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GPR119 is a G protein-coupled receptor expressed on enteroendocrine L-cells that synthesize and
secrete the incretin hormone glucagon-like peptide-1 (GLP-1). Although GPR119 agonists stimu-
late L-cell GLP-1 secretion, there is uncertainty concerning whether GLP-1 biosynthesis is under the
control of GPR119. Here we report that GPR119 is functionally coupled to increased proglucagon
(PG) gene expression that constitutes an essential first step in GLP-1 biosynthesis. Using a mouse
L-cell line (GLUTag) that expresses endogenous GPR119, we demonstrate that PG gene promoter
activity is stimulated by GPR119 agonist AS1269574. Surprisingly, transfection of GLUTag cells with
recombinant human GPR119 (hGPR119) results in a constitutive and apparently ligand-indepen-
dent increase of PG gene promoter activity and PG mRNA content. These constitutive actions of
hGPR119 are mediated by cAMP-dependent protein kinase (PKA) but not cAMP sensor Epac2.
Thus, the constitutive action of hGPR119 to stimulate PG gene promoter activity is diminished by:
1) a dominant-negative G�s protein, 2) a dominant-negative PKA regulatory subunit, and 3) a
dominant-negative A-CREB. Interestingly, PG gene promoter activity is stimulated by 6-Bn-cAMP-
AM, a cAMP analog that selectively activates � and � isoforms of type II, but not type I PKA
regulatory subunits expressed in GLUTag cells. Finally, our analysis reveals that a specific inhibitor
of Epac2 activation (ESI-05) fails to block the stimulatory action of 6-Bn-cAMP-AM at the PG gene
promoter, nor is PG gene promoter activity stimulated by: 1) a constitutively active Epac2, or 2)
cAMP analogs that selectively activate Epac proteins. Such findings are discussed within the
context of ongoing controversies concerning the relative contributions of PKA and Epac2 to the
control of PG gene expression. (Molecular Endocrinology 27: 1267–1282, 2013)

GPR119 is a class I GTP-binding protein-coupled re-
ceptor (GPCR) expressed on intestinal enteroendo-

crine cells (L-cells) that synthesize and secrete the incretin
hormone glucagon-like peptide-1 (GLP-1) (1, 2).
GPR119 is activated by synthetic small molecule agonists
such as AR231453 (3), by monoacylglycerols such as
2-oleoyl glycerol derived from dietary fat hydrolysis (4),
and by fatty acid amides such as oleoylethanolamide de-
rived from plasma membrane phospholipid hydrolysis

(5). By activating the L-cell GPR119, dietary nutrients
stimulate GLP-1 secretion so that circulating GLP-1 is
free to exert its actions to lower levels of blood glucose,
slow gastric emptying, and suppress appetite (6). Because
GPR119 is also expressed on pancreatic �-cells (7, 8), and
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because �-cell GPR119 activation promotes insulin secre-
tion (7, 8), it is possible that the L-cell and �-cell GPR119
receptors constitute new molecular targets for pharmaco-
logical intervention in the treatment of type 2 diabetes
and obesity (9, 10).

In the present study we sought to determine whether
GPR119 also plays an important role in the control of
L-cell GLP-1 biosynthesis by virtue of its putative action
to stimulate proglucagon (PG) gene expression. This pos-
sibility is suggested by the prior report that GPR119 ag-
onist AR231453 raised levels of cAMP in mouse L-cell
line GLUTag (2). Because GLP-1 is derived from PG (11),
and because PG gene transcription in the intestine and in
GLUTag cells is stimulated by various cAMP-elevating
agents (12, 13), there is good reason to predict that
GPR119 agonists should enhance GLP-1 biosynthesis as a
consequence of their as-yet-to-be established abilities to
stimulate PG gene expression.

As is the case for certain types of GPCRs (14), GPR119
can exert a constitutive and apparently ligand-indepen-
dent action to raise levels of cAMP in GLUTag cells and
�-cell lines (2, 8). Thus, it may be hypothesized that a
constitutive and ligand-independent action of GPR119
might also exist in L-cells to stimulate PG gene expres-
sion. If so, this constitutive signaling property of GPR119
could be exploited to identify small molecules that bind to
GPR119 with high affinity and that act as inverse agonists
(15). By identifying the structures of these inverse ago-
nists, it might then be possible to identify GPR119 ago-
nists that are stimulators of PG gene expression.

