be important in regulation of
the NHE-1 promoter in the myocardium we used gel mobility shift experiments. The
results are shown in Fig. 1-2. At lcast one protcin from nuclear extracts of the intact rat
myocardium bound 1o a synthetic oligonucleotide containing the AP-2 consensus sequence
(Fig. 1-2a lanc 6). Protein from HeLa cell nuclear extracts also bound to this
oligonucleotide (lanc 2). In addition. purificd AP-2 protein bound to the synthetic
oligonucleotide (lanc 7). Because the intact myocardium contains a number of cell types
we prepared nuclear extracts from nconatal myocyte cultures that were essentially free of
other cells. Nuclear extracts from these cells also contained at least one protein that was
able to bind to the synthetic oligonucleotide containing the AP-2 binding sequence (Fig.
1-2b).

2a 12 3 4 5 6 7 2b

Fig. 1-2. DNA-mobility shift binding assay of the AP-2 containing site. Nuclear
extracts were prepared from tissucs or cells as described in "Experimental Procedures” and
used for mobility shift binding assay with MPAP2a,b. The labeled oligonucleotide
MPAP2a,b containing the AP-2 consensus sequence (positions -117 to -94) was incubated
with purified human AP-2 protein or nuclear extracts for 10 minutes at room temperature.
The binding mixtures were analyzed by clectrophoresis on 4% polyacrylamide gels. Fig.
1-2a, lane 1, oligonucleotide alone; lane 2, nuclear extract of HeLa cells (S pg), lanes 3-6
nuclear extract from intact rat myocardium 0.8, 1.6, 3.2 and 5.6 ug respectively. The
reaction mixture of lane 7 contains 1.4 pg of purified AP-2 protein. Fig. 1-2b, Gel
mobility shift binding assay using 5 pg of nuclear extracts from isolated rat myocytes.
Lane 1 = control, lane 2 contained 5 pg of nuclear extracts from isolated rat myocytes in
addition to the synthetic oligonu:leotides.

1
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To confirm that the binding of the myocardial nuclear extract was specific we used

competition experiments. The results are shown in Fig. 1-3a. Increasing amounts of
cold competitor DNA reduced the amount of binding by the myocardial nuclear extract.
Non-competitor synthetic oligonucleotide did not reduce the binding to AP-2 binding
sequence. To confirm that the protein involved was AP-2 we used DNA mobility shift
binding of nuclear extracts that were depleted of AP-2 by immunoprecipitation with anti-
AP-2 antibody. Lanc 1 (Fig. 1-3b) shows control nuclear extracts extract with 4 g of
irrelevant IgG. Lanc 2 shows the greatly reduced mobility shift of nuclear extracts that
were extracted with anti-AP-2 antibody. These results show a direct involvement of the
AP-2 transcription factor in the mobility shift.

3a 3b

Fig. 1-3. DNA-mobility shift binding assay of the AP-2 containing site with rat heart
nuclear extracts. Nuclear extracts and mobility shilts were prepared as described for Fig.
1-2. Fig. 1-3a, competition with unlabeled MPAP2ab. Lane 1 labeled MPAP2ab.
Lanes 2 and 3 competition with 10 and 100-fold excess of unlabeled MPAP2ab. Lane 4,
competition with 100-fold excess of a nonspecific competitor SP-1. Fig. 1-3b DNA
mobility shift binding assay with cardiac nuclear extracts that were extracted via
immunoprecipitation with 4 pg of irrelevant 1gG (lane 1) or with 4 ug of anti-AP-2
anubody (lane 2).
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Using the plasmid pXP-1MP we examined the regulation of expression ot the
NHE-1 promoter. The effect of external pH on activity of the promoter in primary cultures
of isolated myocytes and in MCT cells is shown in Fig. 1-4. There was no difterence
between the trecated and untreated cells. The results show that reduction of the pH of the
external media does not increase activity of the NHE-1 promoter.
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Fig. 1-4. Effect of low external pH on the activity of the NHE-1 promoter in primary
cultures of neconatal rat myocytes and in MCT cells. Cardiomyocytes and MCT cells were
transfected with pXP-1MP and pSV-B-Galactosidase as described in the "Material and
Methods". Luciferase values are corrected for efficiency of transfection and arc normalized
to the values of controls. Experimental cells were treated with low external pH as
described in "Materials and Mcthods”.
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Fig. 1-5. Effect of low external pH on the relative amounts of NHE-1 mRNA in primary
cultures of neonatal rat myocytes. Cardiomyocyles were prepared and mRNA measured by
competitive PCR as described in the "Material and Methods". Fig. 1-5a, 1-5b,
detcrmination of NHE-1 and GAPDH levels of control and acidosis treated
cardiomyocytes. Competitive PCR was prepared and samples were separated by
clectrophoresis on 9% acrylamide gels. Autoradiography was used for the purpose of
illustration of typical results. Fig 1-5a illustrates the determination of mRNA levels of
NHE-1. Lanes 1-4 are tfrom pH 6.9 trcated myocytes, and lanes 5-8 are from control (pH
7.4) myocytes. The amount of competitor was 46, 4.6, 0.46, 0.046, 46, 4.6, 0.46,
0.046. amol in lanes 1-8, respectively. Fig. 1-5b shows the determination of the levels
of GAPDH. Lancs 1-4 are tfrom pH 6.9 treated myocytes. and lanes 5-8 are from control
(pH 7.4) myocytes. The amount of competitor was 4790, 479, 47.9, 4.79, 4790, 479,
47.9. 4.79, amol in lanes 1-8. respectively. Fig. 1-5c. summary of 4 independent
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determinations of relative NHE-T mRNA levels of control and acidosis treated
cardiomyocytes.

To determine whether acidosis could cause an elevation of myocyte mRNA levels
we used a competitive reverse transcription PCR assay. The assay is essentially similar to
one that we have described carlier (28). Fig. 1-5a and 1-5b demonstrate the
effectiveness of the assay. With decreasing amounts of NHE-1 competitor the amount of
496 bp PCR product declined. Also, as the amount of competitor decreased the amount of
649 bp PCR product from the NHE-1 ¢DNA increased. Lanes 1-4 and lanes 5-8 (Fig. 1-
5a) show the results of control and acidosis treated myoceytes respectively. A similar PCR
assay was uscd to mcasure GAPDH levels (Fig. 1-5b).  Similarly, with decreasing
amounts of competitor the amount of 241 bp PCR product decreased. In addition, the
amount of GAPDH (396 bp) PCR product increased. Lanes 1-4 and lanes 5-8 (Fig. 1-
5b) show the results of control and acidosis treated myocytes respectively. ‘The summary
of the corrected results of 4 independent determinations is shown in Fig, 1-5¢. ‘There
was no significant difference in the mRNA levels between control and acidosis treated
myocyles.

We also examined the effect of the presence or absence ol sera on the activity of the
NHE-1 promoter in isolated myocytes. Cells were transtected with pXP-1MP, pMP+AP2,
PMP-AP2 and pMP(MUTD)AP2 constructs as described above. Sera (10%) was then
mtroduced to the experimental groups immediately after transfection and cells were
harvested after 36 hours. The results are shown in Fig. 1-6. When compared o
controls, cells treated with serum showed an increase in NHE-1 promoter activity for all
constructs. As cxpected the largest activity of the promoter was with the pXP-1MP
construct. The largest effect of scrum was also shown with the full sized promoter. A
similar result was shown with pMP+AP2. The addition of sera resulted in a substantial
increase in activity of the promoter in isolated myocytes. However, the absolute level of
the increase could not account for the increase induced by sera with the pXP-1MP
transfections. Thus the effects of serum must include clements found in the pXP-1MP
construct in addition 1o clements in the pMP+AP2 plasmid. In the case of both pMP-AP2
and pMP(MUTD)AP2, scrum also resulted in small increases in activity of the promoter.
However the changes were small compared with those increases seen with the other
constructs.
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Fig. 1-6. Effcct of the presence of 10%: sera on the activity of the NHE-1 promoter in
primary cultures ol nconatal rat myocytes. Cardiomyocytes were prepared as described for
Fig. 1-4. The plasmids pXP-IMP. pMP+AP2, pMP-AP2 and pMP(MUTDb)AP2 were
uscd for transfection as described in Fig. 1-1. Onc day after transfection was complete
the cells were incubated in media in the presence or absence of 10% fetal calf sera for 18
hours. Results arc expressed as percentage of activity of pMP+AP2 in the presence of scra.
Where not shown SE were too small to be displayed.

Discussion

The Nat/H* exchanger is responsible for removal of intracellular protons from the
myocardium. Secvceral studies have shown that there is increased expression of the message
and increased activity of the protein in responsce to acidosis (1, 16, 17, 19, 22). We have
carlier shown (9) that trcatment of primary cultures of isolated myocytes with low external
pH results in increased ability of these cells to recover from an acute acid load. The
mcchanism by which this occurs is not yet clear but in some tissue types it has been
suggested to involve protein kinase C and possibly the transcription factor AP-1 (12, 14).
Regulation of expression of the NHE-1 has not been studied in detail but the human and the
mousc NHE-1 gene have been isolated (4, 20). The wranscription factors.AP-1 and AP-2
have been implicated in regulation of the gene in tibroblasts (4, 20). More recently some
more distal elements have been suggested to be involved in regulating transcription
including CREB, AP3, NFY and C/EBP proteins (18). Regulation of expression and
activity of the Nat/H¥ exchanger is known to vary between cell types (21, 26). There has
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however, been no examination of the regulation of the NHE-1 promoter in the
myocardium. We undertook this study to examine tactors controlling the regulation of
expression in the mammalian myocardium. Specitically we examined the various regions
of the promoter that are important in promoter activity of the gene and several factors
thought to be important in NHE-1 expression,

We have recently shown that acidosis induces increased ability ot isolated myocyies
to recover from an acid load. In addition, ischemia has been shown to induce increases in
NHE-1 message levels in the intact isolated perfused heart (9). To study possible causes ol
these increases we examined promoter activity in isolated myocytes and utilized reporter
plasmid transfections. External acidosis did not increase activity of the NHE-1 promoter.
Fig. 1-4 shows that the activity of the NHE-1 promoter construct pXP-1MP was not
increased in either isolated myocytes or MCT cells. MCTT cells treated with low external
pH have becen shown to have increased NHE-1 message and activity after treatment with
medium of low external pH (13. 21). Howcever. this treatment did not result in activation
of the NHE-1 promoter in cither cell type. There are several possible explanations for this
apparent inconsistency. In the MCT cells increased activity and message of NHE-1 could
be due to increased RNA stability. RNA stability his been shown to be a mechanism by
which acidosis can cause mRNA levels to rise and thereby result in increased protein and
activity. This occurs in the case of phosphocnolpyruvate carboxykinase where both
increased transcription and increased RNA stability occur in response to acidosis (15).
However, in isolated myocytes our results have shown that this treatment does not increase
the level of NHE-1 message (Fig. 1-5). This suggests that there must be a change in
either regulation of Na+/H* c¢xchanger activity or recruitment of intracellular stores of
protein. It has becn suggested that acidosis can cause a mobilization of intracellular stores
of the Nat/H* exchanger (25). An allernative explanation is that some of the increased rate
of recovery we observed carlicr is due to activity ol other related proteins or other isoforms
of the antiporter. Futurc cxperiments are necessary to determine if this is the case.

