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Synopsis

Islet-specific glucose-6-phosphatase (G6Pase) catalytic subunit-related protein (IGRP) is a

homolog of the catalytic subunit of G6Pase, the enzyme that catalyzes the final step of the gluconeogenic

pathway.  The analysis of IGRP-chloramphenicol acetyltransferase (CAT) fusion gene expression through

transient transfection of islet-derived βTC-3 cells revealed that multiple promoter regions, located between -

306 and -97, are required for maximal IGRP-CAT fusion gene expression.  These regions correlated with

trans-acting factor binding sites in the IGRP promoter that were identified in βTC-3 cells in situ using the

ligation-mediated polymerase chain reaction (LMPCR) footprinting technique.  However, the LMPCR data

also revealed additional trans-acting factor binding sites located between -97 and +1 that overlap two E-

Box motifs, even though this region by itself conferred minimal fusion gene expression. The data

presented here shows that these E-Box motifs are important for IGRP promoter activity but that their action

is only manifest in the presence of distal promoter elements.  Thus, mutation of either E-Box motif in the

context of the -306 to +3 IGRP promoter region reduces fusion gene expression.  These two E-Box motifs

have distinct sequences and preferentially bind NeuroD/BETA2 and upstream stimulatory factor (USF) in

vitro, consistent with the binding of both factors to the IGRP promoter in situ, as determined using the

chromatin immunoprecipitation (ChIP) assay. Based on experiments using mutated IGRP promoter

constructs, we propose a model to explain how the ubiquitously expressed USF could contribute to islet-

specific IGRP gene expression.

(Words: 237)

Abbreviations

The abbreviations used are:

G6Pase, glucose-6-phosphatase

IGRP, islet-specific G6Pase catalytic subunit-related protein

LMPCR, ligation-mediated polymerase chain reaction

CAT, chloramphenicol acetyltransferase

bHLH, basic-helix-loop-helix

USF, upstream stimulatory factor

ChIP, chromatin immunoprecipitation

HIT, hamster insulinoma tumor

DMEM, Dulbecco’s modified Eagle’s medium

Biochemical Journal Papers in Press. Published on 23-January-2003 as manuscript BJ20021585

Copyright 2002 Biochemical Society



3

Introduction

The transcriptional mechanisms that direct the specific or enriched expression of genes such as

insulin and glucagon to the Islets of Langerhans in the pancreas have been intensely investigated.  An effort

has been made to both identify the transcription factors that bind to the promoters of these genes and to

understand how they interact to drive gene expression specifically in islet cells.  The results of these studies

suggest that islet-specific transcription factors do not exist.  Rather, islet-specific expression is thought to

be conferred by the unique combination of transcription factors bound to a given promoter, with islet-

enriched transcription factors playing a major role (1,2).  In addition or alternatively, for some genes it is

possible that initiation of transcription in non-islet tissues is prevented by repressors found in these tissues

(1).

It is apparent from gene knockout studies in mice that many islet-enriched transcription factors are

not only important for conferring islet-specific gene expression in the adult, but are also critical for

pancreatic/islet development (3).  The observation that mice lacking PDX-1 fail to develop a pancreas is a

striking example of this (4).  Other islet-enriched transcription factors, such as Pax-6 and Nkx2.2, appear

to be required for later stages in islet/pancreatic development  (5,6). This suggests that islet-enriched

transcription factors may be arranged in a hierarchy such that each is required for a unique developmental

stage (2).  In addition, a reduction in activity of at least some of these same factors can result in abnormal

islet physiology.  This is best illustrated by the fact that four of the five sub-types of Maturity Onset

Diabetes of the Young (MODY), rare monogenic forms of type II diabetes, are caused by mutations in

genes encoding islet-enriched transcription factors (7).  Together this data suggests that the study of islet-

specific gene transcription can not only yield information about the regulation of individual genes but can

contribute to an understanding of islet physiology, pancreatic/islet development, and the mechanisms of

tissue specific gene expression in general.

In an effort to supplement the information gained from studying the promoters of previously

characterized islet-specific/enriched genes we have begun to characterize the promoter of a gene that

encodes an islet-specific glucose-6-phosphatase (G6Pase) catalytic subunit related protein (IGRP).

G6Pase catalyzes the final step of the gluconeogenic pathway, the hydrolysis of glucose-6-phosphate to

glucose and inorganic phosphate, and is predominantly expressed in liver, intestine and kidney (8,9).  An

IGRP cDNA was isolated through a subtractive hybridization methodology used to isolate β cell-enriched

transcripts and it encodes a protein that has approximately 50% homology at the amino acid level to the

catalytic subunit of G6Pase (10).  Cloning of the mouse and human genomic sequences revealed that IGRP

is highly conserved across these species arguing that it plays a functional role in the islet (11,12).  However,

IGRP does not catalyze glucose-6-phosphate hydrolysis and the rat IGRP gene is not expressed, partially

as a result of a mutated TATA box (12).  These studies raise the possibility that in mice and humans either

the enzyme is non-functional or acts on an unidentified substrate.  Despite these uncertainties as to the
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function of the protein, RNA and immunohistochemical analyses indicated that IGRP gene expression is

restricted to islets (12).

Our studies have focused on understanding the underlying mechanisms for islet-specific IGRP

gene expression.  We recently determined by fusion gene analysis that multiple regions of the mouse

IGRP promoter are required for full activity in β cell-derived cell lines (13).  These functionally important

regions correlated with trans-acting factor binding sites that were identified using the ligation-mediated

polymerase chain reaction (LMPCR) in situ footprinting technique (13).  One exception, however, were

trans-acting factor binding sites, identified by LMPCR, that coincided with two E-Box motifs located

between -82 and -63 in the proximal region of the promoter (13).  The importance of these motifs was not

apparent from the fusion gene analysis since a truncated IGRP-chloramphenicol acetyltransferase (CAT)

fusion gene, with a 5' end point of -97 that contains these elements, conferred minimal reporter gene

expression (13).

E-Boxes have the consensus sequence CANNTG and bind to transcription factors of the basic-

helix-loop helix (bHLH) family (14).  The center two nucleotides in this consensus sequence are of

primary importance with respect to specifying which bHLH factor will bind, while the flanking sequence

plays a more secondary role (15,16).  Massari and Murre (14) have defined seven classes of HLH factors

based on tissue distribution, dimerisation characteristics and DNA binding activity. Much of what is

known about bHLH proteins has been derived from studies in muscle that demonstrated the ability of these

proteins to both activate muscle specific genes and stimulate differentiation (17,18).  With respect to the

pancreas, the Class II HLH protein neurogenin 3 plays a critical role in islet development (19) whereas in

the adult, E-Boxes are thought to be critical for the expression of the glucagon and insulin genes by

binding to heterodimers of the Class II HLH protein NeuroD (also known as BETA2) and either of the

ubiquitous Class I HLH proteins E12/47 or HEB (20-22).

