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Despite interest in understanding glucagon-like peptide-1
(GLP-1) production, the factors important for GLP-1 biosynthesis remain poorly understood. We examined control of human proglucagon gene expression in NCI-H716 cells, a cell line
that secretes GLP-1 in a regulated manner. Insulin, phorbol
myristate acetate, or forskolin, known regulators of rodent
proglucagon gene expression, had no effect, whereas sodium
butyrate decreased levels of NCI-H716 proglucagon mRNA
transcripts. The inhibitory effect of sodium butyrate was mimicked by trichostatin A but was not detected with sodium
acetate or isobutyrate. The actions of butyrate were not diminished by the ERK1/2 inhibitor PD98059, p38 inhibitor
SB203580, or soluble guanylate cyclase inhibitor LY83583 or

T

following treatment of cells with KT5823, a selective inhibitor
of cGMP-dependent protein kinase. NCI-H716 cells expressed
multiple proglucagon gene transcription factors including
isl-1, pax-6, pax-2, cdx-2/3, pax-4, hepatocyte nuclear factor
(HNF)-3␣, HNF-3␤, HNF-3␥, and Nkx2.2. Nevertheless, the
butyrate-dependent inhibition of proglucagon gene expression was not associated with coordinate changes in transcription factor expression and both the human and rat transfected
proglucagon promoters were transcriptionally inactive in
NCI-H716 cells. Hence, NCI-H716 cells may not be a physiologically optimal model for studies of human enteroendocrine
proglucagon gene transcription. (Endocrinology 144: 2025–2033,
2003)

HE PROGLUCAGON GENE is expressed in a highly
tissue-restricted manner in the A cells of the endocrine
pancreas, L cells of the distal ileum and colon, and brain stem
neurons (1–3). Interest in the control of proglucagon gene
expression stems from the increasingly diverse set of biological activities attributed to the proglucagon-derived peptides (PGDPs). Posttranslational processing in the pancreas
liberates predominantly 29-amino-acid glucagon, which contributes to maintenance of blood glucose through regulation
of glycogenolysis and gluconeogenesis (4). In the gut, proglucagon gives rise to glicentin, oxyntomodulin, and two
glucagon-like peptides (GLPs), GLP-1 and GLP-2 (1). GLP-1
regulates energy homeostasis via effects on food intake, gastric emptying, and islet hormone secretion resulting in control of glucose disposal predominantly in the postprandial
state (5–7). In contrast, GLP-2 acts more proximally to regulate gastric motility, nutrient absorption, and the growth
and integrity of the intestinal mucosa (8 –10).
Because the biological actions of glucagon, GLP-1, and
GLP-2 are potentially relevant for treatment of diseases such
as diabetes and intestinal failure secondary to short bowel
syndrome, respectively, there is considerable interest in delineating the factors that control PGDP biosynthesis in the
pancreas and intestine. The majority of studies of proglucagon gene expression have been carried out using glucagonsecreting rodent islet cell lines. These experiments have identified specific signal transduction pathways, principally
activation of adenylate cyclase, leading to cAMP generation

and induction of proglucagon gene transcription (11, 12). Similarly, an increasing number of islet transcription factors, including isl-1 (13), cdx-2 (14, 15), brn4 (16), pax-6 (17), and members of the Foxa family (18 –20), have been shown to regulate rat
proglucagon gene promoter activity in cell transfection studies.
In contrast to the data available on control of rodent proglucagon gene expression, very little information is known
about factors regulating the human proglucagon gene. Moreover, recent experiments analyzing the transcriptional activity of the human proglucagon gene promoter illustrate species-specific differences between transcription factors and
promoter regions important for rat vs. human proglucagon
gene transcription (21). Although a stable islet cell line that
expresses the human glucagon gene has not yet been described, Reimer et al. (22) have recently characterized a human intestinal cell line, NCI-H716 cells, that expresses the
proglucagon gene and secretes GLP-1 in a regulated manner.
NCI-H716 cells are derived from a poorly differentiated adenocarcinoma of the cecum yet exhibit some degree of endocrine differentiation when propagated in vitro (23). To
understand the molecular control of human intestinal proglucagon gene expression, we have examined the regulation
of proglucagon gene expression in NCI-H716 cells. The results of these experiments demonstrate that although NCIH716 cells express multiple candidate proglucagon gene
transcription factors, they exhibit several differences with
respect to factors important for control of human vs. rodent
proglucagon gene expression.

