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The gene encoding proglucagon is expressed pre- 
dominantly in the pancreas and intestine. The phys- 
iological importance of glucagon secreted from the 
islets of Langerhans has engendered considerable 
interest in the molecular control of proglucagon gene 
transcription in the endocrine pancreas. In contrast, 
little is known about the molecular control of proglu- 
cagon gene expression in the intestine. The recent 
demonstration that glucagon-like peptide-l (GLP-1) 
secreted from the intestine is a potent regulator of 
insulin secretion and glucose homeostasis has stim- 
ulated renewed interest in the factors that control 
GLP-1 synthesis in the intestinal L-cell. To develop 
a model for the analysis of intestinal proglucagon 
gene expression, we have targeted expression of a 
proglucagon gene-simian virus-40 large T-antigen 
fusion gene to enteroendocrfne cells in transgenic 
mice. These mice develop intestinal tumors that 
were used to derive a novel cell line, designated 
GLUTag, that expresses the proglucagon gene and 
secretes immunoreactive GLP-1 in vitro. GLUTag 
cells demonstrate morphological characteristics of 
enteroendocrine cells by electron microscopy and 
are plurihormonal, as shown by immunocytochem- 
istry and RNA analyses. GLUTag cells express the 
proglucagon and cholecystokinin genes, consistent 
with the pattern of lineage-specific enteroendocrine 
differentiation described for mouse intestine. Pro- 
glucagon gene expression was induced by activa- 
tors of the protein kinase-A pathway, and a combi- 
nation of messenger RNA half-life and nuclear 
run-on experiments demonstrated that the protein 
kinase-A-induction is mediated by an increase in 
proglucagon gene transcription. In contrast, activa- 
tors of protein kinase-C stimulated secretion, but not 
biosynthesis of the PGDPs in GLUTag cell cultures. 
Analysis of proglucagon processing in GLUTag cells 
demonstrated the liberation of glucagon, oxynto- 
modulin, glicentin, and multiple forms of GLP-1. 

These observations provide evidence for the direct 
induction of proglucagon gene transcription by a 
CAMP-dependent pathway and suggest that the 
GLUTag cell line represents a useful model for the 
analysis of the molecular determinants of entero- 
endocrine gene expression. (Molecular Endocrinol- 
ogy 8: 1848-1855,1994) 

Peptide hormones produced by enteroendocrine cells 
play central roles in the regulation of intestinal motility, 
nutrient digestion, and metabolism. One of these pep- 
tides, designated glucagon-like peptide-l (GLP-l), has 
been shown to be an important regulator of glucose- 
dependent insulin secretion (l-3). The sequence of 
GLP-1 was elucidated after isolation of the complemen- 
tary DNAs and genes encoding proglucagon (4-8). 
Despite the importance of intestinal GLP-1 for the reg- 
ulation of glucose homeostasis and insulin secretion, 
the majority of studies of proglucagon (and GLP-1) 
biosynthesis have focused on analysis of proglucagon 
gene expression in the endocrine pancreas. These ex- 
periments used a variety of islet cell lines for analysis 
of the signal transduction pathways that mediate acti- 
vation of proglucagon gene transcription. Islet cell lines 
have also been employed for gene transfer studies that 
have led to the identification of several c&acting DNA 
sequences and transcription factors important for islet 
cell-specific proglucagon gene transcription (9-l 1). 
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Although much has been learned about the molecular 
control of proglucagon biosynthesis in the islets, less is 
known about the control of proglucagon gene expres- 
sion and GLP-1 biosynthesis in the intestine. Studies 
using fetal rat intestinal cell cultures demonstrated that 
secretion of peptides derived from the posttranslational 
processing of proglucagon (PGDPs) was regulated by 
a protein kinase-A (PKA)-dependent pathway (12). 
These cell cultures, although valuable for studies of 
peptide secretion, represent a mixture of endocrine and 
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nonendocrine cell types (13) and, hence, are not useful 
for identification of the molecular factors important for 
proglucagon gene transcription using gene transfer 
studies in vitro. Furthermore, no simple methodologies 
for the large scale isolation of PGDP-immunoreactive 
intestinal L-cells have been reported. 