The present study demonstrates that both proximal E-Boxes in the IGRP promoter are important

for high basal IGRP gene expression, but only in the context of the full length promoter.  Thus, the activity

of these E-Boxes is only manifest in the presence of distal promoter elements.  In addition, we show using

gel retardation assays, that IGRP E-Box 1 preferentially binds the islet-enriched Class II factor NeuroD

whereas IGRP E-Box 2 preferentially binds the ubiquitously expressed class III HLH leucine zipper

members, upstream stimulatory factor (USF)-1 and -2. These observations are supported by the

demonstration that both factors bind to the IGRP promoter in situ, as determined using the chromatin

immunoprecipitation (ChIP) assay.  Based on experiments using mutated IGRP promoter constructs, we

propose a model to explain how the ubiquitously expressed USF might contribute to the tissue restricted

pattern of IGRP gene expression.  This model suggests that the low affinity binding of USF to the IGRP

promoter serves as a safeguard by preventing transactivation of the IGRP promoter by USF in non-islet

tissues, and hence ectopic expression of the IGRP gene, but that islet-enriched accessory factors stabilize

binding of USF to the IGRP promoter in β cells.
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Materials and Methods

Materials

[α-32P]dATP (>3000 Ci mmol-1) and [3H] acetic acid, sodium salt (>10 Ci mmol-1) were obtained

from Amersham and ICN, respectively.  Specific antisera to USF-1 (sc-229 and sc-8983), USF-2 (sc-861

and sc-862), NeuroD (sc-1084), E12/E47 (sc-349) and rabbit IgG (sc-2027) were all obtained from Santa

Cruz Biotechnology, Inc.

Fusion Gene Plasmid Construction

The USF2/VP16 plasmid was a generous gift from Howle Towle (23).  The construction of mouse

IGRP-chloramphenicol acetyltransferase (CAT) fusion genes, containing promoter sequence from -306 to

+3 and -97 to +3, in the pCAT(An) expression vector (24), have been previously described (11,13).  A

three step PCR strategy (25) was used to create site-directed mutants of the two E-Box motifs. The

resulting constructs, designated -306 E-Box 1 MUT and -306 E-Box 2 MUT (Table I), were generated

within the context of the -306 to +3 IGRP promoter fragment. Briefly, for each construct two

complementary PCR primers were designed to mutate nucleotides within the E-Box motifs (25). The

sequence of the sense strand oligonucleotides were as follows (mutated nucleotides in lowercase) : For -

306 E-Box 1 MUT: 5'-ATCGTGCTTGCTCCAacGAgtGTCAGCATCACATGT-3'.  For -306 E-Box 2

MUT: 5'-ACAGATGGTCAGCATacCAgtTCACGTAATGGCTCA-3'. With the -306 IGRP-CAT

plasmid as the template, these sense strand oligonucleotides were used in conjunction with a 3' PCR primer

to generate the 3' half of the IGRP promoter whereas the complementary antisense strand oligonucleotides

were used in conjunction with a 5' PCR primer to generate the 5' half of the IGRP promoter.  The 3' primer

(5'-CCGCTCGAGATCCAGATCCTC -3'; Xho I cloning site underlined) and 5' PCR primer (5'-

CGGGATCCAAGCTCTAGCCAAGC -3'; BamH I cloning site underlined) were designed to conserve the

junctions between the IGRP promoter and pCAT(An) vector to be the same as those in the wild-type -306

to +3 IGRP-CAT fusion gene plasmid.  The PCR products from each reaction pair were then combined

and used themselves as both primer and template in a second PCR reaction step to generate small amounts

of the full-length, mutated IGRP promoter fragments.  Finally, the 5' and 3' PCR primers were then used to

amplify these fragments.  A construct designated -306 E-Box 1 + 2 MUT in which both E-Box motifs

were mutated was generated using the same three step PCR strategy but with the -306 E-Box 2 MUT

plasmid as the template and 5'-ATCGTGCTTGCTCCAacGAgtGTCAGCATACCAGTT-3' as the sense

strand primer.  A construct designated -306 E-Box 2 to Ins E-Box in which the core and flanking sequence

of IGRP E-Box 2 was replaced with the rat insulin I E1 motif was also generated using the same PCR

strategy but with the -306 IGRP-CAT plasmid as the template and 5'-

CCACAGATGGTCAGCgcCAtcTGcCACGTAATGGCTCAG-3' as the sense strand primer (mutated

nucleotides are in lowercase letters).  Constructs designated - 97 E-Box 1 OPT and - 97 E-Box 2 OPT, in
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which the IGRP E-Box 1 and 2 sequences, respectively, were replaced with the core and flanking sequence

of an optimal (OPT) USF binding site, were generated using PCR and the following 5' primers (Xba I

cloning sites are underlined and mutated nucleotides are in lowercase letters) : 5'-

GCTCTAGATCGTGCTTGCgCatCAcgTGacacGCATCACATG-3' and 5'-

GCTCTAGATCGTGCTTGCTCCACAGATGGTCAGCATCACgTGaCACGTAATGGCT-3',

respectively, in conjunction with the same 3' PCR primer described above and the -97 IGRP-CAT plasmid

as the template.  Note that the E-Box 1 flanking sequence is switched to that of E-Box 2 with the exception

of a single base pair.  Promoter fragments generated by PCR were completely sequenced to ensure the

absence of polymerase errors.  Plasmid constructs were purified by centrifugation through cesium chloride

gradients (26).

For some of the experiments described in this paper CAT was replaced with the more sensitive

firefly luciferase reporter.  This was achieved by re-isolating the various IGRP promoter fragments, as

Hind III - Xho I or BamH I - Xho I fragments, respectively, from the plasmids described above and ligation

into the pGL3-Mod vector.  pGL3-Mod was generated by replacing the polylinker in the pGL3-Basic

vector (Promega) with a polylinker containing the following restriction endonuclease recognition sites: Kpn

I, BamH I, Hind III, Xba I, Xho I and Bgl II.

Cell Culture and Transient Transfection

Hamster insulinoma tumor (HIT) cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) containing 2.5% (vol/vol) fetal bovine serum and 15% (vol/vol) horse serum and were transfected

by the addition of a calcium phosphate-DNA co-precipitate containing 15 µg of a CAT construct and 2.5

µg of RSV-β-galactosidase as previously described (11).

Mouse islet β cell-derived βTC-3 cells were grown in the same media but were transfected with 0.5

µg of an expression vector encoding SV40-renilla luciferase (Promega) and either 2 µg of a CAT plasmid

or 2 µg of a firefly luciferase plasmid using the lipofectamine reagent (GibcoBRL) as previously described

(13).  In some experiments an expression vector encoding a USF-2-VP16 fusion protein ( 40 ng; (23)) was

also included.

Human HeLa cervical carcinoma cells were grown in DMEM containing 10% (vol/vol) calf serum

and were co-transfected as previously described (27) using a calcium phosphate precipitate containing 15

µg of a firefly luciferase fusion gene construct and 1.2 ng of an expression vector encoding SV40-renilla

luciferase (Promega), respectively.

CAT, Luciferase and -Galactosidase Assays

Transfected HIT cells were harvested by trypsin digestion and then sonicated in 300 µl of 250 mM

Tris (pH 7.8) containing 2 mM PMSF.  The lysate was assayed for β-galactosidase activity as previously
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described (11). Transfected βTC-3 and HeLa cells were harvested by trypsin digestion and then

solubilized in passive lysis buffer (Promega). After two cycles of freeze/thawing, firefly and renilla

luciferase activity were assayed as described previously (27).  The remaining HIT and, when applicable,

βTC-3 lysate was heated for 10 minutes at 65  ̊C and cellular debris was removed by centrifugation.  CAT

assays were then performed on the supernatant as previously described (11).  To correct for variations in

transfection efficiency, the results are expressed as the ratio of CAT:β-galactosidase, in HIT cell

transfections, firefly:renilla luciferase in HeLa cell transfections and either CAT:renilla luciferase or

firefly:renilla luciferase activity, in βTC-3 cell transfections.  In addition, three independent preparations of

each IGRP-CAT or IGRP-luciferase plasmid construct were analyzed to obtain the data shown in each

Table.