Abbreviations: GLP, Glucagon-like peptide; HNF, hepatocyte nuclear
factor; IBMX, 3-isobutyl-1-methylxanthine; PGDP, proglucagon-derived
peptide; PKG, cGMP-dependent protein kinase; PMA, phorbol myristate acetate; PPIX, protoporphyrin IX; sGC, soluble guanylate cyclase;
TSA, trichostatin A.

Reagents

Materials and Methods
Forskolin, 3-isobutyl-1-methylxanthine (IBMX), protoporphyrin IX
(PPIX), trichostatin A (TSA), isobutyrate, insulin, phorbol myristate
acetate (PMA), serum, and antibiotics were obtained from Sigma (St.
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Louis, MO); butyrate, LY83583, KT5823, SB203580, PD98059, 8-BromocGMP, and acetate were purchased from Calbiochem (San Diego, CA).
[␣-32P]-deoxy-ATP and [␥-32P]-ATP (3000 Ci/mmol) were from Amersham Bioscience Corp. (Piscataway, NJ).

Cell culture and transfection
Human NCI-H716 cells, purchased from American Type Culture
Collection (Manassas, VA), and hamster islet InR1-G9 cells (24) were
grown in RPMI 1640 medium or DMEM, respectively, supplemented
with 10% (vol/vol) fetal bovine serum and 4.5 g/liter glucose. For all
experiments shown here, cells were grown on plastic dishes. Preliminary
studies demonstrated no consistent difference in levels of proglucagon
mRNA transcripts, proglucagon promoter activity, or butyrate regulation of proglucagon gene expression, when cells were differentiated and
grown on extracellular matrix as described (22). The human and rat
proglucagon gene promoter plasmids have been previously described
(21, 25, 26). The vector cytomegalovirus-luciferase and the promoterless
vector SK-luciferase were used as positive or negative controls, respectively. Cell transfections were carried out in 60 ⫻ 15-mm culture dishes
using 5.0 g plasmid DNA and 10 l Lipofectin (Invitrogen Canada Inc.,
Burlington, Ontario, Canada) per dish, following the protocol recommended by the manufacturer. All cells were harvested 48 h after transfection for analysis of luciferase activity as described previously (14, 25,
27). Values for luciferase activity obtained in transfection (n ⫽ 4 –5
dishes/plasmid) with proglucagon promoters were normalized relative
to the luciferase values obtained after transfection of the identical control
promoterless plasmid alone. Immunocytochemistry for GLP-1 and
Pax-6 was performed as previously described (25, 26). The polyclonal
rabbit GLP-1 antisera was raised in the Drucker laboratory and used at
1:1500 dilution, whereas the Pax-6 antisera (1:400) was from Zymed
Laboratories, Inc. (San Francisco, CA).

RT-PCR experiments
RNA was prepared from human NCI-H716 cells and human LCC-18
cells using Trizol reagent (Invitrogen Canada Inc.) according to the
manufacturer’s specifications. The human small intestine RNA and human pancreas RNA were purchased from BD Biosciences (Mississauga,
Ontario, Canada). First-strand cDNA synthesis was generated from total
RNA using SuperScript preamplification system (Invitrogen Canada
Inc.). Target cDNAs were then amplified by PCR using specific primer
pairs. The sequences for the primers and specific conditions used for
RT-PCR experiments are available upon request from the authors.
PCR products were loaded onto a 1% agarose gel, electrophoresed in
Tris-acetate-EDTA buffer, transferred onto nylon membranes, and hybridized using internal oligonucleotide probes labeled by T4 kinase
reaction with [␥-32P]-ATP (Amersham Bioscience Corp.).