To develop a suitable model for analysis of intestinal 
proglucagon gene transcription, we used an alternative 
strategy for the generation of an intestinal proglucagon- 
producing cell line. This approach involves targeting the 
expression of an oncogene to a specific cell population 
in the intestine with subsequent tumor formation, ulti- 
mately facilitating the isolation of a proglucagon-pro- 
ducing cell line in vitro. Although a number of peptide 
hormone genes (including the gene encoding proglu- 
cagon) are expressed in the gastrointestinal tract in a 
species- and region-specific fashion, the molecular de- 
terminants necessary for targeting transgene expres- 
sion to enteroendocrine cells are not well understood. 
Initial studies of proglucagon gene expression in trans- 
genie mice used a proglucagon-simian virus-40 (SV40) 
T-antigen transgene containing -1.3 kilobases of pro- 
glucagon gene 5’-flanking sequences (14). This trans- 
gene was expressed in the pancreas and brain, but not 
the intestine, of transgenic mice (14) suggesting that 
proglucagon gene sequences important for directing 
transgene expression to the intestine were different 
from the sequences sufficient for transgene expression 
in the endocrine pancreas. We subsequently con- 
structed a larger transgene containing approximately 
2.2 kilobases of proglucagon gene 5’-flanking se- 
quences fused to the coding sequence of SV40 large 
T-antigen, and transgenic mice expressing this GLlJTag 
fusion gene consistently developed proglucagon-pro- 
ducing endocrine tumors of the large bowel (15). 

The reproducible development of intestinal endocrine 
tumors in vivo provided an opportunity to isolate an 
intestinal cell line for studies of enteroendocrine gene 
expression. Intestinal tumors isolated from glucagon- 
SV40 T-antigen transgenic mice were passaged SC in 
vivo (16) and used for the derivation of cell lines in 
vitro. We have now propagated one such cell line, 
designated GLUTag, for more than 18 months in vitro. 
GLUTag cells synthesize and secrete high levels of the 
PGDPs in a regulated manner, suggesting that this cell 
line should be a useful model for studies of the molec- 
ular determinants of enteroendocrine gene expression. 

RESULTS 

GLUTag tumors from the large bowel of transgenic 
mice were propagated SC in vivo (16) and one tumor 
was excised, mechanically and enzymatically dis- 
persed, after which surviving groups of cells that ad- 
hered to plastic dishes were clonally expanded, then 
pooled and continuously propagated in vitro. GLUTag 
cells propagated in vitro reproducibly formed glucagon- 
producing tumors when transplanted back into nude 

mice in vivo. To ascertain the hormonal phenotype of 
GLtJTag cells in vitro, we used a combination of North- 
ern blot analysis and immunocytochemistry. For com- 
parative purposes, we also analyzed peptide hormone 
messenger RNAs (mRNAs) present in a variety of dif- 
ferent endocrine cell lines. GLUTag cells expressed the 
proglucagon and cholecystokinin (CCK) genes, but 
mRNA transcripts for insulin, peptide-YY (PYY), so- 
matostatin, and amylin were not detected by Northern 
analysis of total cellular GLUTag RNA (Fig. 1). The sizes 
of the proglucagon mRNA transcripts in the two mouse 
cell lines, GLUTag and STC-1, were slightly smaller 
than the sizes of rat and hamster proglucagon mRNAs 
(Fig. 1). 

By light microscopy, the cultured cells were variable 
in size and shape. They had moderate amounts of pale 
eosinophilic cytoplasm and pleomorphic nuclei with 
prominent nucleoli. lmmunohistochemical staining for 
chromogranin-A demonstrated variable numbers of cy- 
toplasmic granules in the majority of cells; however, 
some cells did not exhibit chromogranin immunopositiv- 
ity (not shown). The majority of cells contained immu- 
nopositivity for GLP-1 (Fig. 2a), glucagon, and pan- 
creatic polypeptide (not shown), but the staining inten- 
sity was variable from cell to cell. Focal or faint staining 
was also detected for PYY, secretin, and somatostatin 
(data not shown). No positive immunostaining was de- 
tected with the CCK antisera directed against the first 
39 amino acids of CCK. The cells were negative for the 
remainder of the antisera tested (see Materials and 
Methods for complete description of antisera tested). 

The ultrastructural features of the cultured GLUTag 
cells are demonstrated in Fig. 2b. The cells had mod- 
erately well developed cytoplasmic organelles, including 
short profiles of rough endoplasmic reticulum, juxtanu- 
clear Golgi complexes, numerous mitochondria, and 
abundant glycogen. Secretory granules were variable 
in number, but were well defined by a closely apposed, 
double limiting membrane. Although some granules 
were large, measuring up to 350 nm in diameter, the 
majority were smaller than 150 nm, with contents of 
variable electron density. These features confirm en- 
docrine differentiation and are consistent with cells of 
enteroendocrine lineage. 