Gel Retardation Assay

A) Labeled Probes: Sense and anti-sense oligonucleotides representing wild-type or mutant IGRP

E-Box 1, E-Box 2 and the rat insulin I E1 element (see Fig. 1) were synthesized with BamH I compatible

ends and subsequently gel purified, annealed, and labeled with [α32P]dATP using the Klenow fragment of

Escherichia coli DNA Polymerase I to a specific activity of approximately 2.5 µCi/pmol (26).

B) High Salt Nuclear Extract Preparation: βTC-3 nuclear extract was prepared as described (28)

except that nuclei were lysed by resuspension in a buffer containing 800 mM NaCl, 20 mM Hepes pH 7.9,

0.75 mM spermidine, 0.15 mM spermine, 0.2 mM EDTA, 2 mM EGTA, 2 mM DTT, 25% glycerol, and 1

mM PMSF.  After incubation for 30 min at 4°C to ensure complete lysis, samples were centrifugation at

100,000 RPM in a Beckman TLA 100.3 rotor for 40 min at 4°C.  The supernatant was dialyzed against

buffer containing 100 mM KCl, 20 mM Hepes pH 7.9, 0.2 mM EDTA, 0.2 mM EGTA, 2 mM DTT, 20%

glycerol, and 1 mM PMSF.  Protein concentrations were determined by the BioRad Protein Assay reagent

and the extract was aliquoted for storage at -80°C.

C) IGRP E-Box 1 and Rat Insulin I E1 Binding Assays: ~7 fmol of radiolabled probe (~30,000

cpm) was incubated with 3 µg of βTC-3 nuclear extract in a 20 µl reaction volume containing 20 mM

Hepes pH 7.9, 0.1 mM EDTA, 1 mM EGTA, 12.5% glycerol (v/v), 1 mM dithiothreitol, 1 µg poly(dI-

dC)⋅poly(dI-dC), 50 mM KCl and 50 mM NaCl.  After incubation at room temperature for 10 min the

reactions were placed on ice for another 10 min before loading on to a 6% polyacrylamide gel containing

0.5X TBE (45 mM Tris Base, 45 mM Boric Acid, 1 mM EDTA) and 2.5% (v/v) glycerol.  Samples were

electrophoresed  for 3 hrs at 150V in 0.5X TBE buffer before the gel was dried and exposed to Kodak XB

film with intensifying screens.

D) IGRP E-Box 2 Binding Assays: ~7 fmol of radiolabled E-Box 2 probe (~30,000 cpm) was

incubated with 1 µg of βTC-3 nuclear extract in a 20 µl reaction containing 20 mM Hepes pH 7.9, 0.1 mM

EDTA, 1 mM EGTA, 12.5% glycerol (v/v), 1 mM dithiothreitol, 2 µg poly(dI-dC)⋅poly(dI-dC), 50 mM
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KCl and 50 mM NaCl.  After incubation at room temperature for 20 min samples were loaded on to a 6%

polyacrylamide gel containing 1X TGE (25 mM Tris Base, 190 mM glycine, 1 mM EDTA) and 2.5% (v/v)

glycerol.  Samples were electrophoresed for 1.5 hrs at 150V in 1X TGE buffer before the gel was dried and

exposed to Kodak XB film with intensifying screens.

E) Competition Experiments and Gel Supershifts: For competition experiments, unlabeled

competitor DNA was mixed with the radiolabeled oligomer at the indicated molar excess prior to addition

of nuclear extract.  For supershift experiments, specific antisera (1 µl) were pre-incubated with βTC-3

nuclear extract for 10 min on ice prior to the addition of the labeled IGRP WT oligonucleotide probe.  All

subsequent steps were carried out as described above.

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were performed using a modification of published

procedures (29).  Briefly, βTC-3 cells were grown to approximately 80% confluence in sets of three 100

mm dishes.  The cells were washed briefly in 37°C PBS and then cross-linked with 5 mL of serum free

DMEM containing 1% formaldehyde for 10 minutes at room temperature.  The cross-linking reaction was

quenched by adding glycine to a final concentration of 125 mM.  The cells were then washed in 4°C PBS

and subsequently scraped into 1.5 mL tubes.  After pelleting by centrifugation the cells were lysed by

incubation for 10 min on ice in 200 µl of a buffer containing 1% SDS, 10 mM EDTA, 50 mM Tris pH 8

and 1 mM PMSF.  Lysates from 3 dishes of cells were combined, added to a tube containing 250 mg glass

beads and subjected to 10 cycles of sonication with a Virsonic 60 cycler (Virtis Company, Inc.) at 6 watts.

The vast majority of chromatin fragments generated were under 500 bp (data not shown).

The sonicated chromatin was then either purified as described (29) or subjected to

immunoprecipitation as follows: Aliquots (100 µl) of the sonicated chromatin were mixed with a buffer

(900 µl) containing 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8, 167 mM NaCl

and 1 µl/ml protease inhibitor cocktail (Sigma P-8340) and then samples were pre-cleared by adding 25 µl

of protein A/G agarose (Santa Cruz) with rotation at 4°C for 1 hr.  After centrifugation, 10µg of either

USF-1 (sc-8983; Santa Cruz), NeuroD (sc-1084; Santa Cruz), or Rabbit IgG (sc-2027; Santa Cruz)

antisera were added along with 50 µg BSA to the supernatant and immune complexes were allowed to form

at 4°C for 18 hrs, again with rotation.  80 µl protein A/G agarose was then added and the incubation

continued for an additional 4 hr at 4°C.  The immune complexes were then precipitated by centrifugation

and the resulting pellets were washed for 5 min in a low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM

EDTA, 20 mM Tris pH 8, 150 mM NaCl), a high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,

20 mM Tris pH 8, 500 mM NaCl), a LiCl buffer (250 mM LiCl, 1% NP40, 1% sodium deoxycholate, 1

mM EDTA, 10 mM EDTA, 10 mM Tris pH 8), and finally twice in TE (10mM Tris pH 8, 1mM EDTA).
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Protein-DNA complexes were eluted and cross-links reversed by incubating at 65°C overnight in

500 µl elution buffer (0.2% SDS, 0.1 M NaHCO3).  The following day proteinase K (50 µg) and RNase

A (20 µg) were added and samples were subjected to digestion at 55°C for 2 hrs prior to extraction twice

with phenol/chloroform and once with chloroform.  DNA fragments were subsequently ethanol precipitated

with the aid of a co-precipitant (Novagen Pellet Paint) at room temperature and immediately pelleted by

microcentrifugation for 30 min.  After dissolving the pellets in nuclease free water the samples and a 1:100

dilution of the purified immunoprecipitation input chromatin were subjected to 28 PCR cycles (95°C

denaturation, 61°C annealing, 72°C extension) using the Qiagen Master Mix. The products were

visualized by electrophoresis on 2% agarose gels containing ethidium bromide. PCR primers were

designed to amplify the IGRP promoter (5' (-215) CAGAGAGGGTGCCGAAGAAATTCAAGTTC (-

187) 3' and 5' (+86) TCCTGCAGATGATGAATAATAAGCACTCCACTC (+54) 3') and exon 5 (5'

(+593) GGATGCTAGTAGCCGAGGCCTTTGAAC (+619) 3' and 5' (+932)

GTCAGAGCACAGAGCAAGCGGAAGC (+908) 3').
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Results and Discussion

Two E-Boxes contribute to IGRP promoter activity

An analysis of IGRP-CAT fusion gene expression through the transient transfection of the hamster

insulinoma tumor (HIT) cell line revealed that the region of the IGRP promoter between -306 and +3 was

sufficient to drive maximal IGRP-CAT fusion gene expression (11). This same promoter region is

sufficient to direct transgene expression to islets in vivo (Claudia Frigeri and R.O'B., unpublished data).