We now report that PG gene expression is stimulated
by GPR119 agonist AS1269574 acting via endogenous
GPR119 in GLUTag cells. However, transfection of
GLUTag cells with human GPR119 also leads to an in-
crease of PG gene promoter activity and PG mRNA con-
tent. This constitutive action of GPR119 is observed in
the absence of added agonist, and it is mediated by cAMP-
dependent protein kinase (PKA). Of particular interest is
our finding that a stimulation of PG gene promoter activ-
ity can be achieved using N6-benzyladenosine-3�,5�-cyclic
monophosphate acetoxymethyl ester (6-Bn-cAMP-AM).
This “prodrug” is converted to bioactive 6-Bn-cAMP that
selectively activates the RII� and RII� PKA regulatory
subunit isoforms we report to be expressed in GLUTag
cells. We also find that the action of 6-Bn-cAMP-AM to
stimulate PG gene promoter activity is unaffected by a
specific inhibitor of cAMP sensor Epac2 activation (ESI-
05), whereas it is blocked by a cAMP antagonist that is a
competitive inhibitor of PKA activation (Rp-8-Br-
cAMPS-pAB). Thus, findings presented here indicate that
the RII� and RII� subunits of PKA are of particular im-

portance to cAMP-regulated PG gene expression that is
under the control of GPR119 in GLUTag cells.

Materials and Methods

Cell culture
GLUTag cells provided by Dr Daniel J. Drucker (University

of Toronto, Toronto, Canada) were cultured in DMEM con-
taining 5.6 mM glucose as described previously (13). HIT-T15
cells from the American Type Culture Collection (ATCC, Ma-
nassas, Virginia) were cultured in Ham’s F-12K medium con-
taining 7 mM glucose, as described previously (16). INS-1 cells
provided by Dr Maryam Asfari (Université Paris, Paris, France)
were cultured in RPMI 1640 containing 11.1 mM glucose as
described previously (17). HEK293 cells obtained from the
ATCC, or HEK293-GLP-1R cells obtained from Novo Nordisk
A/S (Bagsvaerd, Denmark), were cultured in DMEM containing
25 mM glucose as described previously (18). Cultures were pas-
saged once a week while maintained at 37°C in a humidified
incubator gassed with 5% CO2. All culture media and additives
were from Invitrogen Life Technologies (Grand Island, New
York).

Cloning of human GPR119
GPR119 cDNA derived by reverse transcription of human

islet total RNA was amplified using an AccessQuick RT-PCR
System (Promega, Madison, Wisconsin). PCR primers for am-
plification of the cDNA were based on the published human
GPR119 mRNA sequence (GenBank NM_178471.2). The
forward primer was 5�-GCCGCGAATTCACGAGACATGGA-
ATCATCTTTC-3� and the reverse primer was 5�-GGATC-
CTCTAGAGTCTTAGCCATCAAACTCTGA-3�. The forward
and reverse primers contained EcoRI and XbaI cut sites, respec-
tively (underlined), and they also incorporated start and stop
codons, respectively (bold type). PCR was performed using an MJ
MiniOpticon thermal cycler (Bio-Rad, Hercules, California). Sam-
ples containing the reaction mixtures were heated to 45°C for 45
minutes to initiate reverse transcription, after which the samples
were denatured at 95°C for 2 minutes. PCR was then performed
using 34 cycles in which the parameters for each cycle were 95°C
for 30 seconds, 67°C for 60 seconds, and 72°C for 65 seconds,
followed by an extension step of 72°C for 5 minutes. Amplified
hGPR119 cDNA digested with EcoRI and XbaI was subcloned
in-frame with a FLAG-epitope coding sequence in pFLAG-CMV4
mammalian expression vector (Sigma, St Louis, Missouri) after
linearization of the vector with EcoRI and XbaI. DNA sequencing
and restriction enzyme analysis confirmed the insert’s orientation
and identity. JM109 competent Escherichia coli cells (Promega)
were used for transformation and antibiotic resistance selection to
obtain a single colony expressing the pFLAG-CMV4-hGPR119
plasmid DNA. This plasmid was isolated from bacteria using a
HiSpeed Midi Kit (Qiagen, Valencia, California).