The identification of proglucagon mRNA transcripts 
and GLP-1 immunopositivity in GLUTag cells as well as 
the demonstration by electron microscopy of abundant 
secretory granules prompted us to assess whether 
PGDP synthesis and secretion were regulated in GLU 
Tag cells. Experiments with fetal rat intestinal cell (FRIC) 
cultures have shown that whereas both CAMP and 
phorbol 12-myristate 13-acetate (PMA) stimulate the 
secretion of PGDPs, an increase in proglucagon mRNA 
transcripts was detected only with activators of the 
PKAdependent pathway (12). To identify the factors 
important for the regulation of intestinal PGDP secretion 
in GLUTag cells, cultures were incubated with different 
agents for 2 h, after which the medium was assessed 
by RIA for glucagon-like immunoreactivity (GLI), immu- 
noreactive glucagon (IRG), glucagon-like peptide-l 
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Fig. 1. Northern Bk at Analysis of Hormone Gene Expression 
in the GLUTag Cell Line 

Ten micrograms of RNA from GLLlTag cells, STC-1 cells, 
hamster InRl-G9 islet cells, RIN1056A rat islet cells, fetal 
mouse large intestine (INT), and fetal mouse pancreas (PAN) 
were size-fractionated on an agarose gel, transferred to a 
nylon membrane, and hybridized with complementary DNA 
probes for proglucagon (G), insulin (I), CCK, PYY, somatostatin 
(SMS), and amylin (A). To avoid overexposure of the autora- 
diographs, blots were generally exposed to film for 12-36 h. 
With longer exposures, mRNA transcripts for proglucagon, 
somatostatin, PYY, and CCK could be detected in RNA from 
intestine (not shown). 

Fig. 2. a, GLP-1 Is Localized with Variable Intensity in Cultured 
GLUTag Cells 

Some are strongly immunopositive with diffuse cytoplasmic 
reactivity. b, Ultrastructural examination of cultured cells re- 
veals moderately well developed cytoplasmic organelles, in- 
cluding short profiles of rough endoplasmic reticulum (arrow- 
heads) and numerous small secretory granules of variable 
electron density 

[GLP-1 -(x-37),’ and GLP-1 -(x-36)NH2. PGDP secretion 
was stimulated up to 5-fold by activation of the PKA- 
dependent pathway with forskolin-isobutylmethylxan- 
thine (IBMX), cholera toxin-IBMX, or (Bu)$AMP (523 + 
26%, 404 + 20%, and 241 f 28% of control values, 
respectively; P < 0.001; Fig. 3). In contrast, sodium 
butyrate, a control for the effects of (B&CAMP and an 
agent previously shown to stimulate PGDP synthesis 
and secretion in RIN1056A cells (17), had no effect on 
secretion of PGDPs in GLUTag cells. The phorbol ester 
PMA also significantly stimulated PGDP secretion (to 
348 + 12% of the control value; P < 0.001). To ascer- 
tain whether these agents also stimulated the synthesis 
of PGDPs, the total PGDP content (the sum of 2 and 
22 h media plus cellular peptides) was assessed after 

’ x-37 or x-36 denotes GLP-1 peptides with N-teminal se- 
quences beginning at amino acids 1 or 7. 
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Fig. 3. Effects of Different Agents on the Secretion and Synthesis of PGDPs in GLLKag Cells 
GLUTag cells were incubated with control medium (Con) or 10 PM forskolin plus 10 PM IBMX (FI), 5 rig/ml cholera toxin plus 10 

AM IBMX (ChTI), 5 mM (BuhAMP (De), 5 mht sodium butyrate (NB), 1 PM PMA, or 1 PM TPA (n = 6 for each treatment). PGDP 
secretion was determined as a function of the medium content of the PGDPs after a 2-h incubation period, whereas PGDP content 
was calculated as the 2 and 22 h media plus the cell content of the PGDPs after a 24-h incubation. Cl, GLI; q , IRG; n , GLP-l-(7- 
37); n , GLP-l-(7-36)NHz. l *, P < 0.01; ***, P < 0.001. 

24-h incubation with the test agents (Fig. 3). Activation 
of PKA clearly stimulated the synthesis of PGDPs in 
GLUTag cells (to 284 + 14%, 276 f 9%, and 269 f 
21% of control values for forskolin-IBMX-, cholera 
toxin-IBMX-, and (BuMAMP-treated cells, respectively; 
P < 0.001). Small increases in PGDP synthesis were 

also noted with sodium butyrate and PMA treatment 
(135 f 8% and 170 + 9% of the control value, respec- 
tively), but not with phorbol 12,13,20-triacetate. 