Additional analyses of truncated IGRP-CAT fusion gene expression through the transient transfection of

HIT cells and the mouse islet-derived βTC-3 cell line revealed that multiple promoter regions, located

between -306 and -97, are required for maximal IGRP-CAT fusion gene expression (13).  These regions

correlated with trans-acting factor binding sites in the IGRP promoter that were identified in βTC-3 cells in

situ using the ligation-mediated polymerase chain reaction (LMPCR) footprinting technique (13).

However, the LMPCR data also revealed additional trans-acting factor binding sites located between -97

and +1 in the IGRP promoter even though this region by itself conferred minimal fusion gene expression

(13).  An alignment of this  -97 to +1 region of the IGRP promoter from mouse, rat, and human reveals

that these protein-DNA interaction sites that were identified in the mouse IGRP promoter in situ overlap

two E-Box motifs, designated E-Box 1 and E-Box 2, that are strongly conserved between species (Fig. 1A).

To investigate the functional significance of these observations these two E-Box motifs were

mutated (Fig. 1B), either individually or together, in the context of the -306 to +3 IGRP promoter region

and the level of reporter gene expression directed by fusion genes containing these mutations was then

analyzed by transient transfection of βTC-3 and HIT cells.  Table IA shows that, in βTC-3 cells, the

mutation of E-Box 1 results in an approximately 25% reduction in promoter activity while mutation of E-

Box 2 results in an approximately 50% reduction in activity.  Elimination of both elements together leads to

a further reduction in promoter activity to a level that is approximately 25% that of the activity exhibited by

the wild-type promoter.  Similar results were obtained in HIT cells except that the relative contribution of E-

Box 2 as compared to E-Box 1 with respect to basal fusion gene expression was increased (Table 1B).

These results demonstrate that these E-Boxes are critical for IGRP promoter activity (Table I), but that their

activity is only manifest in the presence of distal promoter elements (13).  Thus, the functional relevance of

these sites was not apparent from the analysis of 5' truncated IGRP-CAT fusion genes since the -97 to +1

promoter region, that includes both E-Box motifs, lacks these distal elements (13).  Interestingly, a similar

conclusion was reached in studies on the insulin I and II gene promoters in which the insulin E elements

were shown to be dependent on other elements for optimal function in the context of both the native

promoter and heterologous promoters (30,31).
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IGRP E-Box 1 and 2 bind NeuroD and USF with distinct affinities

Since both the in situ footprinting (Fig. 1; Ref. (13)) and transient transfection (Table I) data

suggest that functionally important transcription factors occupy both E-Box motifs in the IGRP promoter,

we next sought to identify the factors binding these elements.  To address this question protein binding to

these elements was analyzed using the gel retardation assay.

When a labeled oligonucleotide representing the wild-type (WT) IGRP promoter sequence from -

92 to -67 (Fig. 1B) that encompasses E-Box 1 was incubated with nuclear extract prepared from βTC-3

cells several protein-DNA complexes were detected (Fig. 2).  Competition experiments, in which a varying

molar excess of unlabeled DNA was included with the labeled probe, were used to correlate protein binding

with basal IGRP gene expression.  The wild type E-Box 1 oligonucleotide competed effectively for the

formation of all of these protein-DNA complexes (Fig. 2A, see arrow).  By contrast, an oligonucleotide,

designated E-Box 1 MUT (Fig. 1B), that contains a mutation identical to that described in the -306 E-Box

1 MUT construct (Table I), failed to compete with the labeled probe for formation of two complexes

designated X and Y (Fig. 2A). This indicates that these complexes represent specific protein-DNA

interactions and that their formation correlates with basal gene expression conferred by E-Box 1. In

contrast, the other bands detected in the assay must either represent non-specific protein-DNA interactions

or protein binding to sequences outside the E-Box motif.

To identify the factors present in complex X and Y, gel retardation assays were performed in which

βTC-3 cell nuclear extract was pre-incubated with antisera specific for members of the bHLH class of

transcription factors which are known to bind E-Box motifs (Fig. 2B; (14)).  Because E12/47 and NeuroD

have been shown to bind as heterodimers to the E-Box motifs in the insulin and glucagon promoters these

proteins were primary candidates (20,21).  As can be seen in Figure 2B, addition of antibodies recognizing

NeuroD resulted in a selective disruption in the formation of complex X with no effect on the formation of

complex Y.  Concomitant with the disruption of complex X a clear supershift was apparent upon addition

of the NeuroD antisera.  Similarly, the E12/47 antisera also disrupted the formation of complex X though it

only generated a weak supershift.  These results suggests that complex X represents a heterodimer of these

factors.

Since Whelan et al. (32) have previously shown that both NeuroD-E12/E47 and USF bind the rat

insulin II E1 element in vitro, the effect of antibodies to USF on the formation of complex Y was

investigated.  As can be seen in Figure 2B, addition of antibodies recognizing either USF-1 or USF-2 both

resulted in a selective disruption in the formation of complex Y with no effect on the formation of complex

X.  Two separate USF-1 and USF-2 antisera that recognize distinct epitopes in these proteins were

analyzed with slightly different results.  While USF-1 antisera sc-8983 selectively disrupted the formation

of complex Y, USF-1 antisera sc-229 caused a general reduction of all protein-DNA binding, though this

was clearly most specific for complex Y (Fig. 2B).  Neither USF-1 antisera generated a supershifted

complex.  In contrast, USF-2 antisera sc-861, but not USF-2 antisera sc-862, did generate a supershifted
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complex (Fig. 2B).  These results suggest that complex Y contains a mixture of USF-1 and USF-2 that

likely represents a USF-1/2 heterodimer since this combination is believed to be favored in most tissues

(33).  It should be noted that the complexes which form on E-Box elements in gel retardation assays are

critically dependent on the binding conditions  (20,32).  Thus, under different buffer conditions we only

detect NeuroD-E12/47 and not USF binding (data not shown).

Since NeuroD and E12/47 bind to E-Box 1 in the IGRP promoter we decided to directly compare

the binding properties of IGRP E-Box 1 to an established binding site for these factors, the E1 element

from the rat insulin I promoter (34). When βTC-3 nuclear extract was incubated with a labeled

oligonucleotide representing the insulin I E1 element (Fig. 1B), under exactly the same gel retardation

conditions as were used with IGRP E-Box 1, multiple complexes were observed (Fig. 3A).  Performing

experiments identical to those described above in which βTC-3 cell nuclear extract was pre-incubated with

antisera specific for various bHLH proteins revealed that one of these complexes, designated A, represents

a heterodimer of NeuroD and E12/47 whereas another complex, designated B, represents a mixture of

USF-1 and USF-2 (Fig. 3A).

To directly compare the affinity of the IGRP E-Box 1 and rat insulin I E1 motifs for these factors

competition experiments were performed in which the labeled IGRP E-Box 1 WT oligonucleotide (Fig.

1B) was pre-incubated with various concentrations of the unlabeled IGRP E-Box 1 WT and rat insulin I E1

oligonucleotides before addition of βTC-3 nuclear extract and analysis of protein binding using the gel

retardation assay. Both elements competed equally effectively for formation of the NeuroD-E12/47

complex indicating that they bind these proteins with similar affinity (Fig. 3B; complex X).  At a 10-fold

molar excess neither element competed effectively for formation of the USF-1 - USF-2 complex (Fig. 3B;

complex Y).  This is consistent with the competition experiment shown in Figure 2A in which the IGRP E-

Box 1 WT oligonucleotide only competed for formation of this complex at a 100-fold excess but not at a

10-fold excess.  This observation can be explained kinetically by that fact that USF is abundant in βTC-3

nuclear extract and binds the IGRP E-Box 1 motif with very low affinity (see below).  The fact that IGRP

E-Box 1 and rat insulin I E1 elements bind to the same transcription factors in vitro with similar affinities is

consistent with the observation that the critical core sequence (15,16) of the IGRP E-Box 1 element,

CAGATG, and the rat insulin I E1 element, CATCTG, are identical, but inverted relative to each other (Fig.