We examined which clements of the NHE-1 promoter are important in basal
expression in isolated myocvtes. Previous experiments had suggested that the most
proximal 130 bp from the first start site of transcription are important in cxpression in
fibroblast cells (4). In addition, comparison of the mouse Na/H exchanger gene (4) with
the human gene (20) suggests that this is the only major region of the promoter that is
highly conserved between specics (not shown). We thus deleted the promoter up to the
region that contained the AP-2 site. The results showed that deletion of these more distal

7
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regions of the gene resulted in a 75% loss of activity of the gene. Contained within the
deleted region there are putative sites for binding of the transcription factors HGRE, CBF,
and several CCAAT box binding proteins including CREB and NFY. It has been
suggested that some of these clements are important in other cell types (18). This confirms
thut some of these elements could also be responsible for regulation of expression in the
myocardium, despite the fact that regulation of the protein varies from one cell type to
another (21, 27).

We examined the most proximal site likely involved in the regulation of expression
of the protein. Our carlicr studics have suggested that this sitc may be important in other
ussues (4). We tested the effect of removal or mutation of the site that contained an AP-2
consensus sequence.  Removal of the AP-2 containing site eliminated activity of the
promoter (Fig. 1-1). To prove that the effect was due to omission of the site and not
simple shortening of the promoter we mutated several ol the residues of pMP+AP2 to form
a plasmid pMP(MUT)AP2. that is of the same length as pMP+AP2. This plasmid also
directed greatly reduced luciferase activity. comparable to that of pMP-AP2. We tested the
cttect of a4 more conservative mutation of the AP2 site. The results with this construct
ipPMP(MUTh)AP2) showed « reduction of activity of the NHE-1 promoter that was
cquivalent o that of pMP(MUT)AP2. These results strongly suggest that the transcription
factor AP-2 plays an important role in directing expression of the Na*/H* exchanger gene
in the myocardium. To confirm the invoivement of this transcription factor we constructed
4 synthetic oligonucleotide that contained the AP-2 sequence. Gel mobility shift assay
iFig. 1-2) suggested that nuclear extracts from hearts contained AP-2 protein or an AP-2
like protein that bound to the synthetic oligonucleotide with this sequence. A protein from
nuclear extract of isolated myocyies also bound to the sume sequence. This confirmed that
this transcription factor or a closely related one is present in cardiomyocytes (Fig. 1-2b).
An interesting feature of the results was that purified AP-2 protein bound to the same
svathetic oligonucleotide but produced a smaller shift than scen with protein bound from
nuclear extracts. The reason for this difference in mobility is not known. It could be that
the endogenous AP-2 or "AP-2 like” protein in nuclear extracts is phosphorylated or
slveosylated to a different degree in comparison to the purified protein. Alternatively, a
~<econd or a difterent protein could be associated with this region of the gene.

To confirm that the binding of the transcription tactor AP-2 was specific we used
competition analysis. Unlabelled synthetic oligonucleotide effectively reduced the binding
while non-competitor did not reduce the mobility shift (Fig. 1-3a). We also used

8
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immunoprecipitation with an anti-AP-2 antibody to specitically reduce the amount of AP-2
protein present in nuclear extracts from the heart. This greatly reduce the maobility shift
(Fig. 1-3b) and contirmed the involvement of the AP-2 protein in binding to the synthetic
oligonucleotide.

We also examined the contribution of sera to the basal activity of the NHE-1
promoter. It has been shown carlier that culture conditions such as the presence or absence
of serum affect the activity of the Nat/H* antiporter in the myocardium (10). Scerum and
various mitogens are also known to cause short term activation of the Na¥/H* exchanger in
various tissues (26, 27). However, long-term regulation of the gene has not been well
studied. We noted that the promoter contains whole or partial consensus sequences for
serum response clements and tor a number of transcription factors activated by serum
including AP-1, AP-2, Pca3 and several others. We tested the effect of serum on the level
of NHE-1 expression and found that it did stimulate transcription from the promoter (Fig.
1-6). This occurred with both the 1.1, kb fragment ol the promoter and the AP-2
containing construct. This demonstrates for the first time. that the level of NHE-]
transcription is responsive to external stimuli in this cell type. Which of the transcription
factors in the sequence is responsible for the increase in transcription is not known. It is
clear however, that one or more elements of serum stumulates activity of the NHE-1
promoter in the myocardium. Also. the AP-2 containing construct was responsive to
stimulation by scrum suggesting that regulation by this or a related transceription factor is
mmportant in NHE-1 expression. Other plasmuds with the AP-2 site deleted or mutated,
also showed slight activation by serum. Howcver. the amount of activity of the promoter
was small relative to that of the 1.1 kb and AP-2 containing fragments of the promoter.

Conclusion

Overall, our results represent the first examination of regulation of NHE-1 gene
expression in the isolated myocardial cell. We have shown that the proximal 13() bp are
important in basal expression and that more distal elements of the gene also play an
important role in regulation ol expression. There was no effect of external acidosis on
transcription of the NHE-1 promoter and no cffect on mRNA levels. In contrast serum
was able to stimulate expression of the NHE-1 promoter in the myocardial cell. The exact
transcription factors that arc involved and their specific binding sites in the gene will be the
subject of future cxperiments.
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Introduction

The Na*/H* exchanger is a mammalian plasma membrane protein that exchanges
intracellular protons for extracclular sodium. 1t is involved in pH regulation (1), control of
cell volume and is stimulated by growth factors (2). Several isoforms of the protein have
been identified (NHE-1 10 NHE-5). The NHE-1 isoform is the most widely distributed type
and is present in most. if not all. mammalian cells (3).  Although the mechanism of
regulation of protein levels is extremely important. few studies have examined the NHIEE- |
gene (4-7). The transcription factor AP-2 is once clement that may be important in regulation
of the NHE-1 gene (4).

Studies have shown that NHE-1 mRNA levels are increased due to @ number of
treatments including chronic acid loading and ueauments causing cellular differentiation (8-
10). For example during retinoic acid induced ditferentiation of human leukemic cells (.-
60), there is an 8.3-fold increasc in NHE-1 tanscription (8). More recently we have shown
that there is a transient increasc in the level of NHE-1 transcription during retinoic acid
induced differentiation of P19 cells (4). This data provides evidence to suggest that
Nat/H* exchanger plays an important role in cetlular differentiation.  Increased antiporter
activity during diftfercntiation may be importani for differentiation to occur, at least in some
cell types (11, 12). However. this requirement has not been shown to occur universally and
the role of the Nat/H* exchanger may vary between cell types (13).

The Nat/H* exchanger also plays an impoant role in regulation of intracellular pl
in different types of muscle cells. This includes skeletal muscle (14), the myocardium (15)
and smooth muscic (16). In skeletal muscle the regulation of the Nat/H* antiporter has
been shown to vary between proliferating myoblusts and differentiated myotubes (14). This
suggests that there arc important physiological clianges in the protein and its function during
the process of differentiation. However, to date there have been no studies on the regulation
of the Na*/H* exchanger gene during this process. The purpose of this study was to
examine regulation of the NHE-1 gene during the process of muscle differentiation.
Because of the important rolec of the protein in this and other muscle tissuces we also
examined basal regulation of the promoter activity in this tissue. Our study investigated
whether the NHE-1 gene is activated during the differentiation process in muscle cells,
similar to what occurs in other ccli types.
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Materials and Methods

Materials

Restriction ¢ndonucleasc and DNA-modifying enzymes were obtained from
Bochringer Mannheim (Laval, Quebec, Canada) and Bethesda Research Laboratories
(Gaithersburg, MD, USA). The pBluescript plasmids used for subcloning were from
Stratagene (LaJolla, CA, USA). Plasmid pXP-1 was a gift from Dr. M. Nemer of the
Institute de Recherches Cliniques de Montrcal, Montreal, Quebec, Canada. All other
chemicals not listcd were of analytical grade or molecular bivlogy giade and were purchased
from Fisher Scientific (Ottawa, On, Canada), Sigma (St. Louis, MO, USA) or BDH
(Toronto, Ontario, Canada).

Reporter Plusmid Constructs

A 9 kb genomic clone of the mouse Nat/H+ exchanger was isolated by screening of
a mousc lambda Gem-11, genomic DNA library (Promega, Madison, Wisconsin, USA).
The probes were a fragment of the rabbit cardiac Nat/H* exchanger (NHE-1) cDNA clone
(1-691 bp, 15) and a tragment of the 5’ untranslated and coding region (1-900) of the
human Nat/H% exchanger as described earlier (17). The plasmid pXP-8.5MP was
constructed by removing a 13 kb positive fragment of southern blot from lambda Gem-11.
Excision was initially with Eco R I and Sst II and the resulting fragment was inserted into
the corresponding sites of Bluescript KS-. This clone was then cut with Sst II producing a
mousc fragment vector plus insert. This was blunt ended using Klecnow and then was
digested with Xho I which digested only the vector im:nediately adjacent to the 5’ end of the
insert. The resulting large fragment was subcloned into Xho I - Sma I digested pXP1.
Digestion of the insert with Sst 11 resulted in removal of a 700 bp fragment which was
downstrcam of the start sitc and in the 5' untranslated region.