As RIA does not establish the molecular identity of 
the specific PGDPs processed from proglucagon in 
GLUTag cells, HPLC analysis of the cellular peptides 
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was carried out after 24-h incubations under control 
conditions or after stimulation with either forskolin- 
IBMX or PMA. As the profiles obtained for each treat- 
ment group were identical, all data were pooled to make 
n = 3. The normal intestinal L-cell cleaves proglucagon 
to generate predominantly glicentin, oxyntomodulin, 
and GLP-l-(7-36)NH2 (18, 19). The GLUTag cell line 
differed from the normal L-cell in that significant 
amounts of glucagon (57 f 2% of the total GLI) were 
produced in addition to glicentin, oxyntomodulin, and 
small amounts of the putative 9-kilodalton (kDa) peptide 
(17 f 2%, 20 f 2%, and 5 f 1% of the total GLI, 
respectively; Fig. 4). As in the normal L-cell, however, 
GLP-1 -(7-36)NH2 was the predominant GLP-1 -contain- 
ing peptide synthesized (78 f 7% of the total GLP-1 
immunoreactivity), whereas only smaller amounts of the 
biologically active GLP-l-(7-37) and inactive GLP-1 -(l- 
36)NH2 and GLP-1 -(l-37) were produced (10 f 2%, 10 
f 5%, and 2 f 1% of the total GLP-1, respectively). 
Finally, as similar amounts of the N-terminal PGDPs (as 
assessed by total GLI) and the C-terminal PGDPs (as 
assessed by total GLP-1) were found after HPLC analy- 
sis, these data suggest that processing of proglucagon 
to different molecular forms of GLP-1 in GLUTag cells 
is complete, with little or no high mol wt GLP-immuno- 
reactive forms detected. 

To ascertain whether forskolin induction of PGDP 
synthesis was mediated in part by an increase in pro- 
glucagon gene expression, GLLfTag cells were incu- 
bated with either PMA or forskolin-IBMX, and the levels 
of proglucagon mRNA transcripts were determined by 
Northern blot analysis. No increase in proglucagon 
mRNA transcripts was detected after exposure of the 
cells to PMA (data not shown). In contrast, forskolin 
consistently increased the levels of proglucagon mRNA 
transcripts, and this increase was maximal by 12 h (Fig. 
5A). Furthermore, the levels of CCK and tubulin mRNA 
transcripts were not significantly increased by forskolin 
in the same experiment. To ascertain the mechanism 
for the forskolin induction of proglucagon mRNA, GLU 
Tag cells were incubated with forskolin-IBMX in the 
presence of the transcriptional inhibitor actinomycinD. 
A small decrease in the levels of proglucagon mRNA 
transcripts was detected after a 12-h incubation with 
actinomycin-D alone, consistent with the known half- 
life (20) of proglucagon mRNA transcripts (Fig. 58). 
Actinomycin-D almost completely inhibited the forskolin 
induction of proglucagon gene expression, suggesting 
that the increase in proglucagon mRNA transcripts was 
primarily attributable to an increase in proglucagon gene 
transcription. No induction of actin mRNA transcripts 
by forskolin was detected in the same experiment (Fig. 
5B). To provide more direct evidence for the effect of 
forskolin on proglucagon gene transcription, nuclear 
run-on experiments were carried out after treatment of 
GLUTag cells with vehicle alone or forskolin-IBMX. The 
results of this experiment (Fig. 6) clearly demonstrated 
that forskolin increased the transcription rate of the 
proglucagon gene (6-fold by densitometry) in GLLfTag 
cells, whereas no comparable induction of the transcrip 

0 10 20 30 40 
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Fig. 4. HPLC Analysis of lmmunoreactive PGDPs Extracted 
from GLLtTag Cells after 24-h Treatment under Control Con- 
ditions or with 10 PM Forskolin plus 10 FM IBMX or 5 rig/ml 
Cholera Toxin plus 10 PM IBMX (n = 1 for Each Treatment, 
Combined to Make n = 3 for Each Profile) 

An equivalent amount of cell extract was loaded onto the 
column (10 ng GLI) for each analysis. a, Glicentin; b, oxynto- 
modulin; c, 9-kDa peptide; d, glucagon; e, GLP-l-(1-36)NHz; 
f, GLP-l-(7-36)NHz; g. GLP-l-(1-37); h, GLP-l-(7-37). The 
elution positions of oxyntomodulin, glucagon. and the four 
GLP-1 -related peptides were determined by comparison with 
the elution positions of synthetic peptide standards, whereas 
the elution position of glicentin was determined by comparison 
with the results of previous studies (13, 41. 42, 48). The 9- 
kDa peptide was tentatively identified on the basis of immu- 
noreactivity and elution position relative to those of the other 
GLI peptides. For chromatography of GLI peptides. an internal 
radioactive standard was added to all samples, whereas for 
chromatography of GLP-1 -related peptides, standard peptides 
were run both before and after samples. The elution times of 
the internal standard and standard peptides varied by less 
than 2% between runs. 
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Pig. 5. A, Regulation of Proglucagon Gene Expression 
GLUTag cells were treated with 10 AM forskolin and 10 PM 