1B).

In contrast to the complex pattern of protein binding detected with IGRP E-Box 1, when a labeled

oligonucleotide representing IGRP E-Box 2 (Fig. 1B) was incubated with βTC-3 cell nuclear extract a

single protein-DNA complex was detected (Fig. 4).  Competition experiments, in which a varying molar

excess of unlabeled DNA was included with the labeled probe, were used to correlate protein binding with

basal IGRP gene expression. The wild type E-Box 2 oligonucleotide competed effectively for the

formation of this protein-DNA complex (Fig. 4A).  By contrast, an oligonucleotide, designated E-Box 2

MUT (Fig. 1B), that contains a mutation identical to that described in the -306 E-Box 2 MUT construct
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(Table I), failed to compete with the labeled probe for complex formation (Fig. 4A).  This indicates that this

complex represents a specific protein-DNA interaction and that its formation correlates with basal gene

expression conferred by E-Box 2.  As described above for IGRP E-Box 1, to identify the factor(s) present

in the complex formed with IGRP E-Box 2, gel retardation assays were performed in which βTC-3 cell

nuclear extract was pre-incubated with antisera specific for members of the bHLH class of transcription

factors.  As can be seen in Figure 4B, addition of antibodies recognizing USF-1 and USF-2 resulted in the

selective disruption of this complex, whereas antibodies to NeuroD and E12/E47 had no effect (data not

shown).  This result suggests that the specific complex formed with IGRP E-Box 2 probe represents a

mixture of USF-1 and USF-2.  As stated above, this mixture is probably a heterodimer of USF-1 and -2

based on the known binding characteristics of these factors (33).  As with the E-Box 1 experiments (Fig.

2B), two separate USF-1 and USF-2 antisera that recognize distinct epitopes in these proteins were

analyzed.  In contrast to the IGRP E-Box 1 (Fig. 2B) and rat insulin I E1 (Fig. 3A) gel retardation

experiments where only the USF-2 antisera sc-861 generated a supershifted complex, all four antisera

generated a supershifted complex with the E-Box 2 probe (Fig. 4B).  This observation may indicate that

USF-1 and -2 bind the E-Box 2 motif in a distinct confirmation from that which forms upon IGRP E-Box

1 and rat insulin I E1 binding.

The gel retardation supershift analyses described above suggest that IGRP E-Box 1, but not E-Box

2, can bind a NeuroD-E12/E47 heterodimer.  To further characterize this difference cross competition

analyses were performed, using nuclear extract prepared from βTC-3 cells, in which a varying molar excess

of unlabeled DNA was included with the labeled probe.  When the oligonucleotide representing the wild-

type IGRP E-Box 1 sequence (Fig. 1B) was used as the labeled probe, the unlabeled wild type E-Box 1

oligonucleotide competed effectively for the formation the NeuroD-E12/E47 heterodimer complex at a 10-

fold molar excess (Fig. 5A and 2A, complex X).  In contrast, at a 10-fold molar excess the unlabeled wild

type E-Box 2 oligonucleotide did not compete for  formation of this complex; partial competition was only

seen at a 100-fold molar excess (Fig. 5A, complex X).  This result indicates that the NeuroD-E12/E47

heterodimer binds the IGRP E-Box 1 motif with a much higher affinity than it binds IGRP E-Box 2.

This same experiment revealed that USF binds the IGRP E-Box 2 motif with higher affinity than it

binds E-Box 1.  Thus, when the wild-type IGRP E-Box 1 sequence was used as the labeled probe, the

unlabeled wild type E-Box 1 oligonucleotide only competed effectively for the formation of the USF-1 and

-2 complex at a 100-fold molar excess (Fig. 5A and 2A, complex Y).  In contrast, only a 10-fold molar

excess of the unlabeled wild type E-Box 2 oligonucleotide was required to prevent formation of this

complex (Fig. 5A, complex Y).  This conclusion was supported by the results of the inverse experiment.

Thus, when the wild-type IGRP E-Box 2 sequence was used as the labeled probe, the unlabeled wild type

E-Box 2 oligonucleotide competed effectively for the formation the USF-1 and -2 complex (Fig. 5B and

5A).  In contrast, the unlabeled wild type E-Box 1 oligonucleotide failed to compete for formation of this

complex even at a 100-fold molar excess (Fig. 5B).
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To support the conclusion that USF binds to E-Box 2 with a much high affinity than it binds E-

Box 1, the ability of a USF-2-VP16 fusion protein (23) to transactivate various IGRP-CAT fusion genes

was analyzed through transient co-transfection of βTC-3 cells.  As expected overexpression of USF-2-

VP16 (UVP), with its potent trans-activation domain, stimulated expression of the full length wild-type

IGRP-CAT fusion gene containing promoter sequence between -306 and +3 more than 3 fold (data not

shown).  A similar induction of reporter gene expression was seen when this experiment was repeated

using the -306 IGRP-CAT fusion gene that contains a mutation in E-Box 1 (data not shown).  In contrast,

however, expression of the -306 IGRP-CAT fusion gene that contains a mutation in E-Box 2 was almost

completely refractory to induction by USF-2-VP16 (data not shown).  These results suggest that the USF-

2-VP16 fusion protein exhibits a much higher affinity for E-Box 2 than E-Box 1, consistent with the gel

retardation data, and thus it can serve as a more potent activator through the E-Box 2 motif.

USF and NeuroD bind to the IGRP promoter in situ

To complement the results of the in vitro gel retardation analyses, chromatin immunoprecipitation

(ChIP) assays (35) were performed to assess NeuroD and USF binding to the IGRP promoter within

intact cells.  While ChIP analyses are generally important for confirming that interactions that occur in vitro

also occur in situ, this is particularly true with bHLH proteins which comprise a large family of

transcription factors all of which recognize the core E-Box motif (14).

Fragmented chromatin from formaldehyde cross-linked βTC-3 cells was subjected to

immunoprecipitation with antibodies to either USF or NeuroD.  The presence of the IGRP promoter in the

immunoprecipitates was then analyzed by PCR using primers that recognize the IGRP gene sequence

between -215 and +54.  As can be seen from Figure 6A, the IGRP promoter appears to be enriched in the

USF- and NeuroD-immunoprecipitates compared to the IgG control. To test the specificity of the

antibody-protein interactions, these immunoprecipitates were also analyzed for the presence of exon 5 of

the IGRP gene (11) using PCR primers that recognize the IGRP coding sequence between +593 and

+932.  Approximately 6 kbp of genomic DNA separates exon 5 and the IGRP promoter and neither USF

nor NeuroD would be predicted to associate with exon 5.  As expected no enrichment of IGRP exon 5 was

detected in the USF or NeuroD immunoprecipitates compared to the IgG control (Fig. 6A).  The low signal

in the experimental lanes cannot be explained by the lack of exon 5 promoter in the starting material as a

signal of the expected size can be seen in the chromatin input prior to immunoprecipitation.  In addition,

both the IGRP promoter and exon 5 are amplified with similar efficiencies (Fig. 6B). These results

demonstrate that both USF and NeuroD bind to the IGRP promoter inside intact cells.

Significance of selective protein binding to IGRP E-Box 1 and E-Box 2

Given that the core and flanking sequence of E-Box 1 and 2 are highly conserved between species

(Fig. 1) this suggests that there may be a specific reason for this sequence conservation and the preferential
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binding of NeuroD to E-Box 1 and USF to E-Box 2.  To explore this possibility, experiments were

performed in which this binding specificity was reversed by switching the sequences of E-Box 1 and 2 to

those of a USF and NeuroD binding site, respectively.