Northern blot analysis
RNA was prepared with Trizol reagent, and 10 g total RNA were
loaded onto a 1% agarose gel containing formaldehyde. Following electrophoresis, gels were transferred overnight by diffusion (5⫻ saline
sodium citrate) to a nylon membrane. The membranes were UV crosslinked and prehybridized for 4 h at 68 C. After prehybridization, the
blots were hybridized sequentially with random-primed rat proglucagon, 18S cDNA, or glyceraldehyde-3-phosphate dehydrogenase probes
in hybridization buffer (BD Biosciences) according to the manufacturer’s
specifications.

Real time RT-PCR
Quantitative detection of specific mRNA transcripts in RNA isolated
from NCI-H716 cells grown in the presence or absence of sodium butyrate for 24 h was carried out by real-time PCR using ABI PRISM
7900HT. Primers were: Brn4, 5⬘-GCCACAGCTGCCTCGAAT-3⬘ (forward) and 5⬘-GCATGGACTAGGGAGGTGGAA-3⬘ (reverse); ISL-1, 5⬘TGCGCCAAGTGCAGCAT-3⬘ (forward) and 5⬘-AGCGGGCACGCATCAC-3⬘ (reverse); Pdx1, 5⬘-CTGGATTGGCGTTGTTTGTG-3⬘ (forward)
and 5⬘-CCAAGGTGGAGTGCTGTAGGA-3⬘ (reverse); Pax2, 5⬘GCAAAATAGCGAACATGGTCTGT-3⬘ (forward) and 5⬘-AAAAGCGAAAACACGGAATTACA-3⬘ (reverse); Pax4, 5⬘-GGGTCTGGTTTTC-
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CAACAGAAG-3⬘ (forward) and 5⬘-CAGCTGCATTTCCCACTTGA-3⬘
(reverse); Pax6, 5⬘-CAGACACAGCCCTCACAAACAC-3⬘ (forward)
and 5⬘-TGGTGAAGCTGGGCATAGG-3⬘ (reverse); CDX-2, 5⬘-AGTGTCCCAGAGCCCTTGAG-3⬘ (forward) and 5⬘-AGGGACAGAGCCAGACACTGA-3⬘ (reverse); hepatocyte nuclear factor (HNF)-3␣, 5⬘-GTGAAGATGGAAGGGCATGAA-3⬘ (forward) and 5⬘-CTCCTGCGTGTCTGCGTAGTAG-3⬘ (reverse); HNF-3␤, 5⬘-CACCACCAGCCCCACAAA-3⬘ (forward) and 5⬘-GGGTAGTGCATCACCTGTTCGT-3⬘ (reverse); HNF-3␥, 5⬘-GCGCCGCCAGAAACG-3⬘ (forward) and 5⬘CCGCTGCCCCCTTTTTT-3⬘ (reverse); Beta2/NeuroD, 5⬘-CAA GGTGGTGCCTTGCTATTC-3⬘ (forward) and 5⬘-GCGCAGAGTCTCGATTTTGG-3⬘ (reverse); Nkx2.2, 5⬘-CCTTGGGAGAGGGCTGAAC-3⬘(forward) and 5⬘-GCGAAGCTGCGCAAACAT-3⬘ (reverse); Nkx6.1, 5⬘AATAAGCCTCTGGATCCCAACTC-3⬘ (forward) and 5⬘-CGCCGCTGCTGGACTT-3⬘ (reverse). PCRs were performed in a total volume of
10 l. Five microliters SYBR green PCR master mix (PE Applied Biosystems, Foster City, CA), 0.2 l (final concentration 1 m) of primers
(forward and reverse), and 0.4 l 1:10 diluted first-strand cDNA were
mixed into 384-well thin-wall PCR plates (PE Applied Biosystems). Data
were analyzed by ABR PRIM SDS 2.0 (PE Applied Biosystems). All
samples were assayed in triplicate, and each real-time PCR experiment
was repeated twice on two different occasions.