From the plasmid pXP-8.5MP three other related plasmids were generated (Fig. 1).
The plasmid pXP-5.3MP was made by removal of a 3.2 kb Bam HI - Bgl II fragment from
the 5' end of pXP-8.5MP. The plasmid pXP-5.0MP was made by removal of a 3.5 kb
Bam HI - Bam HI piece from the 5' end of pXP-8.5MP. The plasmid pXP-3.8MP was
made by removal of a 4.7 kb Sst I - Sstl fragment internal to the plasmid pXP-8.5MP.
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pXP-1.1IMP was constructed in the following way as described earlier (17).

Briefly, a 2.2 Kb fragment containing the mouse NHE-1 promoter/exchanger region was
cloned from a genomic DNA library and digested with Pst 1 and Sma 1. An intermediate
plasmid that contained a Pst 1 site flanked by a Hind 11T and Sal 1 was used to transfer the
Pst-Sma 1.1 kb fragment into pXP-1 dircctionally. pXP-1 was digestad with Hind HI and
Sal I and the 1.1. kb fragment contains base pairs base pairs - 1085 to +22 of the NHE-1
promoter. To construct pMP+AP2 plasmid, two oligonucleotides were used as primers for
polymerase chain reaction (# 1. tigg atc CGT GAC ACT TCC TTC CCT and #3, cc uc gaa
GGG TCC CGC GGT AGC GGA) were synthesized to amplily base pairs -125 to +22 of
the gene. The PCR product had the restriction enzyme sites Bam HI and Sma [ generated
on either end. This product was digested with Bam HI and Sma 1 and inserted directionally
into pXP-1. Similarly, pMP-AP2 plasmid was made using the product of the primers # 3
and #2 (#2, ugg atc CTG CAC CGC GCG GGC GCT) and the 114 bp product (-92 to +22)
was inserted into pXP-1. All piasmids were scquenced to verify proper orientation and
fidelity of PCR.

The plasmid pXP-0.2MP wuas made by modification of pXP-1.1MP. The insert was
excised with Sma I and Hind I and digested with Rsa 1. This resulted in the production of
a 0.2 kb Rsa I - Hind HI fragment that was subcloned into the Sma [ - Hind 1 site of pXP1
to form pXP-0.2MP. The plasmids pXP-0.9MP and pXP-0.5MP were gencerated using
unidirectional exonuclcase treatment of the 5' end of the insert of pXP-1.1MP.

Growth and Maintenance of Cell Lines

L6 cells were propagated in DMEM supplemented with 109 Fetal Bovine Serum.
To examine the effects of differentiation on the activity of the promoter, cells were treaied
essentially as described carlier (18). Briefly, cells were split into 35 mm dishes and
allowed to attach and grown in mcdium with 10% FBS. When the cells were
approximately 80% confluent they were split into 2 groups. One group was grown in
medium with 20% FBS (Non-diflerentiation medium) and the other was grown in medium
with 1% FBS (Differentiation medium). Incubation lasts about 6 days for achicving full
differentiation of cell. In some cxperiments differentiation was induced by increasing the
calcium concentration in Ca2* free differentiation medium to 9 uM under the same

conditions. Cells were fixed with gluteraldehyde and stained with hematoxylin and Eosin
where indicated.
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Transfection and Reporter Assays

Celis were plated onto 35 mm dishes at a density of 1 X 105 cells/cm2. Each dish
received 2 pg of luciferase reporter plasmid and 2.0 pg of pSV-B-galactosidase as an
internal control. L6 cclls were transicntly transfected using the CaPO4 precipitation
technique (17). After transfection, cells were allowed to incubate at 37°C for five hours
before being washed with fresh media and left for 36 hr. After 36 hours, cells were
harvested and the cell lysate was assayed for lucilerase activity and B-galactosidase activity.
The medium was aspirated and the cells washed in 1x PBS-1mM EDTA. The cells were
then allowed to sit in 1 ml of PBS-1mM EDTA for 15 minutes. Cells were then scraped,
transferred to a microcentriluge tube. and pelleted at 10,000 rpm for 30 seconds. The
supernatant was removed and the pellet was resuspended in SO pl of ice cold lysis buffer
(Tris 1M pH 7.8, 10% NP40 and 1M DTT) for 15 minutes. The solution was then pelleted
at 14,000 rpm for 10 minutes at 4°C. The supernatant was removed and assayed for
luciferasce and $3-Galactosidase activity. Each luciferase assay contained 30 ul of the cell
lysate and 100 pl of the luciferase assay rcagent (Tricine 20 mM, MgCO3 1.07 mM,
MgSOg4 2.67 mM. EDTA 0.1 mM. DTT 33.3 mM, luciterin 470 mM, ATP 530 mM,
Cocnzyme A 270 mM, and BSA | ng/ml). The 3-galactosidasc assay included 5 ul of cell
lysate, 95 1 H20 and 20 pl of o-Nitrophenyl-B-D-galactopyranoside, incubated at 37°C for
60 minutes. After 60 minutes. 60 pl of 1M Na2CO03 was added to stop the reaction and the
optical density was measured at @ wavelength o 420, Luciferase activity was assayed with
a Berthold Lumat LB 9501/16 luminometer and normalized to B-galactosidase for efficizncy
of transfection.

Stable transtcctions also used the CaPO.g precipitation technique. Twenty-four
hours after transtection the medium was changed to selection medium (10% FBS with 400
ug/ml G418). Afier 2-3 weeks of growth visible foci were selected, transferred to 96 well
plates and grown in sclection medium until cells were confluent. Cells were then transferred
to 100 mm dishes and luciterase activity was measured as described above. To confirm that
inserts were not disrupted we amplified the inserts of the stable cell lines using PCR. For
stable lines with pXP-1.IMP the 5' primer was 5' CTC TTT AAA CCA GAC AGA CAG
ACA G 3' (MSE) which was dirccted against the 5' end of the 1.1 kb insert. The 3' primer
was 5' TTG GCG TCT TCC ATG GTA CCA ACA GTA CCG G 3' (Luc) which was
dirccted against the beginning of luciferase in the inverse direction. For pMP+AP2 the
primers flanking the inscrt were Luc and §' TTG GAT CCG TGA CAC TTCCTT CCCT
3" (JD1) which was directed against the 5’ end of the insert. When measuring luciferase
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activity of stable transtectants. any ditferences in cell number were corrected by monitoring

protein concentration. Results are the mean £ SE ol 4-6 experiments. Where not visible SE
were too small to be shown. Significance was cvaluated using a student's t-test.

RNA Isolation and Measurement of NHE-1 mRNA Levels by PCR

Total RNA was isolated trom L6 cells as described carlier (17). Poly (A1) RNA
was purified with a PolyAlractTM mRNA isolation kit as described by the manufacturer
(Promega). For reverse transcriptase PCR Poly (AT) RNA was isolated as described
above and 2 pg was copied with reverse transcriptase from the Invitrogen ¢cDNA cycle T
kit using the procedurcs described by the manutacturer.

We used a competitive reverse transcriptase PCR assay to measure NHE-1 mRNA
levels. The assay is based on the use of a competitive substrate that competes with the
reverse transcribed ¢cDNA. The principle is the sume as a competitive PCR assay that we
have recently described (19) and was recently described in detail elsewhere (20). The
relative levels of NHE-1 arc compared to levels of glyceraldchyde-3-phosphate
dehydrogenase (GAPDH). Primers for the Na*/Ht exchanger were NHQ-I
(tacg gt ACCCTGCTCTTCTGCCTC) and NHQ-2 (gatgcaTGCGGATCTCCTCCTCCTT).
The primers are specific to NHE-1 and amplity a 649 bp product {rom reverse transcribed
¢DNA. Increasing amount of competitive template is added to a scrics of these
amplification reactions. This results in decreasing amounts of DNA product. The
Nat/H+ exchanger competitive template was produced by using ¢cDNA from rat mRNA.
The primers NHQ-1 und NHQ-2 were used to amplify the 649 bp PCR product which was
subcloned into the plasmid pTZ 19 producing the plasmid pl6. An internal Eco 4711
fragment was removed and the plasmid (Ap16) was religated with a resulting 496 insert.

Differences in purity ol the mRNA sample and in reverse transcription were
normalized using the internal standard of GAPDH. The GAPDH competitive icmplate was
produced using a similar procedure. The primers GA3P-1
(tatggatCCTTCATTGACCTCAAC) and GA3P-2 (aatctcgAGTTGTCATGGATGACC)
were used to amplity a 396 bp product from rat ¢cDNA. The 396 bp product was
subcloned into pTZ 19 producing the plasmid pGA3. The competitive tcmplate was made
using the restriction enzyme Nco | that removed an internal 155 bp. Amplification of the
resulting plasmid (ApGA3) with the primers produced a 241 bp product.
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PCR rcactions contained | pl ol reverse transcribed cDNA in a total volume of 50

pl containing 50 mM HEPES pH 7.9, 50 mM KCl, 1.5 mM MgClp, 100 uM each dNTP,
2.5 U of Taq polymerase. Reactions also contained 1 pCi of [a-32P] dCTP (3,000
Ci/mmol). Amplification for 30 cycles was under the following conditions: 94 °C for 45
sec, 60 °C for 45 sce. and 72 "C for 60 scc on a Coy TempCycler. Ten-ul samples were
resolved on 9% potyacrylamide gels.

For quantification of relative amounts of’ Nat/H* exchanger, PCR was done with
decreasing amounts of competitor DNA. Products of reactions were resolved on 9% gels
and the incorporated radioactivity quantitied using a model BAS1000 phosphoimager (Fuji
Photo Film Co., Ltd.). Hlustrations were shown using autoradiography. For quantification
of relative amounts of message. the log of the ratio of CPM in competitor-derived products
1o target-derived products was plotied versus the log of the number of competitor template
molecules. When the target-derived and competitor-derived products had the same number
of incorporated counts. the target and competitor DNA templates were present in equal
amounts, corresponding to a logarithm cqual to . After measurcment the amounts of
Nat/H* cxchanger were normalized using the amounts of GAPDH. GAPDH did not show
any consistent pattern of changes corresponding to any treatments of tissues.