The sequence of IGRP E-Box 2 was changed to that of the rat insulin I E1 element, in the context

of the 306 to +3 IGRP promoter fragment, by mutating the core E-Box sequence and two base pairs either

side of the core (see Methods).  The level of reporter gene expression directed by a fusion gene containing

this mutation was analyzed by transient transfection of βTC-3 cells. This mutation reduced IGRP

promoter approximately 35% in comparison to the wild-type promoter (data not shown). This was

surprising because an approximately 50% reduction in promoter activity was seen with the IGRP E-Box 2

block mutant which should not bind to any bHLH factor (Table I). This suggests that even though

NeuroD-E12/47 is presumably binding to the rat insulin I E1 sequence in the context of this mutated IGRP

promoter fragment, it cannot function effectively at the E-Box 2 site to enhance basal gene expression in

situ.  Instead, this result suggests that there is a specific requirement for USF binding to IGRP E-Box 2 for

maximal IGRP gene transcription.

The reverse experiment, switching the sequence of E-Box 1 to that of a high affinity USF binding

site, was incorporated into a more wide ranging study that examined the significance of low affinity USF

binding to the IGRP promoter.  Thus, even though USF binds to IGRP E-Box 2 with much higher affinity

than it binds to E-Box 1 (Fig. 5B), even E-Box 2 is not an optimal USF binding site; in the IGRP promoter

the sequence of both E-Box 1 and 2 differ from the optimal USF binding sequence defined by Bendall et

al. (16).  To test whether IGRP E-Box 2 is indeed a sub-optimal USF binding site, gel retardation

competition analyses were performed using a labeled oligonucleotide probe representing a modified IGRP

E-Box 2 motif, designated E-Box 2 USF Opt (Fig. 1B), the sequence of which had been changed to that of

an optimal USF binding site as determined by Bendall et al (16).  As can be seen in Figure 7A, the

unlabeled USF optimal site (Opt) competed approximately twice as effectively for USF binding than the

unlabeled oligonucleotide representing the wild-type E-Box 2 sequence (EB2). The competition

experiments shown in Figure 7A were performed in the absence of magnesium.  However, Bendall et al

(16) showed that the presence of magnesium further restricted the ability of USF to bind to sub-optimal

sites.  Consistent with their observations, when these competition experiments were repeated in the presence

of 5 mM magnesium a dramatic difference was seen in the affinity of USF binding to these

oligonucleotides (Fig. 7B).  Thus, as can be seen in Figure 7B, the unlabeled USF optimal site (Opt) now

competed at least 10-fold more effectively for USF binding than the unlabeled oligonucleotide representing

the wild-type E-Box 2 sequence (EB2).  Since these are in vitro assays the binding conditions do not

precisely simulate the in vivo environment, however, it is interesting to note that the intracellular

concentration of magnesium is estimated to be 10 mM, with 0.5 mM of that being free Mg
2+

 ions (36).
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The results of these competition experiments demonstrate that although IGRP E-Box 2 binds USF

with higher affinity than it binds IGRP E-Box 1 (Fig. 5B), it is not an optimal USF binding site (Fig. 7).

Given that the core and 5' flanking sequence of E-Box 2 is highly conserved between species this suggests

that there may be a specific reason for the sub-optimal binding of USF to E-Box 2.  As USF is expressed

ubiquitously we hypothesized that the IGRP promoter has evolved a weak USF binding site as part of the

mechanism to restrict IGRP gene expression to islets.  If so, a model can be envisaged in which (i) islet-

enriched accessory factors stabilize USF binding to the IGRP promoter in β cells explaining the functional

importance of E-Box 2 to IGRP fusion gene expression (Table I) and consistent with the ChIP analysis

(Fig. 6A) but (ii) in non-islet cells the absence of these accessory factors coupled with weak USF binding

prevents transactivation of the IGRP promoter by USF and hence ectopic expression of the IGRP gene.  If

this proposed model is correct, we predicted that changing the sequence of the IGRP E-Boxes to those of

optimal USF binding sites would (i) allow a truncated IGRP promoter lacking these accessory factor

binding sites to confer fusion gene expression in βTC-3 cells and (ii) allow mis-expression of the mutated

fusion gene in non-islet cell lines.  To investigate these predictions, IGRP-luciferase fusion gene constructs

were generated in which the sequence of IGRP E-Box 1 and 2 were switched to that of an optimal USF

binding site in the context of a truncated -97 to +3 IGRP promoter fragment (Table II).  The level of

reporter gene expression directed by these constructs was then analyzed by transient transfection of βTC-3

(Table IIA) and HeLa (Table IIB) cells.

In βTC-3 cells the full length IGRP promoter was highly active, as expected, whereas the truncated

-97 to +3 IGRP promoter fragment conferred a level of reporter gene expression that was indistinguishable

from the promoter-less luciferase vector control (Table IIA).  However, when either E-Box 1 or E-Box 2

were mutated to the optimal USF binding site in the context of this truncated -97 to +3 IGRP promoter

fragment, a level of reporter gene activity was detected that was clearly greater than that conferred by the

promoter-less luciferase vector control (Table IIA).  This result implies that increasing the affinity of USF

for the IGRP promoter does obviate the requirement for distal accessory elements by allowing expression

of truncated fusion genes that lack these accessory elements that are normally required for E-Box function

in the context of the full length promoter (Table I; Ref. (13)).

To determine whether optimal USF sites allow IGRP fusion gene expression in ectopic tissues,

these same constructs were transiently transfected into HeLa cells, a non-islet cell line.  As expected for an

islet-specific promoter, in HeLa cells both the full length -306 to +3 and truncated 97 to +3 IGRP

promoter fragment conferred a level of reporter gene expression that was indistinguishable from the

promoter-less luciferase vector control (Table IIB).  However, when either E-Box 1 or E-Box 2 were

mutated to the optimal USF binding site in the context of the truncated -97 to +3 IGRP promoter fragment,

a level of reporter gene activity was detected that was clearly greater than that conferred by the promoter-

less luciferase vector control (Table IIB).  Similar results were obtained in HeLa cells when the same

mutations were generated in the context of the -306 to +3 IGRP promoter region (data not shown).

Biochemical Journal Papers in Press. Published on 23-January-2003 as manuscript BJ20021585

Copyright 2002 Biochemical Society



17

If a ubiquitously expressed factor such as USF transactivates a gene whose expression is tissue

specific one would predict there must be mechanisms in place that prevent the factor from inducing ectopic

transcription of the gene.  The data in Table II suggest that, in the case of IGRP, it is possible that the sub-

optimal binding sites serve this role by making it necessary for USF to cooperate with islet-enriched

accessory factors to circumvent this obstacle.  Certainly, it is apparent that low-affinity transcription factor

binding can play an important role in the regulation of gene transcription.  For example, the multihormonal

modulation of glucocorticoid-stimulated phosphoenolpyruvate carboxykinase gene transcription is

dependent in large part upon the low affinity binding of the glucocorticoid receptor to the

phosphoenolpyruvate carboxykinase gene promoter (37).  In addition, a recent developmental study in

Caenorhabditis elegans demonstrated the utility of low affinity transcription factor binding sites in the

temporal control of gene expression.  Thus, the time of onset of expression of different pharyngeal genes

in C. elegans is controlled, at least in part, by the relative affinity of the PHA-4 forkhead transcription factor

for their promoters (38).