Results

NCI-H716 cells secrete GLP-1 in a regulated manner (22,
28). Consistent with these findings, we detected GLP-1-immunopositivity in a large proportion of NCI-H716 cells (Fig.
1A). In keeping with the importance of Pax-6 for rodent
proglucagon gene transcription (17, 26), we also observed
numerous cells exhibiting Pax-6-immunopositivity (Fig. 1A).
Previous studies have demonstrated that activation of the
adenylate cyclase pathway increases rodent proglucagon
gene expression in both islet and enteroendocrine rat and
murine cell models (11, 12, 29). Accordingly, we incubated
NCI-H716 cells with forskolin and IBMX and analyzed proglucagon mRNA transcripts by Northern blotting. In contrast to data obtained with rodent cells, forskolin treatment
did not increase, and actually modestly decreased, the levels
of NCI-H716 proglucagon mRNA transcripts after 12 or 24 h
(Fig. 1B). The lack of cAMP-dependent proglucagon gene
expression was not due to a generalized defect in NCI-H716
cAMP responsivity because forskolin increased the levels of
c-fos mRNA transcripts in comparable experiments (Fig. 1C).
Treatment of cells with insulin or PMA, agents previously
shown to inhibit (30) or stimulate (31) rat islet proglucagon
gene expression, respectively, had no effect on levels of proglucagon mRNA transcripts (Fig. 1D). Surprisingly, incubation of NCIH-716 cells with sodium butyrate, a short-chain
fatty acid that increased islet proglucagon gene transcription
(32), resulted in a progressive time-dependent reduction in
levels of proglucagon mRNA transcripts (Fig. 1D). In contrast, incubation of NCIH716 cells with structurally related
molecules such as acetate (Fig. 1E) or isobutyrate (data not
shown) did not reduce the levels of proglucagon mRNA
transcripts.
To determine the mechanisms underlying the butyratemediated reduction in NCI-H716 proglucagon gene expression, we carried out experiments with butyrate alone or
butyrate coincubated with specific signal transduction inhibitors. Because butyrate effects on gene expression have
been shown, in specific cells, to be regulated in part by the
extracellular signal-regulated kinases (33, 34), we coincubated cells with butyrate and the ERK1/2 inhibitor PD98059.
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FIG. 1. A, Immunocytochemical analysis of NCI-H716 cells using antisera against GLP-1 (GLU), nonimmune antisera (NI), or antisera against
Pax-6 (26). Magnification, ⫻400. B–E, Northern blot analysis of gene expression in NCI-H716 cells. Cells were incubated with either forskolin
(20 M) and isobutylmethyl xanthine (50 M; F/IBMX), insulin (100 nM), PMA (100 nM), or sodium butyrate (2 mM) for the designated time
periods, and RNA was analyzed by Northern blotting with cDNA probes for proglucagon (GLU), tubulin (T), c-fos (Fos), or 18s RNA (18s). E,
NCI-H716 cells treated with either sodium butyrate (2 mM) or sodium acetate (2 mM) for 24 h. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase

No diminution of the inhibitory butyrate effect on proglucagon gene expression was observed in cells treated with
PD98059 or the p38 inhibitor SB203580 (Fig. 2).
Because the actions of sodium butyrate on globin gene
expression appear to be mediated through the soluble guanylate cyclase (sGC) or cGMP-dependent protein kinase
(PKG) pathway (35), we examined whether the effects of
butyrate on human proglucagon gene expression were mimicked by PPIX, a potent sGC activator. In contrast to results
obtained with butyrate, a modest but significant increase in
levels of proglucagon mRNA transcripts was detected fol-

lowing incubation of NCI-H716 cells with 8-Br-cGMP, a cell
membrane permeable cGMP analog known to activate PKG
(Fig. 3). Furthermore, the inhibitory effects of sodium butyrate on proglucagon expression were not abrogated in the
presence of the sGC inhibitor LY83583 (36) or following
treatment of cells with KT5823, a selective inhibitor of PKG
(Fig. 2; Ref. 37).
Several butyrate-regulated genes are sensitive to changes
in histone acetylation, in keeping with inhibitory effects of
butyrate on histone deacetylase (38). Consistent with these
findings, trichostatin A, a histone deacetylase inhibitor, po-
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FIG. 2. Northern blot of NCI-H716 cells treated with
sodium butyrate alone (2 mM) or in the presence of
specific signal transduction inhibitors. Cells were
incubated with sodium butyrate with or without
LY83583 (1 M), KT5823 (8 M), SB203580 (10 M),
or PD98059 (50 M) for 24 h. The top panel depicts
the relative densitometric values obtained from
three to five representative experiments, and the
bottom panel shows a representative Northern blot.
GLU, Proglucagon; 18s,18s rRNA.