To check if the kinetics of amplification of DNA is independent of the size of
template, we did a comparison and regressional analysis of the rate of amplification
between NHE-1 and ANHE-1 DNA. We adjusted the starting ratio of NHE-1 to ANHE-1
DNA template o 0.1, 1, 10, 100 respectively in 4 individual PCR reactions. After PCR,
the ratio of ampliticd NHE-1 (o ANHE-1 DNA was measured. The starting ratio was
converted to log scale (X) and compared with the log of the final ratio (Y). The assumption
was that if the regressional coetticient is close to 1 with P<0.05, it will indicate that the
kinctics of amplitication of DNA is not significantly affected by the size of template in our
study. Although no dilferences in amplification were noted, for the present series of
experiments we only compared the relative amounts of cDNA in samples to the amount of
competitor, not absolute amounts of NHE-1.

Results

Fig. 2-1 shows a schematic diagram of the constructs used for transfection of L6
muscle cells. The sequence of the proximal 1.1 kb was reported earlier (17) and the 5' end
of the plasmids pXP-1.1MP. pXP-0.9MP, pXP-0.5MP, pXP-0.2MP, pXP-0.18MP,
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pXP+AP2 and pXP-AP2 is illustrated in Fig. 2-1b. Digestion with exonuclease resulted

in the production of the plasmids pXP-0.9MP, pXP-0.5MP which had terminated at
nucleotides -808 and -515 of the promoter. Other reporter constructs were made using PCR
or restriction enzyme digestion. They terminated at bp's -171, -155, -125 and -92
respectively for pXP-0.2MP, pXP-0.18MP, pXP+AP2 and pXP-AP2.

NHE. 1 Promoter

pXP1-MP

0:18 B — H

VPR

AP2 (+) B+ H

AP2 (-) B oo+ H
Fig. la

Fig 2-1. Schematic diagram of constructs used for transfection of L6 muscle cells. (a) The plasmids pXP-
8.5MP, pXP-5.3MP, pXP-5.0MP, pXP3.8MP, pXP-1.IMP, pXP-0.9MP, pXP-0.5MP, pXP-0.2MP, pXP-0.18MP,
pMP+AP2 and pMP-AP2 were constructed as described in the "Experimental Procedures”. pXP-8.5MP was made
from a 9 kb genomic clone of the mouse Na*/H* exchanger. pXP-5.3MP and pXP5.0MP were derived from pXP-
2.5MP by removal of 5' end restriction fragments. pXP3.8MP was made by removal of an internal restriction
fragment. Other plasmids represent a progressive set of deletions made by treatment with exonuclease or
subcloning smaller appropriate fragments generated via PCR.  Abbreviations; AP2+, plasmid with 147 bp of the
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NHE-1 promoter containing the AP2+ site; AP2-, plasmid with 114 bp of the NHE-1 promoter not containing the
AP2+ site; B, Bam HI; Bg, Bgl II: b, blunt end cloning. H, Hind II: kb, Kilobase; Luc, Luciferase; Poly,
Polylinker; X, Xbo I; +, approximate pusition of the AP2+ containing sequence; *, approximate position of the
TATA sequeice. Insert sizes are not drawn to scale. (b) Nucleotide sequence of the proximal 1.1 kb of the NHE-1
sromoter-enhancer region. The 5° ends of the plasmids pXP-0.9MP, pXP-0.5MP, pXP-0.2MP, pXP-0.18MP,
pMP+AP2 and :MP-AP2 are indicated by the symbols 0.9, 0.5, 0.2, 0.18, AP2+ and AP2- respectively. pXP-
1 IMP encompasses the entire sequence known. The start sites of transcription and the position of the AP-2 site
are indicated.
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Fig 1b
One of the major events during skeletal muscle differentiation is fusion of

mononucleated myoblast precursor cells into elongated multinucleated cells. L6 cells have
been used as a model of this differentiation (14). To examine this property in L6 cells we
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reduced the serum concentration which we and others (14) have used earlier to induce this

phenomenon. The results are shown in Fig. 2-2. When the serum concentration was
reduced over a period of 6 days the majority of the cells changed from mononucleated
precursor cells to a population of multinucleated cells (Fig. 2-2a-c). In contrast, when the
serum concentration remained high, no such change occurred and cells remained
mononucleated (Fig. 2-2d-f).

D : *

I\ 28

Fig. 2-2. L6 muscle cells grown in culture and fixed and stained as described in "Materials and Methods™. Al
day 0 the medium was changed to one which contained cither 1% serum (A-C) or 20% serum (1)-F). Photographs

illustrate their differentiation into myotubes. Times are 48, 96 and 168 hours after day O for samples A and D, B
and E, and C and F respectively.
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Wec examined the NHE-1 mRNA levels in L6 cells at varying stages of
differentiation. Quantatative competitive PCR was used. Typical results with this procedure
are shown in 3a and 3b. With decreasing amounts of NHE-1 competitor the amount of 496
bp PCR product ¢ ~clined. Also, as the amount of competitor decreased the amount of 649
bp PCR product from the NHE-1 ¢DNA increased. A similar PCR assay was used to
measure GAPDH levels (Fig. 2-3b). Similarly, with decreasing amounts of competitor
the amount of 241 bp PCR product decreased. In addition, the amount of GAPDH (396 bp)
PCR product incrcased. The summary of the corrected results of 5 independent
determinations is shown in Fig. 2-3c. The results show that L6 cells treated with
differentiation media for 6 days express approximately 2.5 to 3-fold the amount of NHE-1
message in comparison o untreated cells and cells treated for 3 days.

3‘11 | S . ;_ 3'b slha
s O “@w <4—396 bp
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1 2 3 4 1 2 3 4
3-¢
0 -

2

~~

D

)
t

% of Control
L\_\)
=

100 -

0 —_
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Fig. 2-3. mRNA levels of the Nat/H¥ exchanger in L6 muscle cells. L6 muscle cells
grown in culture and NHE-1 mRNA levels measured using a quantitative competitive PCR
assay as described in "Materials and Methods". Fig. 2-3a, 2-3b, determination of NHE-
I and GAPDH levels of L6 cells. Competitive PCR was prepared and samples were
separated by clectrophoresis on 9% acrylamide gels. Autoradiography was used for the
purpose of illustration of typical results. Fig 2-3a illustrates the determination of mRNA
levels of NHE-1. The amount of competitor was 10, 1, 0.1, 0.0lpg in lanes 1-4,
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respectively. Fig. 2-3b shows the determination of the levels of GAPDH. The amount of
competitor was 1000. 100. 10. 1 pg in lanes 1-4. respectively. Fig. 2-3¢. summary of 5
independent determinations of rclative NHE-1 mRNA levels of L6 cells prior to
differentiation, after 3 days and after 6 days of ditftferentiation. * Significanty difterent from
0 day and 3 day values at P < 0.001.

We have previously isolated the NHE-1 promoter (17). A scries of promoter
constructs was made from this promoter to examine the relative activity of the promoter in
L6 myoblast cells. Transicnt transfectants were used to compare the activity of the promoter
in these constructs. The results are shown in Fig. 2-4. Mecan relative luciferase values tor
the pXP-1.1MP construct were 217,000, Deletion of the promoter up to and including the
AP2 site (-92) resulied in almost total climination ol activity. Inclusion of the AP2 site (-
125) resulted in a significant increase in activity ol the promoter.  Inclusion of base pairs
-155 10 -126 in the pXP-0.18MP plasmid resulted in a small insignificant increase in the
activity of the promoter. However inclusion of 16 more base pairs including a poly ‘I rich
region, resulted in a large, significant increase in activity of the promoter. Inclusion of up to
the entire 8.5 kb region of the NHE-1 promoter did not result in further significant increases
in activity of the promoter. In tact, both pXP-5.3MP and pXP-S.OMP resulted in less

activity of the promoter, however the changes were small and not statistically significant.

1. 0

% of pXP1.1MP

- + 0180205 09 1.138 50 53 85

Fig. 2-4. Activity of the NHE-1 promoter in L6 muscle cells. L6 muscle cells were
transiently transfected with the plasmids pXP-85SMP, pXP-5.3MP, pXP-5.0MP, pXP-
3.8MP, pXP-1.1MP, pXP-0.9MP, pXP-0.5MP, pXP-0.2MP, pXP-().18MP, pMP+AP2
and pMP-AP2 as described in the "Materials and Methods"”. The relative activity of the
constructs was compared to that of the pMP+AP2 plasmid. * Significantly diffcrent from
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the plasmids pXP-0.18MP, pMP+AP2 at P < 0.01. * Significanuy different from the
plasmid pXP-0.2MP and all other larger plasmid constructs at P < 0.01.

To examine the effect of differentiation on the activity of the NHE-1 promoter we
constructed a series of stable cells lines containing the NHE-1 promoter constructs. We
then examined the activity of the cells during the process of differentiation which was
induced by reduction of serum concentration to 1%. Fig. 2-5 shows the comparison of
the activity of the NHE-1 promoter constructs during differentiation. In most cases the
activity of the promoter was similar during the 2-, 4- and 6- day periods following serum
withdrawal. There was a general trend for the activity of the promoter to be increased
during differentiation. This was most apparent in the larger constructs, particularly in pXP-
1.IMP. Inthis case the activity during the process of differentiation was more than 2-fold
grcater than in control cells at day 4 and day 6. This effect was significantly greater in the
construct pXP-1. IMP in comparison to pXP-0.2MP or pXP-0.18MP.
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Fig. 2-5. Relative activity of the NHE-1 promoter in L6 cells during differentiation. L6
muscle cells grown in culture were stably transfected with the plasmids pXP-1.1MP (1.1
kb), pXP-0.OMP (0.9 kb), pXP-0.5MP (0.5 kb), pXP-0.2MP (0.2 kb), pXP-0.18MP
(0.18 kb) as described in the "Materials and Methods”. Cells were then induced to
diffcrentiate by reduction in the serum concentration to 1%. The relative activity of the
promoter is shown in comparison to cells not induced by reduction of serum concentration.
Each group was sampled at 2 days, 4 days and 6 days after serum reduction. *»*+
Significantly different from the value at 0 days at P < 0.05, or P < 0.01.
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We examined if the rate of amplification for NHE-1 DNA is difterent from that tor

the smaller ANHE-1 DNA. We compared the amount of initial template 1o that of PCR
amplified NHE-1 and ANHE-1 DNA (Fig. 2-6). The results of the analysis showed that
the regressional coefficient R is (.983 with statistical significance (P=0.016<0.05). This
indicates that there is no appreciable difference in the kinetics of amplitication between the
two DNA fragments. The quantitative PCR employed in this study is theretore a reliable
method reflecting the levels of mRNA for NHE-1.