IBMX for 6-36 h, and RNA was isolated for Not-them blot 
analysis. G, Proglucagon; T, tubulin mRNA transcripts. B, 
Effect of actlnomycin-D on forskolin induction of proglucagon 
mRNA. GLUTag cells were incubated for 12 h in DMEM alone 
(C) or in DMEM supplemented with 10 AM forskolin, 10 NM 
IBMX (F), 5 pg/ml actinomycin-D (A), or forskolin/lBMX plus 
actinomycin-D (A/F). G, Glucagon; AC, actin mRNA transcripts. 

tional activity of the CCK or tubulin genes was ob- 
served. 

The four principal epithelial cell types of the intestine, 
enterocytes, Goblet, Paneth, and enteroendocrine cells, 
are derived from a common multipotential stem cell 
(21). The enteroendocrine cell population is highly com- 

cm 
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Nuclear run on analysis of gene transcription in GLUTag cells 

ecu Glucagon Tubulin 

Fig. 6. Nuclear Run-on Analysis of Gene Transcription in 
GLUTag Ceils 

Nuclei were isolated from GLUTag cells treated with vehicle 
alone (C) or from cells treated with 10 PM forskolin plus 10 PM 
IBMX (F) for 90 min. Immobilized DNAs on the membrane 
include CCK, glucagon, X-phage, and tubulin. The graph rep 
resents the densitometric quantification of the relative signals 
after computerized scanning of the images with densitometric 
software. 

plex, exhibiting species- and region-specific differences 
in distribution as well as in hormone expression 
throughout the gastrointestinal tract (22). Immunocy- 
tochemical studies of enteroendocrine cell differentia- 
tion in normal mouse intestine have demonstrated sev- 
eral populations of endocrine cells that contain one or 
more peptide hormones (22). Enteroglucagon and PYY 
as well as neurotensin have been shown to be colocal- 
ized within the same enteroendocrine cell. The hormone 
most commonly colocalized with GLP-1 in mouse large 
intestine is CCK, with 48% of GLP-l-immunoreactive 
cells containing both immunoreactive GLP-1 and CCK 
(23). These observations are consistent with our ob- 
servations that GLUTag cells express both the proglu- 
cagon and CCK genes, suggesting that the hormonal 
phenotype of the GLUTag cell line may be representa- 
tive of a distinct lineage of mouse enteroendocrine cells. 

The majority of studies to date analyzing the control 
of proglucagon gene transcription have used islet cell 
lines derived from tumors arising from the endocrine 
pancreas (10, 20, 24, 25). These experiments have 
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defined the signal transduction pathways and &-acting 
DNA sequences important for control of pancreatic 
proglucagon gene transcription. In contrast, very little 
is known about the regulation of proglucagon biosyn- 
thesis in the intestine, and several lines of evidence 
suggest that important differences may exist in the 
control of islet vs. intestinal proglucagon gene expres- 
sion. Studies using the rat islet cell RIN1056A have 
suggested that pancreatic proglucagon gene transcrip- 
tion may be regulated by a protein kinaseC-dependent 
pathway (20) whereas PMA had no effect on proglu- 
cagon mRNA transcripts in GLLfTag cells or in studies 
using FRIC cultures (12). Furthermore, experiments 
using transgenic mice to define tissue-specific domains 
important for proglucagon gene transcription have sug- 
gested that the proglucagon gene sequences required 
for targeting transgene expression to the pancreas and 
nervous system are not sufficient for expression in the 
intestine (14, 15). The isolation of a novel proglucagon- 
producing enteroendocrine cell line represents an im- 
portant advance for studies of both the regulation and 
tissue-specific determinants of intestinal proglucagon 
gene expression. 