The observation that E-Box 1 and E-Box 2 are important for IGRP gene expression is consistent

with the critical role played by these motifs in other islet specific promoters.  Elimination of the E1 or E2

elements in the rat insulin I promoter, for example, leads to a greater than 90% reduction in promoter

activity in transformed β cell lines (39).  Likewise, large reductions in transcriptional activity are seen upon

elimination of the E3 site in the glucagon promoter (40).  Similar to our results with IGRP E-Box 1, these

E-Boxes in the insulin and glucagon promoters bind to a heterodimer of NeuroD and E12/47, a complex

which is both enriched in islets and is able to transactivate these promoters (20,21,40).  The majority of

studies examining the mechanism by which NeuroD-E12/47 activates transcription have used the insulin

promoter as a model and have shown that this factor synergistically activates transcription by cooperating

with PDX-1, a β cell-enriched homeodomain protein that binds to adjacent A/T rich elements (41).  This

synergy between NeuroD, E12/47, and PDX-1 is thought to result from both cooperative DNA binding and

the formation of a strong interaction surface for the co-activator p300/CBP (34,42,43). Although this

evidence collectively points to NeuroD-E12/47 as probably being the important activator operating through

the insulin E elements, USF also binds in vitro to the rat insulin I E1 element (Fig. 3A) and the rat insulin

II E1 element (32).  Similarly, USF also binds to IGRP E-Box 1 (Fig. 2B).  Although it is theoretically

possible that either factor may operate through the rat insulin E elements and the IGRP E-Box 1 motif,

chromatin immunoprecipitation experiments show that, in situ, NeuroD binds the insulin E elements (E.H.

and R.S., unpublished observations).  Similarly, although ChIP assays demonstrate that NeuroD and USF

are both bound to the IGRP promoter in situ (Fig. 6A), given the inability of a NeuroD binding site to

effectively replace E-Box 2 (data not shown), the low affinity of E-Box 1 for USF (Fig. 5), as well as the

inability of USF-2-VP16 to transactivate the IGRP fusion gene containing an E-Box 2 mutation (data not

shown), it is most likely that, in situ, USF binds IGRP E-Box 2 and NeuroD binds IGRP E-Box 1.
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The importance of USF for islet-specific gene expression has previously been suggested by studies

showing that USF binds to a functionally important element in the proximal region of the PDX-1 promoter

(44).  Interestingly, the core sequence of this E-Box in the PDX-1 promoter is optimal for USF binding

(16,44), but, in contrast to the model proposed above for IGRP gene expression, this optimal binding of

USF does not lead to expression of PDX-1 in multiple tissues.  One possible reason for this is that the

PDX-1 promoter is organized in a fundamentally different fashion.  Indeed, the PDX-1 promoter has no

TATA box (44) and therefore USF may act as part of the general transcriptional apparatus, as it appears to

in the human transcobalamin II promoter which also lacks a TATA box motif (45).  PDX-1 plays a key

role in pancreas development, the maintenance of normal islet physiology in the adult and the regulation of

insulin gene transcription (4,43,46).  The latter may explain why reducing USF levels in islet β cell lines is

sufficient to lower insulin mRNA levels, given that this manipulation may result in impaired PDX-1

expression (47).

Collectively the results of this study confirm the importance of E-Box motifs to the regulation of

islet gene expression.  Future studies on the IGRP promoter will focus on characterizing the accessory

factors that bind the IGRP promoter and either functionally or physically interact with USF and NeuroD.

Additional experiments will also address whether IGRP gene expression is regulated by metabolites such

as glucose in vivo.  If so, it will be interesting to see if E-Box 1 and/or E-Box 2 play a role in these

responses given the importance of these motifs to the induction of insulin transcription by glucose (48,49).
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Table Legends

Table 1. Mutation of the E-Box motifs in the mouse IGRP promoter reduces basal fusion gene

expression. A: βTC-3 cells were transiently co-transfected, as described in Materials and Methods, using

a lipofectamine solution containing various IGRP-CAT fusion genes (2 µg) and an expression vector

encoding renilla luciferase (0.5 µg). The IGRP-CAT fusion genes represented either the wild-type

promoter sequence located between -306 and +3 (-306 WT) or site-directed mutations of the E-Box 1

motif (-306 E-Box 1 MUT), the E-Box 2 motif (-306 E-Box 2 MUT) or both motifs (-306 E-Box 1 + 2

MUT) all generated within the context of the -306 to +3 promoter fragment. B: HIT cells were transiently

co-transfected, as described in Materials and Methods, by addition of a calcium phosphate-DNA co-

precipitate containing various IGRP-CAT fusion genes (15 µg), as described above, and an expression

vector encoding β-galactosidase (2.5 µg).  Following transfection, HIT and βTC-3 cells were incubated for

18-20 hr in serum-free or serum-containing medium, respectively.  The cells were then harvested and CAT,

β-galactosidase and luciferase activity assayed as previously described (11,27).  Results are presented as

the ratio of CAT:luciferase activity (A) or CAT:β-galactosidase activity (B), expressed as a percentage

relative to the value obtained with the -306 WT fusion gene, and represent the mean of 3 experiments ±
S.E.M., each using an independent preparation of all fusion gene plasmids.

Table II. Converting E-Box 1 and 2 to optimal USF binding sites enhances IGRP fusion gene

expression in TC-3 cells and imparts expression in HeLa cells. A: βTC-3 cells were transiently co-

transfected, as described in Materials and Methods, using a lipofectamine solution containing various

IGRP-luciferase fusion genes (2 µg) and an expression vector encoding renilla luciferase (0.5 µg).  The

IGRP-luciferase fusion genes represented either the wild-type promoter sequence located between -306 and

+3 (-306 WT) or between -97 and +3 (-97 WT), or site-directed mutations of the E-Box 1 motif (-97 E-

Box 1 OPT) or the E-Box 2 motif (-97 E-Box 2 OPT), both generated within the context of the -97 to +3

promoter fragment, in which the in which the core and flanking sequence of the respective E-Box motifs

were switched to those of an optimal (Opt) USF binding site. B: HeLa cells were transiently co-

transfected, as described in Materials and Methods, by addition of a calcium phosphate-DNA co-precipitate

containing various IGRP-luciferase fusion genes (15 µg), as described above, and an expression vector

encoding renilla luciferase (1.2 ng).  Following transfection, βTC-3 and HeLa cells were incubated for 18-

20 hr in serum-containing or serum-free medium, respectively.  The cells were then harvested and both

firefly and renilla luciferase activity were assayed as previously described (27).  Results are presented as

the ratio of firefly:renilla luciferase activity expressed as a percentage relative to the value obtained with the

pGL3-MOD vector, and represent the mean of 3 experiments ± S.E.M., each using an independent

preparation of all fusion gene plasmids.
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Figure Legends

Figure 1. Conservation of E-Box motifs in the mouse, rat and human IGRP promoters.

Panel A: An alignment of the proximal mouse, rat and human IGRP promoters is shown.  Two E-

Box motifs and the TATA motif are boxed.  Increases ( ) or decreases (O) in DMS methylation between

in situ versus in vitro methylated mouse βTC-3 cell DNA are shown; this information was taken from Ref.

(13).

Panel B:  Oligonucleotides used in these studies. The wild-type (WT), mutated (MUT) and

optimal (Opt) E-Box motifs are boxed.  All sequences are labeled relative to the transcription start site at +1

and mutated nucleotides are in lowercase letters.

Figure 2. The IGRP E-Box 1 motif binds NeuroD, E12/E47 and USF.