F =Y

ly = 0.17980 + 0.89390x R*2 = 0.967

3 - R=0.983 (P=0.016<0.05)

NHE-1/ANHE-1(Intensity)
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Fig. 2-6 Regressional analysis of amplification kinctics of NHE-1 and ANHIE:-1 in
quantitative PCR. Specific amounts of NHE-1 and ANHE-1 DNA werc added to 4
reactions. After PCR the ratio of the products was calculated and comparced to the starting
DNA. The regressional coefficient was calculated between the two ratios using
Statview®SE+Graphics. P<(.05 is set as the signiticant level.

We used calcium deprivation to examine the specificity of effects on promoter
activity. Reduction of medium calcium has been shown to inhibit the process of
differentiation even after reduction of serum concentrations (24). L6 cells stably transfected
with the plasmid pXP-0.2MP were subjected to reduced scrum for 6 days in the presence or
absence of reduced calcium (9 uM). Afier 6 days with normal calcium concentration the
activity of the promoter rose almost 50% in comparison with that of day zero and the cells
fused. In addition, by day 6, the promoter activity under reduced calcium is about 47% of
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that under normal calcium. The cells also remained mononucleated and did not have the

appearance of elongated multinucleated cells (data not shown).
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Discussion

The rat L6 myoblast cell line has been used to analyze mechanisms whereby growth
factors regulate cell growth and difterentiation. In high scrum concentrations these
myoblasts grow rapidly and do not express muscle phenotypes. However, in low scrum
concentrations the cells fuse to form multinucleated myotubes that express many muscle
specific proteins (14). Our initial studics characterized basal regulation of the NHE-1
promoter in rapidly growing myoblast L6 cclls. We found that inclusion of the initial 0.2
kb of the promoter resulted in full activity of the gene (Fig. 2-4). Larger constructs of the
gene did not result in much greater activity of the promoter. It was notable that there was a
3-4-fold increase in activity of the promoter when comparing the activity of the pMP+AF2
plasmids with the pXP-0.2MP construct. Most of this increasc in activity can be attributed
to a pyrimidine rich region of the promoter since the plasmid pXP-0.18 was only slightly
elevated in activity in comparison to the pMP+AP2 plasmid (Fig. 2-1b). It was
surprising that there was only small increases in activity of the promoter with turther
increases in the promoter size. We (4, 17) and others (6) have shown carlier that some
morc distal clements may have a significant role in NHE-1 expression in fibroblasts, P19
cells, HepG2 and in vascular smooth muscle cclls.

DNA fooltprinting experiments by ..olyada ct al. (6) suggested that there are 4
regions of the human NHE-1 promoter (A-D) that may be important in NHE-1 expression.
They noted that one region of the human promoter, clement D, was significant in
expression in HepG2 and smooth muscle ¢ ~:5. However element D is not conserved in the
mouse promoter in contrast to the pyrimidine rich (poly T rich) region (Fig. 2-1b, bp
-169 to -155). Element D docs not scem to be important in basal expression in this cell
type. The plasmid pXP-0.2MP does not contain the region corresponding to clement D
while the plasmid pXP-0.5MP does. However the plasmid pXP-0.5MP had only slightly
elevated activity in comparison to pXP-0.2MP (Fig. 2-4). Thesc results suggest that this
region of the promoter does not play a significant role in the mouse gene, at lcast in this cell
type. Another region which they identified in their study (6) was region C. This
corresponded to bp -126 to -146 of the gene and was also not conserved in the mouse
promoter. We also found that inclusion of this region of the gene did not result in
significantly increased activity of the promoter. There was no significant difference in the
activity of plasmid pMP+AP2 and pXP-0.18MP. Thus this region does not appear to play
a significant role in basal expression of the promoter in this model. Two other regions
nuted in this study were, A and B. Region B corresponded to the AP2 containing sitc
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which we have examined earlier (17). Removal of this site caused a dramatic decrease in

the level of activity of the promoter. Region A was more proximal to the start site than
region B. However further analysis of the more proximal region was not practical due to
the already very low levels of luciferase.

Overall, the results of this experiment show that there are significant differences in
rcgulation of the NHE-1 promoter in this cell type. It appcars that two critical elements in
regulation of basal activity of the promoter are the AP2 containing region between base
pairs -125 and -92 and the pyrimidine (poly T) rich region between base pairs -155 and
-171. We have carlier shown that the transcription factor AP-2 plays an important role in
basal expression in fibroblasts and P19 cells (5). It appears as though in this cell type it is
also important although not 10 as great an extent. The importance of the pyrimidine rich
region is a novel finding. This region is highly conserved in the mousc and human genes
suggesting it may have an important function. The exact role of this region in expression is
not yet clucidated. Future studics will examine the importance of this region.

The Nat/H* cxchanger is involved in cell growth and differentiation and in pH
regulation in muscle cells. During cellular proliferation the exchanger elevates intracellular
pH and this pH change has been shown to play an important permissive role in growth in
some cell types (22). Cell differentiation h()wcvef, results in even more drastic alterations
in growth patterns. In several models of differentiation both the activity and amount of the
Na*/H* exchanger is clevated. For example in HL60 cells, the activity of the Nat/H+
cxchanger increascs immediately prior to differentiation into granulocyte-like cells. In
addition there is an 18-fold incrcase in NHE-1 mRNA levels as well as a 7-fold increase in
protein levels (8, 23). We have also recently shown that the activity of the Nat/H¥
cexchanger is dramatically increased during retinoic acid induced difterentiation of P19 cells
(). We therefore used rat L6 muscle cells to examine the activity of the promoter in this
model. Initially we examined mRNA levels of the myoblasts during various stages of
differentiation. We used a quantitative competitive PCR to assay the samples. The results
are show in Fig. 2-3. mRNA levels increase in the final stages of differentiation and we
also found that the activity of the promoter was elevated in comparison to cells not grown
in medium which causes differentiation (Fig. 2-5). This was more pronounced in the
stable transfectants with the larger regions of the promoter. The maximal effect was with
the plasmid pXP-1.1MP that increased luciferase activity up to 2-fold 4-6 days after serum
removal. The level of stimulation by the process of differentiation is not high. We found
up to 10-fold increases in NHE-1 promoter activity during differentiation of P19 cells (4).
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In HL60 cells effects of similar magnitude were seen on mRNA levels (8, 23). In addition
in P19 cells the activity of the promoter incrcased transiently during transtection and then
declined, which suggested a role for the protein that is related to the differentiation process
itself. In this case, the elevation of activity of the promoter seemed to be more related to the
change in phenotype of the cell. Both mRNA levels and the activity of the promoter did not
rise rapidly or to a very high degree. It may be that in this instance the role of the Nat/H+
exchanger in skeletal muscle differentiation is not as significant as in P19 or HL6O cells. It
should be noted that responsc of the promoter to removal of serum is atypical of other cells.
We have examined the effects of removal and reintroduction of serum on fibroblasts and
isolated cardiomyocytes. In both cases removal of serum resulted in decreased activity of
the promoter from the plasmid pXP-1.1MP (20). It may be that the removal of serum and
the variety of growth factors it contains, partially masks any ctfects of differentiation. It is
of interest that slightly larger effects occurred with the larger plasmid pXP-1.1MP. This
suggests that some other clements may become more crucial to expression of NHE-1
during the process of difterentiation.

Conclusion

Overall, our results have examined regulation of expression of the NHE-1 promoter
in rat L6 cells. We have shown that there are two regions critical for basal expression in
this cell type. One is from bp -155 to -171. A sccond more proximal region is between bp
-92 and -125. Muscle differentiation causes a small stimulation ol activity of the more
proximal regions of the promoter. However, some elements more distal in the promoter
mediated larger 2-fold increases in activity during muscle differentiation. Future studies

will examine the precisc processes mediating the regulation of the gene in this cell type.
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CHAPTER FOUR

Regulation of Na+/H+ Exchanger Gene Expression:
Role of a Novel Poly (dA:dT) Element in Regulation
of the NHE-1 Promoter
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Introduction

The Na/H exchanger is a mammalian plasma membrane protein that removes one
intracellular proton in exchange for an extracellular sodium. It is involved in pH regulation
(1), control of cell volume and is stimulated by growth factors (2). Several isoforms of the
protein have been identificd (NHE-1 to NHE-5). The NHE-1 isoform is the most widely
distributed type and is present in most, if not all, mammalian cells (3). Studies have shown
that Na+/H+* exchanger mRNA levels are increased due to a number of treatments including
chronic acid loading and treatments causing cellular differentiation (4-6). For example,
during retinoic acid induced differentiation of human leukemic cells (HL-60), there 1S an
¥.3-fold increase in NHE-1 transcription (4). More recently we have shown that during
retinoic acid induced differentiation of P19 cells there is a transient increase in the level of
NHE-1 transcription (7). Increased antiporter activity during differentiation may be
important for differentiation to oceur, at least in some cells types (8, 9). However, this
requirement has not been shown 1o occur universally and the role of the Nat/H¥ excisanger
may vary between cell types (10, 11).

There have been few studies on regulation of the NHE-1 isoform of the Nat/H+
exchanger. Miller and coworkers (12), were the first group to isolate the upstream region
of the human NHE-1 gene. They identified the intron-exon boundaries, the start sites of
rranscription and have provided the sequence of the 5' untranslated region along with
approximately 1.3 kb of the promoter/enhancer region (12). Recently, another group has
identified regions of the promoter that can bind nuclear proteins (13). We have examined
the mouse NHE-1 gene (14). A 1.1 kb {ragment upstrcam of the 5'-untranslated region
along was isolated and characterized. We identified the transcription factor AP-2 or an AP-
2 like protein as being involved in the regulation of the mouse NHE-1 gene (7, 14). This
transcription factor is involved in regulation of the gene during cellular differentiation of
P19 cells. We have also recently shown that serum stimulates expression of the promoter
in some cell types (15). Another group has recently isolated the rabbit NHE-1 promoter
(16). The scquence of the clone was similar to the human sequence and 708 proximal bp
exhibited orientation-dependent activity.