Additional sources of plasmid DNA and methods
of transfection

Glu-Luc luciferase reporter plasmids in which luciferase ac-
tivity was placed under the control of �2400 bp, �1100 bp, or
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�302 bp of the rat PG gene promoter were provided by Dr
Tianru Jin (University of Toronto, Toronto, Canada) (19). The
RIP1-CRE-Luc reporter generated in our laboratory (20) con-
sists of 4 multimerized nonpalindromic cAMP response ele-
ments (CREs) found within the rat insulin I gene promoter
(RIP1) fused to the coding sequence of firefly luciferase in pLuc-
MCS. The A-CREB expression plasmid (21) was obtained from
Dr Charles Vinson (National Institutes of Health [NIH],
Bethesda, Maryland). Dominant-negative (DN) “triple mutant”
G�s expression plasmid (22) was obtained from Dr Catherine
Berlot (Geisinger Clinic, Danville, Pennsylvania). DN PKA reg-
ulatory subunit RI� plasmid containing a [Gly 200 to Glu] sub-
stitution in cAMP-binding site A, and dual [Gly 324 to Asp] and
[Arg 332 to His] substitutions in cAMP-binding site B, was
obtained from Dr G. S. McKnight (University of Washington,
Seattle, WA) (23). The full-length mouse PKA C�1 catalytic
subunit in pFA-PKAcat plasmid was from Stratagene (La Jolla,
California) (24). The Epac2 fluorescence resonance energy
transfer (FRET) reporter was from Dr Jin Zhang (Johns Hop-
kins University, Baltimore, Maryland) (25). The mouse GPR119
cDNA (GenBank NM_181751) in pCMV6-Entry vector was
from OriGene Tech (Rockville, Maryland). Transient transfec-
tions with these plasmids were performed using Lipofectamine
and Plus reagent according to the manufacturer’s protocol (In-
vitrogen Life Technologies). Experiments were performed 48
hours after transfection.

Adenoviral transduction of GLUTag cells
Mouse wild-type (WT) Epac2 (GenBank AB021132) and

DN Epac2 (G114E, G422D) in pSR� vector were provided by
Dr Susumu Seino (Kobe University, Kobe, Japan) (26) and sub-
cloned into pFLAG-CMV4 vector (Sigma). Constitutively active
(CA) mouse Epac2 with deletion of the N-terminal cAMP-bind-
ing region was provided by Dr Lawrence A. Quilliam (Indiana
University, Indianapolis, Indiana) (27) and subcloned into
pFLAG-CMV4 vector. Each of these Epac2 plasmids was used
for the synthesis of corresponding bicistronic adenoviral con-
structs that contained the coding sequences for Epac2 and red
fluorescent protein (RFP), as generated by Vector Biolabs (Phil-
adelphia, Pennsylvania).

Luciferase reporter assay
The luciferase assay was performed as described in greater

detail in the Supplemental Material, Part B, published on The
Endocrine Society’s Journals Online web site at http://mend.
endojournals.org. Briefly, cells were exposed for 4 hours to se-
rum-free medium containing 0.1% BSA and test substances.
Cells were lysed in passive lysis buffer (Promega), and lysates
were assayed in triplicate for photoemissions using a luciferase
assay kit (Promega) and a FlexStation 3 microplate reader (Mo-
lecular Devices, Sunnyvale, California).

Bioassay of GLUTag cell conditioned medium
HEK293 cells were cotransfected with pFLAG-CMV4-

hGPR119 and the RIP1-CRE-Luc reporter. After 48 hours, one
set of cells was exposed for 4 hours to conditioned DMEM that
was previously used to culture GLUTag cells for 24 hours. A
second set of cells was exposed under identical conditions to
unconditioned DMEM that was not exposed to GLUTag cells.
This same protocol was also used for INS-1 cells expressing

human GPR119, and for HEK293 cells expressing human GLP-
1R. A bioassay was also performed using HIT-T15 cells trans-
fected only with RIP1-CRE-Luc because these cells express en-
dogenous GPR119 (8).