FIG. 3. Northern blot analysis of NCI-H716 cells
treated with vehicle, 8-Bromo-cGMP (1 mM), sodium
butyrate (2 mM), or PPIX (40 M) for 24 h. The bottom
panel depicts the relative densitometric units
(RDUs) obtained from three representative experiments. *, P ⬍0.05 vs. vehicle-treated cells.

tently reduced the levels of proglucagon mRNA transcripts
in NCI-H716 cells (Fig. 4). To determine whether the effects
of histone deacetylase inhibitors on human proglucagon
gene expression could be mapped to specific proglucagon
gene promoter elements, we transfected NCI-H716 cells with
a series of human proglucagon gene-luciferase reporter plasmids, containing from 328 to over 5700 bp of human proglucagon gene promoter and 5⬘-flanking sequences (21)
(Fig. 5A). Surprisingly, all human proglucagon promoter
plasmids tested, and a control rat proglucagon promoterluciferase plasmid [⫺476]GLU-luciferase, known to be transcriptionally active in both islet and gut endocrine cells, were
transcriptionally inactive in NCI-H716 cells (Fig. 5A). To
determine whether the transcriptional inactivity of the pro-

glucagon promoter plasmids was due to a generalized problem with this specific set of luciferase plasmids, the identical
plasmids were cotransfected, on the same day, into NCIH716, and hamster islet glucagon-secreting InR1-G9 cells
(Fig. 5B). The results clearly demonstrated that the rat proglucagon promoter plasmids were active following transfection of the hamster islet cell line (24) but not in human
NCI-H716 cells.
Very little is known about the identity of transcription
factors necessary for activation of the human proglucagon
promoter. Accordingly, we assessed whether specific transcription factors previously implicated in the control of rat
proglucagon gene expression were also expressed in NCIH716 cells. As a control for generalized transcription factor

Cao et al. • Human Proglucagon Gene Expression

Endocrinology, May 2003, 144(5):2025–2033 2029

FIG. 4. The histone deacetylase inhibitor TSA inhibits proglucagon gene expression in NCI-H716 cells. Cells were incubated for 24 or 48 h with
or without 10 M TSA, and Northern blot analyses were carried out using cDNA probes for proglucagon (GLU) or 18s rRNA. The bottom panel
depicts the relative densitometric units (RDUs) obtained from scanning the blots of three separate experiments. *, P ⬍ 0.05; **, P ⬍ 0.01.

expression in human colon adenocarcinoma cells, we used
RNA from LCC-18 cells, a colon carcinoma with neuroendocrine features including the ability to synthesize and secrete low levels of human glucagon (39). Surprisingly, despite the lack of activity of transfected human or rat
proglucagon promoter plasmids in NCI-H716 cells, multiple
rodent proglucagon gene transcription factors were detected
by RT-PCR analysis of NCI-H716 cells, including Isl-1, Pax-6,
Cdx-2, Beta2/NeuroD, Nkx2.2, and members of the HNF-3
(Foxa) forkhead family (Fig. 6). Furthermore, the relative
expression of most transcription factors was comparatively
greater in NCI-H716 cells relative to levels detected in
LCC-18 cells (Fig. 6). Intriguingly, we also detected expression of mRNA transcripts for Pax-4 and Pdx-1, genes previously shown to be involved in the extinguishing of proglucagon gene transcription in islet cells (40, 41). In contrast,
we did not detect mRNA transcripts for Brn-4, a positive
transcriptional regulator of proglucagon gene expression in
the islet A cell lineage (42), in RNA from NCI-H716 cells
(Fig. 6).
Despite the lack of activity of the transfected human or rat
proglucagon promoter plasmids in NCI-H716 cells, we hypothesized that butyrate may down-regulate expression of
the endogenous NCI-H716 proglucagon gene through coordinate repression or activation of positive or negative transcriptional regulators of human proglucagon gene expression. Accordingly, we used real-time PCR to quantitatively
examine changes in levels of transcription factor mRNA transcripts following treatment of NCI-H716 cells with sodium
butyrate. The results of these experiments (Fig. 7) demon-