The observation that proglucagon gene transcription 
in GLLfTag cells is regulated by a PKA-dependent path- 
way represents the first direct demonstration that CAMP 
activates proglucagon gene expression at the level of 
gene transcription. Although proglucagon mRNA tran- 
scripts are regulated by a PKAdependent pathway in 
primary cultures of rat islet and intestinal cells (12, 26) 
studies using immortalized islet cell lines have not dem- 
onstrated direct CAMP-dependent induction of proglu- 
cagon gene transcription (10, 24). Previous studies of 
proglucagon gene expression using primary cell cul- 
tures have shown that proglucagon mRNA was regu- 
lated by activators of PKA, but the precise mechanism 
for this effect (either a prolongation of the mRNA tjj2 or 
transcriptional induction) had not been ascertained. Fur- 
thermore, islet cell lines that express proglucagon ex- 
hibit a defect in CAMP-mediated gene expression and 
have not proven useful for analysis of the CAMP-de- 
pendent transcriptional control of proglucagon gene 
expression (24, 27). More recent studies have circum- 
vented this limitation by transfecting islet cell lines with 
the catalytic subunit of PKA. The results of these ex- 
periments have mapped a putative proglucagon gene 
PKA-response element to a specific CAMP response 
element sequence in the 5’-flanking region of the rat 
proglucagon gene from -292 to -298 that binds CAMP 
response element-binding protein and mediates acti- 
vation of repotter gene expression by a cotransfected 
catalytic subunit of PKA (26, 28, 29). 

The posttranslational processing of proglucagon in 
GLUTag cells exhibited both similarities and differences 
compared with the nonimmortalized intestinal L-cell. 
Consistent with normal intestine, GLP-l-(7-36)Nfi, was 
the predominant GLP-l-containing peptide in cell ex- 
tracts. In contrast, the predominant molecular species 
derived from the N-terminal end of proglucagon was 
glucagon, whereas little or no glucagon is usually found 

in normal L-cells (19, 30). This aberrant pattern of 
processing was initially observed in the original intes- 
tinal tumors in transgenic mice, which contained ap- 
proximately equivalent amounts of glicentin, oxynto- 
modulin, and glucagon (15). 

The posttranslational processing of proglucagon has 
also been previously analyzed in a number of different 
tumor-derived islet and intestinal cell lines. Although 
mouse (Y-TC-1 islet cells process proglucagon in a 
pancreatic-specific manner (25) an aberrant pattern of 
proglucagon processing, inconsistent with the ex- 
pected cellular phenotype, was detected in studies of 
InRl-G9, RIN1056A, and STC-1 cells (10, 24, 31). 
Aberrant processing in these cell lines was also re- 
flected by the detection of a spectrum of PGDPs that 
overlapped the expected pancreatic- and intestinal-spe- 
cific patterns of proglucagon processing. Furthermore, 
propagation of GLUTag tumors SC in vivo is associated 
with a switch in the pattern of proglucagon processing 
away from that exhibited by the normal intestinal L-cell 
(16). The mechanism(s) underlying these cellular 
switches in the phenotype of proglucagon processing 
is not known, but is probably attributable to differential 
expression of the prohormone convertases, enzymes 
that may be responsible for the tissue-specific patterns 
of proglucagon processing (32). 

Curiously, although Northern blot analysis detected 
CCK mRNA transcripts in GLUTag RNA, no CCK- 
immunopositive GLUTag cells were observed using 
antisera directed against CCK-(l-39). In contrast, the 
identical antisera consistently detected CCK-immuno- 
positive cells in sections from control mouse intestine. 
These observations suggest that either the CCK mRNA 
is not translated in GLUTag cells or, alternatively, the 
CCK prohormone is aberrantly processed or degraded, 
precluding recognition by the antisera used here. Evi- 
dence for incomplete processing of CCK in vivo has 
been obtained from studies of CCK expression in the 
pituitary (33). Furthermore, although CCK mRNA is 
readily detectable in porcine cerebellum, no immuno- 
reactive CCK peptides could be detected in the same 
tissue using a panel of CCK-specific antisera (34). 
Taken together, the detection of CCK mRNA, but not 
immunoreactive CCK, in GLUTag cells suggests that 
this cell line may also be useful for studies of the control 
of CCK translation in vitro. 

Previous transgenic experiments that involved mat- 
ing two lines of transgenic mice (rat insulin promoter- 
SV40 Tag x rat insulin promoter-polyoma Tag) resulted 
in the establishment of several lines of double transgen- 
its, one line of which developed endocrine tumors of 
the small intestine, presumably due to an integration 
effect (35). Although the precise cellular and embryolog- 
ical derivation of these rapidly metastasizing tumors 
could not be defined, a secretin tumor cell line (desig- 
nated STC-1) established from these tumors produced 
large amounts of secretin as well as GLP-1, neuroten- 
sin, and pancreatic polypeptide in vitro (36). In contrast 
to the profile of hormone gene expression exhibited by 
GLUTag cells, the plurihormonal STC-1 intestinal cell 
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line does not recapitulate the normal pattern of hormone 

gene expression seen in intestinal enteroendoorine cells 

and, hence, may not be representative of the L-cell in 
vitro (35). In contrast, the molecular and cellular phe- 

notype of the GLUTag cell line described here suggests 

that GLUTag cells should be useful for identification of 
the specific c&acting proglucagon gene sequences 

and the molecular f&to& important 
specific proglucagon gene transcription. 