Quantitative PCR (QPCR) for PG
Total RNA was isolated from GLUTag cells using an

RNEasy kit (Qiagen). RNA concentration and purity was as-
sessed using a NanoDrop ND-1000 spectrofluorimeter (Nano-
Drop Technologies, Wilmington, Delaware). QPCR reactions
were performed using QuantiTect SYBR Green one-step kits
(Qiagen) with �100 ng of template RNA. Thermal cycling was
performed using a MJ MiniOpticon cycler (Bio-Rad) using 34
cycles in which the parameters for each cycle were as follows:
94°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30
seconds, followed by a melting curve analysis from 60 to 94°C.
PCR products were then run on 2% agarose gels; resolved pro-
ducts in gels were extracted using QIAquick kits (Qiagen), and
product identity was confirmed by sequencing. PCR primers
were based on the published sequence for mouse PG (GenBank
NM_008100.3). The forward primer was 5�-CAATGTTGTTC-
CGGTTCCTC-3� and the reverse primer was 5�-CCCTGAT-
GAGATGAATGAAGACA-3�. A mouse HPRT QuantiTest Primer
Assay (Qiagen) primer pair was used to generate the reference RNA
PCR product. All primers were tested using different starting template
RNA concentrations to validate their equal efficiencies in the amplifi-
cation reaction. Threshold crossing (Ct) values were set manually, and
the difference (�Ct) between the Ct value for the HPRT and PG mR-
NAs was calculated for each reaction. �Ct values were entered into
Origin 8.0 software (OriginLab, Northampton, Massachusetts) for
statistical analyses using ANOVA. To confirm expression of enodge-
nous GPR119 in GLUTag cells, RT-PCR was performed using PCR
primers based on the published sequence for mouse GPR119 (Gen-
Bank NM_181751.2). The forward primer for mouse GPR119 was
5�-GCCGCGAATTCCGAGACATGGAATCATCTTTC-3� and
the reverse primer was 5�-GATCCTCTAGACCGTCTTAGCC
ATCAAACTCTG-3�.

Western blot detection of Epac2 and FLAG-GPR119
Cells were harvested, lysed in Laemmli sample buffer, soni-

cated, and subjected to a determination of protein concentra-
tion, as measured using a BCA Protein Assay Kit (Thermo Sci-
entific, Rockford, Illinois). Whole-cell lysates were
electrophoresed on 4% to 20% gradient Mini-PROTEAN TGX
Precast Gels (Bio-Rad) and the resolved proteins were trans-
ferred to polyvinyldifluoride (PVDF) membranes (EMD Milli-
pore, Billerica, Massachusetts). The PVDF membranes were
blocked for 1 hour at room temperature in Tris-buffered saline
containing 0.1% Tween-20 (TBST) and 5% nonfat dry milk.
For immunodetection of endogenous Epac2 in GLUTag cells,
the primary monoclonal antibody (MAB) was a 1:100-fold di-
lution of anti-Epac2 5B1 (Cell Signaling, Danvers, Massachu-
setts) and the secondary antiserum was a 1:5000-fold dilution of
goat antimouse horseradish peroxidase (HRP) –conjugated IgG
(Sigma). For immunodetection of FLAG epitope-tagged mouse
or human GPR119 in transfected HEK293 cells, we used a
1:4000-fold dilution of anti-FLAG M2 HRP-conjugated MAB
(Sigma). PVDF membranes were initially incubated in TBST
contained 10% goat serum with primary antibodies for 16
hours at 4°C. Where applicable, incubation with a secondary
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antiserum was performed for 1 hour at room temperature. The
immunoreactive proteins were detected by enhanced chemilu-
minescence using a SuperSignal West Pico Kit (Thermo Scien-
tific) and the immunoreactivity was quantified using a Chemi-
Doc XRS digital imaging system and Quantity One software
(Bio-Rad).