Clearly a number of regions of the NHE-1 promoter contribute to the basal
expression of the gene. We and others (7, 13-15) have shown that a stepwise reduction in
the size of the NHE-1 promoter results in a gradual reduction in activity of the gene. This
effect varies between cell types(7, 13. 15). Besides this evidence, several regions of the



57
gene have been suggested to be involved by DNA tootprinting experiments (13, 14). We

have noted the presence of a highly conscived "poly (dA:dT)Y" rich region in the NHE- 1
promoter. In this study we examine the function of this region in L6 cells. The results

suggest that this conserved region plays an important role in regulation of NHE-1
expression.

Materials and Methods

Materials

Restriction endonuclecase and DNA-modifying enzymes were obtained trom
Bocehringer Mannhecim (Laval, Quebec, Canada) and Bethesda Rescarch Laboratorices
(Gaithersburg, MD, USA). The pBluescript plasmids used for subcloning were from
Stratagene (Lalolla, CA, USA). Plasmid pXP-1 was a gift from Dr. M. Nemer of the
Institut de Recherches Cliniques de Montreal. Montreal, Quebee, Canada. Other chemicals
were of analytical grade or molecular biology grade and were purchased from Fisher
Scientific (Ottawa, On, Canada), Sigma (St. Louis, MO, USA) or BDH (Toronto, Ontario,
Canada).

Reporter Plasmid Constructs

The isolation and characterization of the Nat/H* exchanger promoter was described
carlier. pXP-1.1MP was constructed as described carlier (14). 'To construct pMP+AP2
plasmid, two oligonucleotides were used as primers for polymerase chain reaction (# 1, tigg
atc CGT GAC ACT TCC TTC CCT and #3, cc tte gaa GGG TCC CGC GGT AGC GGA)
were synthesized to amplify base pairs -125 to +22 of the gene. The PCR product had the
restriction enzyme sites Bam HI and Sma 1 gencrated on cither end. This product was
digested with Bam HI and Sma 1 and inserted directionally into pXP-1. Similarly, pMP-
AP2 plasmid was made using the product of the primers # 3 and #2 (#2, ugg atic CTG CAC
CGC GCG GGC GCT) and the 114 bp product (-92 to +22) was inserted into pXP-1. The
plasmid pXP-0.2MP was made by modification of pXP-1.1MP. The inscrt was excised
with Sma I and Hind III and digested with Rsa I. This resulted in the production of & 0.2
kb Rsa I - Hind III fragment that was subcloned into the Sma I - Hind HI site of pXP1 o
form pXP-0.2MP. All plasmids were sequenced o verify proper orientation and fidelity of
PCR. The plasmid pXP-0.18MP was made using the primer (#4 cce gga TCC AAT TTA
GGT CTC GGC TTC C) with the primer (#3, cc e gaa GGG TCC CGC GG AGC
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GGA). The PCR product had restriction enzyme sites of Bam H I and Hind III and was

inscrted directionally into pXP-1.

To construct pXP-Tn-SV4(), the oligunucleotides (poly T) 5' GAT CCT GTA CTT
TITTTTTTTTTIT TCC AAT TCG A 3' and (poly A) 5 GAT CTC GAA TTG GAA AAA
AAA AAA AAA AGT ACA G 3' were anncaled, ligated together and then digested with
restriction enzymes Bam HI and Bgl II. The product was size fractionated on a 9 %
acrylamide gel, and the ligated product of the oligonucleotides was purified and ligated into
the Bam HI site of pBluescript-SK-™ (Stratagene, LaJolla, CA, USA). The resulting plasmid
{(pBS-Tn) was digested with Eco R T and Hind III. The SV40 promoter was digested from
pCAT-premaoter plasmid (Promega) using Eco RI and Hind III and was ligated into the

correaps - g sites of digested pBluescript SK- construct. The total Tn - SV40 promoter
fragre w<as removed from pBluescript SK- with the restriction enzymes Sst I and Hind

Ifl. ‘The plasmid pXP-1 was digested with Hind III and Sst I and ligated with the Sst I to
Hind I fragment. The resuiting plasmid pXP-Tn-SV40) contained onc copy of the poly T
site of the mouse NHE-1 promoter located 5’ to the SV40 promoter. The final construct
was sequenced to verily proper orientation and fidelity of PCR. The plasmid pSVLuc
contained the SV40 promoter inserted into pXP1 and was without the poly T rich insert. It
was constructed as reported carlier (7).

T'o construct the plasnud pmut-0.2MP we used PCR. The primer mutPolyT 5’ cac
cua tee ACT gTT Tge geT Tgg TTC CAATTT AGG TCTCGG CTT CCTCTT C 3" was
used with the primer #3, cc tic gaa GGG TCC CGC GGT AGC GGA to construct a
mutated form of the (0.2 kb insert. (Mutations within the poly (dA:dT) containing region are
indicated by lower case leuers.y The PCR product was cloned into the plasmid pXP1 as
described above and the sequence was verified to confirm the presence of insert and the
mutatons.

Growth and Maintenance of Cell Lines
L6 cells were normally propagatedin DMl o v cac ¢+« with 10% Fetal Bovine

Scrum essentially as described carlier (17). Cells were spli. into 35 mm dishes and allowed
o attach and grown in medium with 10% FBS.



Transfection and Reporter Assays

Cells were plated onto 35 mm dishes at a density of 1 X 103 cells/cm2. Each dish
received 2.0 pg of luciterase reporter plasmid and 2.0 jug of pSV-B-Galactosidase as an
internal control. L6 cells were transiently transfected using the CaPOy4 precipitation
technique (14). After transtection, cells were allowed to incubate at 37°C for tive hours
before being washed with fresh media and left tor 36 he. After 36 hours, ihe cells were
harvested and the cell lysate was assayed for luciferase activity and B-Galactosidase activity.,
The medium was aspirated and the cells washed in 1x PBS-1mM EDTA. The cells were
then allowed to sit in 1 ml of PBS-1mM EDTA for 15 minutes. Cells were then scraped.
transferred 40 a microcentrifuge tube, and pelleted at 14,000 rpm tor 5 seconds. ‘The
supernatant was removed and the pellet was resuspended in 50 gl of ice cold lysis butter
(Tris 100 mM pH 7.8, 10% NP40) and 1 mM DTT) for 15 minutes. The solution was then
pelleted at 14,000 rpm for 10 minutes at 4°C. The supernatant was removed and assayed
tfor luciferase and 3-Galactosidase activity. Each luciferase assay contained 30 pil ot the cell
lvsate and 100 pl of the luciferase assay rcagent (Tricine 20 mM, MpCO3 1.07 mM,
MgS0O4 2.67 mM, EDTA 0.1 mM, DTT 33.3 mM, luciferin 470 ptM, ATP 530 uM,
Coenzyme A 270 uM, and BSA 1 ng/ml). The B-galactosidase assay included 20 pl of cell
lvsate, 80 ul H20 and 20 ul of o-Nitrophenyl--D-galactopyranoside, incubated at 37°C for
60 minutes. After 60 minutes, 60 pl of 1M Na2C03 was added to stop the reaction and the
optical density was measured at a wavelength of 420, Luciferase activity was assayed with

an LKB luminometer and normalized to 3-Galactosidase for efficiency of trunsfecuon.
DNA Binding Assays

Nuclear extracts were prepared from 1.6 cells as reported by Schreiber et al. (1R).
The synthetic oligonuclcotides of the secquence 5" gat cGT ATTTTTTTTTIE T TTCC
3'"(Poly T 5") and 5' gat cGG AAA AAA AAA AAA AAA GTA C 3 (Poly T 3') were
made which correspond to the pyrimidine rich region of the mouse Nat/H¥ exchanger
promoter (base pairs -173 to -153). The mutated synthetic oligonucleotides of 57 gat ¢G6'F
ACT gTT Tge ggT Tgg TTC T 3' (mut. Poly T 5') und 5" gat ¢cGG AAC cAA ccg cAA ACA
GTA C 3 (mut. Poly T 3') were also madc which correspond to the same region. ‘The
oligonucieotides were end-labeled with [v-32P}-ATP using T4 polynucleotide kinase. They
were heated to 95°C for 2 minutes ard cooled to room temperature overnight for annealing.
DNA binding reactions were for 10 minutes at room temperature and contained: 30,000 -
10,000 CPM of [y-32P]-labeled oligonucleotides mixed with L6 nuclear extract (S pg) in a



. 60
binding buffer (5% glycerol, 1.0 mM EDTA, 20 mM Tris-HCI, §¥* 8.0} and 0.02 - 2,500

pg/ml poly dI:dC). Binding assays were in a volume of 10 pl. Somi :stsays contained cold
competitor at concentrations from 9.2 ng/ml to 612.7 pg/ml. After electrophoresis on 6%
polyacrylamide gels the gels were dried and exposed to X-ray film for 16 hours at -70°C.

DNuse I Footprinting

The probes for DNase I footprinting were isolated from the plasmid pXP-(0.2MP.
Using the restriction enzymes Bam H I and Hind III the insert was removed and inserted
into pBluescript that had been digested with the same enzymes. For 5' endlabeling the
resulting plasmid was cut with Xba I and the 3' recessed end was filled with the Klenow
fragment of E. coli DNA polymerase [ in a reaction containing [0-32P]-dCTP. The DNA
was then cut with Hind 111 and gel purified using a 9% acrylamide gel. The resulting 248
bp tragment was used for footprinting. For a 3' end label the pBluescript plasmid
containing the insert was initially digested with Sal I The protruding 5' end was filled in
using a rcaction mixture that contained [0.—32P]-dCTP, and the Klenow fragment of E. coli
DNA polymerase 1. For DNase I footprinting the 251 bp fragment or the 248 bp fragment
(about 30 000 CPM) were incubated with 5-40 pg of L6 nuclear cxtracts at room
temperature for 25 minutes and then treated with DNase 1 for 10 seconds to 2 min. The
reaction was terminated by phenol/chloroform extraction. After precipitation the sample was
resuspended in 3 pl of 10 mM Tris (pH 7.4) 1| mM EDTA plus 2 pl of running buffer (95%
formamide-dye, 20 mM EDTA, 0.05% Bromophenol Blue, 0.05 % Xylene Cyanol) and
clectrophoresed on a 6% acrylamide/ 7M urca sequencing gel. DNA sequence ladder was
synthesized using the template DNA (M13mp18) provided by the manufacturer (United
States Biochemical Corporation) and run on the sume DNA sequencing gel.
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Results

We have carlier cloned and sequenced the NHE-1 promoter. We noticed that
progressive deletion of the promoter resulied in reduced activity of the reporter in a number
of cell types (7, 14). Recently. the human (12), mouse (1) and rabbit (16) NHE-1
isoforms of the promoter have been isolated and cloned. A comparison of the homology of
these clones showed that only some short proximal regions were highly conserved. One of
thesc regions is illustrated in Fig. 3-1. It consists predominantly ol a stretch of unbroken
thymidine basc pairs. In the rabbit gene it is interrupted by a single adenine residue.