strated that butyrate treatment was not associated with
changes in transcription factor expression that might explain
the inhibition of proglucagon gene expression in NCI-H716
cells.
Discussion

Much of our current understanding of mechanisms regulating proglucagon gene expression derives from experiments using rodent islet cell lines. Glucagon-secreting rat
(RIN-1056), mouse (␣TC), and hamster (InR1-G9) islet cells
express the proglucagon gene at high levels and have proven
useful for studies of glucagon secretion and proglucagon
gene transcription (43– 45). In contrast, despite increasing
interest in the biology of intestinal PGDPs, principally GLP-1
and GLP-2, comparatively little is currently known about the
molecular factors important for intestinal proglucagon gene
transcription. Furthermore, the majority of experiments examining proglucagon transcription have used the rat proglucagon gene as the preferred model, and only a single
previous report (21) has described the functional characterization of the human proglucagon gene promoter.
NCI-H716 cells, derived from ascitic fluid associated with
a human cecal adenocarcinoma, contain secretory granules
(46) and express endocrine markers such as chromogranin A
(47) and receptors for peptide hormones and serotonin (23).
The demonstration that NCI-H716 cells secrete GLP-1 in a
regulated manner in response to activation of both the protein kinase A- and C-dependent pathways (22) suggested
that these cells may be useful for analysis of factors regu-
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FIG. 5. A, Transcriptional activity of
the human proglucagon promoter in
NCI-H716 cells. Transient transfection
assays were carried out with cytomegalovirus-luciferase, the promoterless
empty vector pSK-luciferase, or pSKluciferase containing from 328 bp to 5.7
kb of the human proglucagon gene promoter (21), or 476 bp of the rat proglucagon gene promoter. The data depicted
represent three separate experiments,
n ⫽ 4 wells per transfected plasmid in
each experiment. B, Comparative transcriptional activities of the identical set
of rat proglucagon-luciferase plasmids
containing 2292, 1257, or 476 bp of
rat proglucagon gene 5⬘-flanking and
promoter sequences in NCI-H716 vs.
InR1-G9 cells. The pSK-luciferase is the
promoterless negative control plasmid.

lating human proglucagon gene expression. Nevertheless,
we did not observe changes in proglucagon mRNA transcripts in response to forskolin, insulin, or PMA, known
regulators of PGDP secretion and rodent proglucagon gene
expression. The lack of effect of these agents on human proglucagon gene expression in NCI-H716 cells may reflect a
combination of species- and/or cell line-specific differences
in regulation of proglucagon gene expression.
The demonstration that two different histone deacetylase
inhibitors, sodium butyrate and trichostatin A, downregulate human intestinal proglucagon gene expression contrasts with previous studies demonstrating up-regulation of
rat proglucagon gene transcription following butyrate treatment of islet cell lines (32, 48) or following infusion of shortchain fatty acids, including butyrate, into parenterally fed
rats (49). RIN cells exposed to sodium butyrate exhibited
reduced cell growth, and increased numbers of glucagonimmunopositive cells, consistent with an effect of butyrate on
islet cell differentiation (48). In contrast, NCI-H716 cells exhibited reduced proglucagon gene expression following exposure to either butyrate or trichostatin A. Cell type-specific
differences in genomic responses to butyrate have been previously described. For example, sodium butyrate treatment