MATERIALS AND METHODS 

call culture 

for intestinal- 

GLUTag tumor cells were derived from solid GLLJTag tumors 
propagated in nude mice, as previously described (16). A solid 
GLLtTag tumor was grown in vivo for 1 month, excised, and 
minced into small pieces. After two cycles of agitation at 37 C 
with trypsin, dispersed cells were plated in Dulbecco’s Modi- 
tied Eagle’s Medium (DMEM) supplemented with 10% fetal 
bovine serum. After 4 weeks, surviving clones of neuroendo- 
crine cells were pooled and propagated in vitro. The GLUTag 
cell line characterized here was isolated by picking a single 
isotated clone from a plate of surviving endocrine tumor cells. 
Cells were trypsinized and passaged every 3-4 days and 
grown continuously for over 18 months (100 passages) 
without any change in hormonal phenotype, as assessed by 
Northern blot analysis and immunocytochemistry. 

RNA Isolation and Analysis 

Total cellular RNA was isolated using the acid-ethanol precip 
itation method, as previously described (37). For Not-them 
blotting, RNA was size-fractionated on a formaldehyde-aga- 
rose gel, and the gel was stained with ethidium bromide to 
assess the loading and integrity of the RNA. The RNA was 
subsequently transferred to a nylon membrane and fixed with 
LJV fight. and hybridization and washing were carried out as 
previously described (12). Nuclear run-on assays were carried 
out as described previously (20, 38). 

Peptide Analysis 

For examination of PGDP synthesis and secretion, cells were 
grown to 90% confluence in 24-well dishes and incubated with 
test agents in DMEM containing 0.5% (vol/vol) fetal bovine 
serum. Test agents included DMEM alone (control), 10 +I 
forskolin plus 10 PM IBMX, 5 rig/ml cholera toxin plus 10 MM 
IBMX, 5 mh! (B&AMP, 5 mM sodium butyrate, 1 PM PMA, 
and 1 YM phorbol 12.13.20-triacetate (neqative control). Cell 
medium was collected after 2 h and rephced with identical 
medium, then medium and cells were collected after an addi- 
tional 22-h incubation. Peptides were extracted from medium 
and cells by acidification and adsorption to Cla silica, as 
previously described (39-41). Briefly, cell extracts were hom- 
ogenised twice in 2 ml extraction medium [l N HCI containing 
5% (vol/vol) formic acid, 1% (vol/vol) trifluoroacetic acid (TFA), 
and 1% (wt/vol) NaCI] and centrifuged at 1300 x g for 10 min. 
Supernatants were collected and passed twice through a CIB 
silii cartridge (Cla SepPak, Waters Associates, Milford, MA); 
adsorbed peptides were eluted with 4 ml 80% (vol/vol) isopro 
pand-O.l% (vol/vol) TFA and stored at -70 C, as previously 
described (12, 42-45). These extractions methods have pre- 
viously been shown to permit greater than 88% recovery of 
intact PGDPs from tissues (13, 42). 

HPLC 

PGDPs contained in tissue extracts were separated on the 
basis of hydrophobicity, using a Waters Associates Liquid 

Chromatography System and a CIB PBondpak column (Waters 
Associates), as previously described (16, 45). N-Terminally- 
derived products of the proglucagon precursor were separated 
using a 45-min linear gradient of 25-62.5% (vol/vol) solvent B 
[solvent A, 1% (vol/vol) TFA buffered with diethylamine to pH 
2.5; solvent B, 80% (vol/vol) acetonitrile], followed by a lo- 
min purge at 99% (vol/vol) solvent B. The flow rate was 1.5 
ml/min, and fractions were collected every 0.3 min. Full-length 
and truncated forms of GLP-1 were separated using a 30-min 
linear gradient of 45-68% (vol/vol) solvent D [solvent C, 0.1% 
(vol/vol) phosphoric acid and 0.3% (vol/vol) triethylamine, buff- 
ered with NaOH to pH 7.0; solvent D, 60% (vol/vol) acetonitrile 
and 40% (vol/vol) solvent C], followed by a lo-min purge at 
99% (vol/vol) D. The flow rate was 1 .O ml/min, and fractions 
were collected every minute. 