-189 TGATTCTGGA cTITGCTITT TTTITTATITE TTTATMMMT T'TGCCOATCTE 140 Rabbit

* * * * X * " x Ak X XK KKKk A K k& * A A A A A L)
-185 TCGTGTTAGA TTGTACTITTT TTTTIITIND TCCAATITAGC GTCrCaae 136 Mousie
* * * * * ok kw kK Ak KN AKRAKNKA K A Ak K

-191 TCTGTATATT CAGGACTTTT TI'ITTTMMMP TTPTTIIGT CATCTUCPTOAC 142 human

Fig. 3-1. Alignment of "poly (dA:dT)" containing regions of the human (12), mouse
(14) and rabbit (16), NHE-1 promoters. The alignment was made using the DNA anatyuis
program MacVector TM. Numbering is based on the original publications and begins tro
first start site of transcription. * indicates identity with the mouse NHE-1 promoter.

To examine the role of the poly (dA:dT) region in activity of the NHE-1T promoter
we constructed the vectors shown in Fig. 3-2. pXP-1.1MP contained the entire scquence
of the mouse NHE-1 promoter. pXP-0.2MP contained up to bp -171 of the mouse
promoter and pXP-0.18MP contained up t bp -155 of the NHE-! promoter. To examine
the relative activities of these constructs we used transient transfections of L6 cells. The
results are shown in Fig. 3-2. There was a slight reduction in aclivily of the NHE-I
promoter when comparing pXP-1.1MP 10 pXP-0.2MP. However this was not significant.
In contrast the removal of bp 171 to 156 resulted in a large, significant loss of activity of
the promoter.
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Fig. 3-2. Activity of the NHE-1 promoter in L6 muscle cells. L6 muscle cells were
transicntly transfected with the plasmids pXP-1.1MP, pXP-0.2MP and pXP-0.18MP as
described in the "Materials and Mcthods”. The relative activity of the constructs was
compared 1o that of the pXP-1.1MP plasmid. * Significanty ditfferent from the plasmids
pXP-0.18MP at P <(0.001. The poly (dA:dT) containing region is indicated by "T".

We used DNase I footprinting analysis to confirm if this region of the gene could
interact with a protein or proteins of nuclear extracts from L6 cells. The results are shown
in Fig. 3-3. Fig. 3-3a shows an examination of DNasc footprinting of the 'promoter
fragment that was labeled on the 5' end before digestion. Lane 1 shows the DNase 1
treated sample without nuclear extract. Lanes 2, 3 and 4 show the effect of 5, 10 and 20
ug of nuclear extract respectively. There is clearly a protected region between
approximately bp -181 to -154 of the promoter. This region contains the poly (dA:dT) site
which is from bp -169 to -155. Fig. 3-3b shows an examination of the same region of
the promoter with labeling of the 3' end of the fragment. Lane 1 shows the treatment
without nuclear extract, lanes 2-6 in the presence of 5, 10, 20, 30 and 40 ug's respectively.
Again there is a protected region corresponding to the base pairs containing the poly T site.
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Fig. 3-3. DNase I footprinting analysis of the mousec NHE-1 promoter. DNase |
footprint analysis was performed with the mouse promoter using bp -171 t0 +22 of the
promoter fragment labeled on either strand at the 5' or 3' end. A, footprint analysis of the
fragment with labeling on the 5' end. Lane 1 the naked DNA fragment was treated with
DNase I (0.4 units for 60 s at room temperature). Lanes 2-4, the fragments were
incubated with DNase i (1 unit for 60 s at room temperature) in the presence of increasing
amount of L6 nuclear extracts, 5, 10 and 20 ug respectively. B, footprint analysis of the
fragment with labeling on the 3' end. Lane 1 the naked DNA fragment was treated with
DNase I (1 units for 60 s at room temperature). Lanes 2-6, the fragments were incubated
with DNase I (1 units for 60 s at room temperature) in the presence of increasing amount of
L6 nuclear extracts, 5, 10, 20, 30 and 40 g respectively.
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To confirm that a protein component or components of the nuclear extract could

bind to the poly (dA:dT) containing region we used DNA mobility shift binding assay and
competition analysis. The results are shown in Fig. 3-4. Competition was with
unlabelied poly (dA:dT) oligonucleotides or with commercially obtained poly dI-dC. Lanes
2-7 show that increasing amounts of unlabelled poly (dA:dT) containing oligonucleotide
reduces the amount of shifted DNA. Lancs 8-14 show the effect of increasing amounts of
nonspecific sequence competitor. There was no effect of the relatively large amounts of
non-competitor on the amount of principal band of shified DNA. There was a reduction in
the amount of some larger shifted complexes that may represent non-specific interactions

with the poly T oligonucleotide.

12 3 45 6 7 8 910111213 14

Fig. 3-4. DNA-mobility shift binding assay and competition analysis of the mouse
NHE-1 poly (dA:dT) site. The labeled oligonucleotides corresponding to the positions
-173 to -153 were incubated with nuclear extracts from L6 cells for 10 min at room
temperature.  The binding mixtures were analyzed by electrophoresis on 6%
polyacrylamide gels as described in the "Experimental Procedures”. Lane 1, nuclear extract
alone (5 ug) added to the binding reaction. Lane 7 no nuclear extract added. Lanes 2 - 6
reaction mixture containing nuclear extract and increasing amount of unlabelled competitor
oligonucleotide, 0.919, 15.3, 61.3, 613, 6,127 ng respectively. Lanes 8-14 reaction
miXxture containing nuclear extract and increasing amount of nonspecific sequence
competitor poly dI:dC 0.2, 1.0, 3.3, 10, 60, 250 and 2,500 ng respectively.
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We examined the effects ot the poly (dA:dT) site from the NHE-1 gene when

inserted into another promoter. The plasmid pXP-Tn-SV40 contained the oligonucleotides
-174 10 -149 of the mouse NHE-1 promoter. Mean relative luciterase values were over
18,000 for the control cells transtected with pSVLuc. The results showed that insertion of
the poly (dA:dT) containing site resulted in a doubling of the luciferase activity from the
SV40 promoter (Fig. 3-5).

pXP-Tn-SV40

poly T

pSVLuc

0 100 200

% ot pSViue

Fig. 3-5. Effects of insertion of the poly (dA:dT) rich region into the SV40 promoter.
The poly (dA:dT) rich region (nucleotides -169 10 -155) was inscrted into the SV40
promoter as described in the "Experimental Procedures”. The plasmids pXP-Tn-SV4() and
pSVLuc were transiently transfected into L6 cells. Corrected luciferase values are shown.
* Significantly different from the plasmid pSVLuc at P <0.05.

To confirm the specific sequence of the poly (dA:dT) region was important we
inserted several mutations into this region. The effect on NHE-1 promoter activity is
shown in Fig. 3-6. The mutated form of the poly (dA:dT) region had the same activity as
the deleted promoter. These results show that the cffects of deletion of this region on
artivity of the gene are not due to simple reduction in the size of the promoter.
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Fig. 3-6. Effect of disruption of the poly (dA:dT) site on activity of the NHE-1
promoter. A comparison was made of the wild type promoter with an intact poly (dA:dT)
site, to the promoter with the poly (dA:dT) site deleted or mutated. A, comparison of the
relevant regions of the promoter. The numbers correspond to the positions of the
nucleotides relative to the first transcription initiation site. B, The levels of luciferase
activity are shown for L6 cells transiently transfected with the plasmids pXP-0.2MP (0.2),
pmut-0.2MP (mut) and pXP-0.18MP (0.18). Results are shown relative to the values
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obtained for pXP-0.2MP. * Significantly difterent from the plasmid pXP-0.2MP at P
<0.01.

To further compare the specificity of the binding between the poly (dA:d'T) region
and protein(s) in L6 cell nuclear extract, we used DNA mobility shift binding assay with
both wild type and mutated version of the synthetic poly (dA:d1). The results are shown in
Fig. 3-7. Lanes 1-4 are results for the wild type poly (dA:dT). Lanes 5-8 are for the
mutated poly (dA:dT). Wild type poly (dA:dT) shows similar shift pattern to what we
observed carlier (Fig. 3-4). However, the mutated poly (dA:d'D) element failed 1o cause
the same shift, in either presence or absence of the specific competitor.

4 5 6 7 b

Fig. 3-7. DNA-mobility shifl binding assay of the wild type and mutated poly (dA:dT).

The assay was carried out as described in " Materials and Methods”. Lane 1, labled poly
(dA:dT) alone in the binding reaction. Lanes 2-4, 5 pg of nuclear extract added with no
unlabled specific competitor (Lane 2), with 6.1ug of unlabled specific competitor (Lane 3),
and with 2.5 pg of unlabled non-specific competitor (Lane 4). Lanc 5, labled mutated poly
(dA:dT) alone in the binding reaction. Lanes 6-8, 5 ug of nuclear extract added with no
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unlabled specific competitor (Lane 6), with 6.1pg of unlabled specific competitor (Lane 7).
and with 2.5 pg of unlabled non-specific competitor (Lane 8).

Discussion

Previous studies have found that there are several regions of potential importance in
the NHE-1 promoter (7, 13-15). We have carlicr shown that the transcription factor AP-2
is important in NHE-1 expression, especially during the process of cellular differentiation
(7, 14). Howcver our, and others' results (7, 13, 15) suggest that other regions of the
gene are also important in NHE-1 expression. We had carlier (14) noted that esscntial
features of the AP-2 containing region were conscrved between different specics. We
therefore examined the different NHE-1 promoters of various species for regions of
homology. We noticed the presence of a highly conserved region (Fig. 3-1) consisting
predominantly ol poly (dA:dT). To examine the importance of this region in L6 cells we
constructed a scries of plasmids. One contained the entire 1.1 kb mousc promoter, a
sccond was constructed to include just passed the poly (dA:dT) containing region and a
third did not contain the poly (dA:dT) region. Deletion of most of the promoter up to the
poly (dA:dT) resulted in only a moderate loss ol activity of 20-25%. However, removal of
the poly (dA:dT) region resulted in a loss of approximately half of the activity of the
promoter. These results suggested that this region of the NHE-1 gene is important for
basal expression of the NHE-1 gene.