Panel A: The labeled IGRP E-Box 1 WT oligonucleotide probe (Fig. 1B) was incubated in the

absence (-) or presence of the indicated molar excess of the unlabeled IGRP E-Box 1 WT or IGRP E-Box

1 MUT oligonucleotide competitors prior to the addition of βTC-3 cell nuclear extract.  Protein binding

was then analyzed as described in Materials and Methods.  In the representative autoradiograph shown

only the retarded complexes are visible and not the free probe, which was present in excess.

Panel B: βTC-3 cell nuclear extract was incubated in the absence (-) or presence of the indicated

antisera for 10 minutes on ice prior to the addition of the labeled IGRP E-Box 1 WT oligonucleotide probe

and incubation for an additional 10 min at room temperature and then 10 minutes on ice.  Protein binding

was then analyzed as described in Materials and Methods.  In the representative autoradiograph shown

only the retarded complexes are visible and not the free probe, which was present in excess.  The arrows

point to two complexes, designated X and Y, that bind the WT but not the MUT oligonucleotide and

contain NeuroD-E12/E47 and USF, respectively.

Figure 3. The rat insulin I E1 motif binds NeuroD, E12/E47 and USF.

Panel A: βTC-3 cell nuclear extract was incubated in the absence (-) or presence of the indicated

antisera for 10 minutes on ice prior to the addition of the labeled rat insulin I E1 oligonucleotide probe

(Fig. 1B) and incubation for an additional 10 min at room temperature and then 10 minutes on ice.  Protein

binding was then analyzed as described in Materials and Methods.  In the representative autoradiograph

shown only the retarded complexes are visible and not the free probe, which was present in excess.  The

arrows point to two complexes, designated A and B, that bind NeuroD-E12/E47 and USF, respectively.

Panel B: The labeled IGRP E-Box 1 WT oligonucleotide probe (Fig. 1B) was incubated in the

absence (-) or presence of the indicated molar excess of the unlabeled IGRP E-Box 1 WT (EB1) or rat

insulin I E1 (IE) oligonucleotide competitors prior to the addition of βTC-3 cell nuclear extract.  Protein

binding was then analyzed as described in Materials and Methods.  In the representative autoradiograph
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shown only the retarded complexes are visible and not the free probe, which was present in excess.  The

arrows point to two complexes, designated X and Y, that selectively bind the wild type but not the mutated

IGRP E-Box 1 oligonucleotide (see Fig. 2A). It should be noted that the exposure time for the

autoradiograph shown in Fig. 3A was longer than that for Fig. 3B consistent with the competition analysis

(Fig. 3B) that indicates that NeuroD binds both the rat insulin I E1 motif and IGRP E-Box 1 with similar

affinities.

Figure 4. The IGRP E-Box 2 motif binds USF.

Panel A: The labeled IGRP E-Box 2 WT oligonucleotide probe (Fig. 1B) was incubated in the

absence (-) or presence of the indicated molar excess of the unlabeled IGRP E-Box 2 WT or IGRP E-Box

2 MUT oligonucleotide competitors prior to the addition of βTC-3 cell nuclear extract.  Protein binding

was then analyzed as described in Materials and Methods.  In the representative autoradiograph shown

only the retarded complex is visible and not the free probe, which was present in excess.

Panel B: βTC-3 cell nuclear extract was incubated in the absence (-) or presence of the indicated

antisera for 10 minutes on ice prior to the addition of the labeled IGRP E-Box 2 WT oligonucleotide probe

and incubation for an additional 20 min at room temperature. Protein binding was then analyzed as

described in Materials and Methods. In the representative autoradiograph shown only the retarded

complex is visible and not the free probe, which was present in excess.

Figure 5. The IGRP E-Box 1 and 2 motifs bind NeuroD-E12/E47 and USF with distinct affinities.

Panel A: The labeled IGRP E-Box 1 WT oligonucleotide probe (Fig. 1B) was incubated in the

absence (-) or presence of the indicated molar excess of the unlabeled IGRP E-Box 1 WT (EB1) or IGRP

E-Box 2 WT (EB2) oligonucleotide competitors prior to the addition of βTC-3 cell nuclear extract.  Protein

binding was then analyzed as described in Materials and Methods.  In the representative autoradiograph

shown only the retarded complexes are visible and not the free probe, which was present in excess.  The

arrows point to the two complexes, designated X and Y, that selectively bind the wild type but not the

mutated IGRP E-Box 1 oligonucleotides (see Fig. 2A).

Panel B: The labeled IGRP E-Box 2 WT oligonucleotide probe (Fig. 1B) was incubated in the

absence (-) or presence of the indicated molar excess of the unlabeled IGRP E-Box 2 WT (EB2) or IGRP

E-Box 1 WT (EB1) oligonucleotide competitors prior to the addition of βTC-3 cell nuclear extract.  Protein

binding was then analyzed as described in Materials and Methods.  In the representative autoradiograph

shown only the retarded complex is visible and not the free probe, which was present in excess.

Figure 6. The IGRP promoter binds NeuroD and USF in situ.

NeuroD and USF binding to the IGRP promoter were analyzed in situ using the chromatin

immunoprecipitation (ChIP) assay. Chromatin from formaldehyde-treated βTC-3 cells was
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immunoprecipitated using anti-USF or anti-NeuroD antibodies or, as a control, using IgG.  The presence

of the IGRP promoter and exon 5 in the chromatin preparation prior to immunoprecipitation (1:100 input)

and in the immunoprecipitates was then assayed using PCR as described in Materials and Methods (Panel

A). Both the IGRP promoter and exon 5 are amplified with similar efficiencies in the chromatin

preparation (Panel B).  MW; molecular weight.

Figure 7.  Magnesium affects the relative affinity of USF binding to the IGRP E-Box 2 motif and

an optimal USF binding site.

A labeled oligonucleotide probe representing a modified IGRP E-Box 2 motif, designated E-Box 2

USF Opt (Fig. 1B), the sequence of which had been changed to that of an optimal (Opt) USF binding site,

was incubated in the absence (-) or presence of the indicated molar excess of the unlabeled IGRP E-Box 2

Opt or IGRP E-Box 2 wild-type (EB2) oligonucleotide competitors prior to the addition of βTC-3 cell

nuclear extract.  Protein binding was then analyzed in the absence (Panel A) or presence (Panel B) of 5

mM magnesium chloride as described in Materials and Methods.  In the representative autoradiographs

shown only the retarded complex is visible and not the free probe, which was present in excess.  Protein

binding was quantified by using a Packard Instant Imager to count 32P associated with the retarded

complex.  The data represents the mean + S.D. of three experiments.
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Table I

-306 WT
-306 E-Box 1 MUT
-306 E-Box 2 MUT
-306 E-Box 1 + 2 MUT

0.9
1.7
1.3

100
75.3
47.2
25.4

CAT/Luciferase
(% Relative to -306)Plasmid

±
±
±

A) βTC-3 Cells

-306 WT
-306 E-Box 1 MUT
-306 E-Box 2 MUT
-306 E-Box 1 + 2 MUT

8.4
2.5
0.6

100
84.2
43.4
36.8

CAT/Luciferase
(% Relative to -306)Plasmid

±
±
±

B) HIT Cells
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pGL3-MOD
-306 WT
-97 WT
-97 E-Box 1 OPT
-97 E-Box 2 OPT

5
2
48
14

100
97
89
627
190

Firefly/Renilla Luciferase
(% Relative to pGL3-MOD)Plasmid

±
±
±
±

Table II

pGL3-MOD
-306 WT
-97 WT
-97 E-Box 1 OPT
-97 E-Box 2 OPT

1006
10
67
59

100
11274
103
560
329

Firefly/Renilla Luciferase
(% Relative to pGL3-MOD)Plasmid

±
±
±
±

A) βTC-3 Cells

B) HeLa Cells
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