of human HT29 and Caco2 cells increased Cdx-2 expression
(50), whereas no effect of butyrate on Cdx-2 expression was
observed in AA/C1, HCA7, or RG/C2 colon cancer cells (51).
Nevertheless, we did not observe changes in the expression
of Cdx-2, a transcription factor previously shown to activate
the rat proglucagon gene promoter (14, 15, 27, 52, 53), following butyrate treatment of NCI-H716 cells.
The difficulty in isolating sufficient numbers of GLP-1secreting human enteroendocrine cells for studies of human
intestinal proglucagon gene expression has limited our understanding of the molecular control of human PGDP biosynthesis. We had surmised that characterization of NCIH716 cells, a human GLP-1-secreting intestinal cell line (22),
would provide an opportunity to determine the transcription
factors important for human GLP-1 biosynthesis. Surprisingly, despite the expression of several genes encoding transcription factors previously implicated in the control of rodent islet proglucagon expression, NCI-H716 cells did not
support the transcriptional activation of either the human or
rat transfected proglucagon promoter plasmids. Hence, the
mere expression of multiple positive regulators of proglucagon gene transcription, including Pax-6, Pax-2, Cdx-2/3,
Isl-1, HNF-3␣, and HNF-3␥, is not sufficient to support the
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FIG. 6. RT-PCR of transcription factor expression in NCI-H716 cells.
RNA was analyzed by RT-PCR as described in Materials and Methods. Control RT-PCRs were carried out using RNA from human intestine (H-Intestine), human pancreas (H-Pancreas), and a human
LCC-18 adenocarcinoma cell line with features of endocrine differentiation (39).
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transcriptional activation of the specific human or rat proglucagon promoter sequences studied in our transient transfection assays. These data differ from results obtained using
mouse GLUTag enteroendocrine cells, which do support
transcriptional activity following transfection of the identical
series of human and rat proglucagon promoter plasmids (14,
21, 27).
Surprisingly, we did not observe coordinate changes in
proglucagon gene transcription factor expression in response
to treatment with sodium butyrate. Several studies have used
a comparatively unbiased microarray approach to identify
butyrate-responsive genes in cells derived from colonic epithelium. Sodium butyrate down-regulated 25 and upregulated 88 genes, from a total of 900 analyzed, in MCE301
murine colonic epithelial cells (54). Similarly, only 21 of 588
mRNA transcripts were down-regulated in butyrate-treated
HT-29 colonic adenocarcinoma cells (55). Furthermore, analysis of genes regulated by both butyrate and trichostatin A
identified only two genes, lactoferrin and MAPK-activating
kinase, which were down-regulated in HT-29 cells (56). None
of the butyrate-regulated genes identified in these microarray experiments corresponded to known candidate proglucagon gene transcription factors.
Intriguingly, NCI-H716 cells express two genes, pax-4 and
pdx-1, previously associated with extinction of proglucagon
gene expression in the islet cell lineage. Pax-4 is not normally
expressed in glucagon-producing islet cells and represses
proglucagon gene promoter activity both directly and
through inhibition of pax-6-mediated transactivation (40,

FIG. 7. Real-time PCR analysis of transcription factor gene expression in butyrate-treated NCI-H716 cells. RNA was prepared from three plates
of NCI-H716 cells grown in the presence (⫹) or absence (⫺) of sodium butyrate (B) for 24 h, and the relative expression of candidate proglucagon
gene transcription factors was assessed as described in Materials and Methods. RU, Relative expression units derived from real-time PCR
experiments. The data for genes expressed at comparatively lower levels as depicted in A were replotted with a different scale in B.
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57, 58). Similarly, pdx-1 is not found in nontransformed
glucagon-producing islet cells, and induction of pdx-1 expression in ␣-cells switches the phenotype of islet cells in
association with elimination of proglucagon gene expression
(41). Although NCI-H716 cells do exhibit some degree of
endocrine differentiation and appear useful for studies of
GLP-1 secretion (22), the available evidence suggests that
these cells exhibit considerable differences in the regulation
of proglucagon gene transcription, compared with previous
data obtained with islet or enteroendocrine cells (21, 59).
Hence, whether NCI-H716 cells represent a suitable physiological model for analysis of human enteroendocrine gene
transcription requires further assessment.
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