A varicty of experiments suggest that the poly (dA:dT) clement is important in
NHE-1 expression. DNase I footprinting (Fig. 3-3) suggested that a protein or proteins
ol L.6 cells nuclear extract does bind to this region. In addition, gel mobility shift analysis
also suggested that this region of the gene does bind to a protein or proteins contained in
the nuclear extracts. The binding was specific in that it was removed by competitor
oligonucleotide but high concentrations of non-competitor had no effect. We also
examined whether the poly (dA:dT) region could activate a foreign promoter. We inserted
it into the SV40 promoter. The results (Fig. 3-5) showed that this poly (dA:dT) site
could activate this promoter. Because the two plasmids, pXP-Tn-SV40 and pSVLuc,
ditfered only in the presence of the poly (dA:dT) region, it was clear that this region plays a
signilicant role in regulation of NHE-1 expression. Finally, to confirm that the sequence of
the poly (dA:dT) region is important in stimulating expression of the NHE-1 promoter, we
mutated several residucs of the poly (dA:dT) sequence. The effect was to eliminate totally
the stimulatory consequences of inclusion of this sequence, and the shifted band (Fig. 3-
4. & Fig. 3-7.) as well.
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Although we have noted the presence of poly (dA:dD) clements in a number o
genes (not shown) there have been tew studies on such elements. 1t has been noted that the
actin gene of Dictyostelium contains one such elements that is important in regulation ol
this gene. In this case the element was 45 consccutive residucs and functioned 1o promote
the level of expression of the promoter (19). However in this study the region was not
analyzed in detail and they did not examine binding of nuclear proteins to this region.
Several studies have examined a related element with a poly (dA-d'T) like structure. Such
an clement was also examined in the actin gene of Dictyostelium (19). Removal ol the A/T
element resulted in a 12-fold reduction in activity of the promoter. Similarly, deletion of
the A/T element of the rice actin gene (20) reduced activity of this promoter. No specitic
protein was examined in this study also. However, one study (21) has noted that the Lux
R protein is responsible for binding to a poly (dA-d'T) region of the Vibrio harvevi 1ux
gene. The Lux R protein was a single polypeptide of Mr. 23,000 and bound to (A + 1)
rich regions of the luxC gene. Whether this protein is similar to what was binding to the
poly (dA:dT) region of the NHE-1 promoter is not known at this time. However. it may be
unlikely because the poly (dA-dT) region was markedly different from the homo poly
(dA:dT) region of the NHE-1 gene. In addition it was found that while poly (dA-d'T) was
able to compete out Lux DNA binding in gel retardation assays, poly (dA)-poly (d'1) was
not. These results suggest that the protein involved with the NHE-1 gene is likely quite
different from the lux-specific DNA-binding protein.

Onc possibility is that the poly (dA:dT) clement functions by alteration of the
structure of the promoter. It has recently been shown (22) that this type of structure can
modulate expression ol the yecast his3 promoter (22). Insertion of this clement resulted in
stimulation of activity of the promoter. The effect varied inversely with activity ol the
promoter. A more active promoter resulted in less stimulation by the element. Datin, a
protein isolated from yeast and known as a poly (dA:dT) specific binding factor, was
identified as a potential protein mediator of the effect however Datin functioned to inhibit
expression. Analysis of the accessibility of the chromatin structure suggested that the site
functions to improve the accessibility of the promoter. [t was suggested that this could be
due to destabilization of nucleosomes covering this region. While the analysis of this
structure in yeast has been demonstrated, it is not yet known if the same sequence plays a
similar role in humans. There are many long poly (dA:dT) tructs in a varicty of genes
which have this pctential. Our results cxamined one such tract in the Nat/H* exchanger
promoter. They show for the first time, that one such tract is capable of modulating the
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expression of a man_nalian promoter. Future experiments are necessary to determine if the

mechanism is analogous to that described in the yeast promoter (22).
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CHAPTER FIVE

Conclusion



Conclusion

Cellular processes depend upon normal homeostasis. The level of intracellular phl
(pH1), for example, aftects cell proliferation, differentiation and in myocytes. contractility
(1- 5). It has been shown that NHE- 1. the major isoform of the Nat/H* exchanger, is the
principal regulator of pHi in most ccll types (6).  In addition te regulation by
posttranslational level reported by others, our studies demonstrate that NHE-1 is also
controlled at transcriptional level. In primary myocardium. the mouse NHE-1 promoter
can be upregulated by serum but not by chronic acidosis.  In non-ditterentiated skeletal
muscle cell, we have found that there are two regions JAP2 site & poly (dA: D] ol the
promoter responsible for the basal regulation of NHE-1 gene expression.  In addition, the
same promoter shows increased activity in response to differentiation. However, neither of
these two regions seems o be responsible for the increased activity in difterentiated cells.
More distal region of the promoter is most likely to be responsible for the increased activity
in differentiated L6 cells. The data support the idea that gene expression of NHE-1 like
modification of NHE-1 protein, is indeed an important part responsible for the regulation of
its activity.

It has been reported that some cells are able to upregulate mRNA levels of the NHIE
SO as Lo aaapt o the chronic acid stimulation (7-9). In primary myocardium, we did not
observe this adaptation of mRNA levels. In a previous study, increased NHE-1T mRNA
was observed in this laboratory when rat hearts were subject to low-flow ischemia. The
same result was not obtained when the hearts were subject to much more severe ischemia
(10). As the mechanism involved in e increase in NHE-T message in cardiomyocytes
during ischemia has yct to be determined, it was suggested that severe ischemia may be
detrimentai o cells and thus abolish the adaptation observed under milder conditions (10,
Although this is a recasoneble explanation, more work has to be done hefore any conclusion
can be made.

One element which was found to regulate NHE-1 expression was serum.  Serum
functioned to upregulate the activity of NHE-1 promoter in primary cardiomyocytes. Ithas
been well known that NHE-1 activity is upregulated by mitogens in many celi types (1),
Our data first shows that the NHE-1 promoter is also rcgulated in similar manner in
primary cardiomyocytes. Considering the role NHE-1 plays in heart ischemia, it is ol great
significance to explore the mechanism governing the expression of NHE-1 gene in the
intact myocardium in future.
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L6 skeletal muscle cells can undergo differentiation at low concentrations of serum

(12). Interestingly, it has also been shown that the regulation of the NHE varies between
prolifcrating myoblasts and the differentiated myotubes, suggesting the important
physiological changes in the NHE-1 protein and its function during differentiation (13).
Studies with other cell types have again demonstrated that NHE-1 mRNA level increascs
when cells arc undergoing differentiation (14-16). It has been suggested that the increased
NHE activity may be important for differentiation to occur, at least in some cell types (17,
18). However, to date there have been no studies on the regulation of NHE-1 gene, the
dominant isoform in skelctal muscle, during the process of differentiation. It was our
belief that this study of muscle cell would provide valuable information for better
understanding the role of NHE-1 in the differentiation process.

In our study on L6 ccells, we have found that regulation of the NHE-1 promoter is
different between differentiated and non-differentiated cells. In non-differentiated muscle
cells, there are two clements of the promoter important for the regulation of NHE-1
expression level. One is the AP2 site containing region between base pairs -92 and -125
which has been previously shown to be critical in myocardium and other cells (19).
Another one is the poly 2¢ *d'T) region between base pairs -155 and 171 which is a novel
linding.

In L6 ceits o2 vound that Poly (dA:dT) containing promoter (0.2kb) gives comparable
activity to 1.1 kb promoter. Removal of the poly (dA:dT) or its mutation leads to Iess than
half the activity of the promoter. DNA {ootprinting and DNA bandshift show protein(s) of
1.6 cell nuclear extract specifically bind to the poly (dA:dT) element. Mutated poly (dA:dT)
fails to bind to the DNA binding protein(s). Insertion of the clement upstream of the SV4()
promoter demonstrates that the poly (dA:dT) can enhance the activity of a foreign promoter.
This study suggests that the intrinsic poly (dA:dT) may be an important element involved in
the regulation of the NHE-1 promoter activity. There have been few studies which directly
exanting the poly (dA:dT) element.  One study in yeast indicated that a poly (dA:dT) itself
can regulate promoter activity (20). Binding of the poly (dA:dT) to a known transcription
factoi Datin resulted in an inhibition of promote. ctivity (20). There is also a study
indicating that the transcripiional factor(s) may be involved in the process (21). Our
findings suggest that the poly (dA:dT) element is important in regulation of NHE-1
expression in non-ditferentiated L6 cells and that the regulation may be mediated by a
ranscriptional factor(s). Future studies may isolate and characterize the factor(s) involved.
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It is well known that myoblast differentiation is programmed by members ot the

MyoD family and accompanicd by transcriptional activation of a large sct ol muscle-specitic
genes (22). During differentiation, the muscle cell undergoes a dramatic change in
morphology and function, from single nucleus myoblast to multinucleated myotubes (23).
Although there is no any direct evidence indicating that cellular homeostasis like regulation
of pHi plays a role in the differentiation, it is possible that pHi regulation is important for
this process. It will be of great interest to observe how differentiation is related to the pHi
regulation and regulation of NHE-1 gene expression,

Our data showed that there is a 2-3 fold increase in NHE-1 mRNA level when
comparing differentiated and non-differentisted L6 cells.  However, when stable
transfectants of the cells undergo differentiztion, we observed that there is an about 1.7 told
increase in activity of a 1.1 kb reporter plasmid. It is possible that some more distal
clement can account for at least part of the discrepancy between NHE-T promoter activity
and message levels. Also, the increased NHE-1T mRNA level may be a combiiadion ol an
increase in promoter activity and a decrcase in mRNA degradation. The clement
responsible for the increased promoter activity in diffeventiated 1.6 cells is most likely
located somewhere upstream of poly (dA:dT) region (p.46, Fig. 2-5). An interesting
extention of our current study is to purify the possible transcriptional factor(s) and to study
the mechanism by which the factor(s) regulates promoter activity through interaction with
poly (dA:dT). Ttis only then that we can beuter understand the possible interrelationships
between the ranscriptional factor(s) and the major pHi regulator: NHE- 1.
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