Assays 

Aliquots of cell extracts and HPLC fractions were dried in 
vacua before assay. Products of N-terminal processing of 
proglucagon (glicentin, oxyntomodulin, 9-kDa peptide, and 
glucagon) were analyzed by RIA using two different antisera, 
as previously described (16, 45). 1) Antiserum K4023 (Bios- 
pacific, Emeryville, CA) recognizes the midsequence of gluca- 
gon and, therefore, detects the GLI peptides (qlicentin, oxyn- 
tomodulin, 9-kDa peptide, glucagon, ‘and p&glucagon).- 2) 
Antiserum 04A (Dr. R. H. Unaer. Dallas. TX) reccxtnizes onlv 
the free C-terminal end of gl&agon, cross-reacting with gl; 
cagon and the 9-kDa peptide, and thereby measures IRG. The 
detection range of both GLI and IRG assays was 4-400 pg/ 
tube. 

C-Terminally processed products of proglucagon, GLP-l- 
(l-37). GLP-l-(7-37), GLP-1 -(l -36)NH2, and GLP-l-(7- 
36)NHz, were detected using two different antisera. 1) The b5 
antiserum (a gift from Dr. S. Mojsov, New York, NY) recognizes 
the free C-terminal end of GLP-l-(x-37) and, therefore, detects 
both GLP-1 -(l-37) and GLP-147-37) (19,46). 2) C-Terminallv 
amidated forms of GLP-1 were- detected using the GLP-l-(71 
36)NHz antiserum (Affinitv Research. Nottinaham. United 
Kingdom), which recognizes both GLP-1-(1136)NH2 and 
GLP-l-(7-36)NH2. The detection limits for the GLP-l-(x-37) 
and GLP-l-(x-36)NH2 assays were l-160 and 3-800 pg/ 
tube, respectively. 

Morphological Studies 

Cultured cells were trypsinized, harvested by centrifugation, 
washed with medium and PBS, and centrifuged into pellets. 
For light microscopy and immunocytochemistry, the cell pellets 
were fixed in 10% buffered formalin, dehydrated in graded 
ethanols, and embedded in paraffin. Sections 4-6 pm thick 
were stained with hematoxylin and eosin. For immunohisto 
chemistry, the streptavidin-biotin-peroxidase complex tech- 
nique was used with primary antisera directed against the 
following antigens and used at the specified dilutions: antisera 
against insulin (Biomeda), prediluted; glucagon (Biomeda), pre- 
diluted; GLP-1 (prepared by D. Drucker), 1 :lOOO; PYY (Penin- 
sula Laboratories, Belmont, CA), 1 :1500; somatostatin (Dako, 
Copenhagen, Denmark), 1:2000; pancreatic polypeptide 
(Dako), 1 :lOOO; calcitonin (Biomeda), prediluted; bombesin and 
cholecystokinin (Serotec, Cxon, United Kingdom), 1:2000 and 
1:5000. respectively; aastrin (Diaanostic Products Corn. Los 
Angeles, CA), p&N&d; vasoactive intestinal peptide 
(Zymed), 1:400; secretin (Biogenex), 1:200; ACTH (Dako), 
1:600; and CRH (Peninsula Laboratories, Belmont, CA), 
1 :lOOO. Monoclonal antibodies were used to localize chro- 
mogranin-A (ENZO Diagnostics, New York, NY; 0.48 mg/ml), 
synaptophysin (Dako; 43 pg/ml), GH-releasing hormone (do- 
nated by Dr. T. Sano, University of Tokushima Medical School, 
Tokushima Japan; 1:30), serotonin (Dako; 1:30), neurofila- 
ments (Sanbio, Lkfen, Holland; l:lO), and carcinoembryonic 
antigen (Zymed Laboratories, San Francisco, CA; 1:20). The 
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specificity of the immunostaining was verified by using both 
positive and negative controls, as previously described (47). 

For electron microscopy, pellets were fixed in 2.5% (wt/vol) 
glutarafdehyde in Sorensen’s buffer, postfixed in 1% (wt/vol) 
0~0, in Millonig’s buffer, dehydrated in graded ethanols, and 
embedded in epoxy resin. Ultrathin sections were stained with 
uranyl acetate and lead citrate and examined with a Philips 
301 electron microscope (Philips, Mahway, NJ). 

Statistical significance was determined by analysis of variance, 
using a Statistical Analysis System (SAS, Gary, NC) program 
for IBM computers. In experiments analyzing PGDP secretion 
and content, data for each of the four RlAs were analyzed 
separately and then combined for analysis; the trends were 
found to be identical, and therefore, only the results of the 
combined analyses are shown. 
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