Western blot detection of PKA regulatory subunit
isoforms

GLUTag cell lysates containing approximately 15 �g total
protein were solubilized in sample buffer and resolved by 12%
SDS-PAGE for transfer to PVDF membranes. After blocking in
TBST supplemented with 5% nonfat milk (1 hour, room tem-
perature), the membranes were incubated overnight at 4°C with
TBST containing the following PKA regulatory subunit isoform-
specific primary antibodies: rabbit anti-RI� (Cell Signaling), af-
finity-purified sheep anti-RI� (R&D Systems, Minneapolis,
Minnesota), mouse anti-RII� (BD Transduction Laboratories,
San Jose, California), mouse anti-RII� (BD Transduction Lab-
oratories). The HRP-conjugated secondary antisera were don-
key antirabbit IgG (GE Healthcare, Waukesha, Wisconsin), rab-
bit antimouse IgG, (Sigma), and donkey antisheep IgG (Abcam,
Cambridge, Massachusetts). PVDF membranes were incubated
with these secondary antisera for 1 hour at room temperature
and the immune complex was detected by digital imaging using
an enhanced chemiluminescence kit (Perkin Elmer, Waltham,
Massachusetts).

Rap1 activation assays
A pull-down assay was used to detect active Rap1 in lysates

of GLUTag cells transfected with FLAG-tagged Rap1 and
Epac2 (28). Activated Rap1-GTP and total Rap1 were detected
using an anti-FLAG M2 MAB conjugated to HRP (Sigma). The
in vitro Rap1 activation assay using mant-GDP is described in
the Supplemental Material, Part D, Legend for Supplemental
Figure 5.

FRET assay for Epac2 activation
The Epac2-C1 clone of HEK293 cells stably expressing a

full-length Epac2 FRET reporter was described previously (29).
These cells were plated at 80% confluence on 96-well clear
bottom assay plates (Costar 3904) and maintained in culture
medium overnight before their use. Assays were performed us-
ing a FlexStation 3 microplate reader, as described previously
(29). After replacement of the culture medium with 170 �L per
well of a standard extracellular saline solution, the excitation
light was delivered at 435/9 nm (455 nm cutoff), and the emitted
light was detected at 485/15 nm (cyan fluorescent protein) or
535/15 nm (yellow fluorescent protein). The excitation light
source was a Xenon flash lamp, and the emission intensities
were the average of 12 excitation flashes for each time point.
Test solutions comprising cAMP analogs dissolved in standard
extracellular saline solution containing 0.1% dimethylsulfoxide
were placed in V-bottom 96-well plates (Greiner Bio-One, Mon-
roe, North Carolina) and an automated pipetting procedure was
used to transfer 30 �L of each test solution to the assay plate
containing cells. The test solutions were injected into each well
at a pipette height that corresponded to a fluid level of 150 �L,
and the rate of injection was 31 �L/s. The cyan fluorescent
protein/yellow fluorescent protein emission ratio was calculated

for each well, and values for 8 to 12 wells were averaged. The
time course of the change of FRET ratio was plotted after ex-
porting these data to Origin 8.0 (OriginLab, Northhampton,
Massachusetts).

Bioluminescence resonance energy transfer (BRET)
assay for PKA activation

To perform time-resolved BRET measurements of PKA acti-
vation, the BRET2 system was optimized to eBRET by fusing
the novel luciferase Rluc8 developed by the laboratory of S.
Gambhir (30), to the C-terminus of human PKA regulatory
subunits. In this BRET assay (31), the PKA regulatory subunit
Rluc8 constructs are cotransfected with a GFP2-hC� construct
in which a human PKA catalytic subunit is fused to a variant of
green fluorescent protein. Resultant reconstitution of the PKA
holoenzyme occurs in living cells, and BRET is measurable due
to energy transfer between Rluc8 and GFP2. When levels of
cytosolic cAMP rise, the resultant activation of PKA leads to
holoenzyme dissociation that is measurable as a decrease of
BRET. For the studies described here, GLUTag cells seeded on
white 96-well plates were cotransfected with pGFP2-hC� and
the desired human PKA regulatory subunits fused to Rluc8
(RI�, RI�, RII�, RII�). Experiments were also performed using
GLUTag cells transfected with a unimolecular hEpac1�DEP-
CDC25-HD(T781A/F782A) BRET sensor incorporating an en-
gineered Epac1, as described previously (32). BRET measure-
ments were performed 48 hours after transfection, at which time
GLUTag cells were exposed to cAMP analogs under conditions
of equilibration in saline containing a luciferase substrate (coel-
enterazine; 5 �M) that emits photons after its luciferase-cata-
lyzed oxidation. Emitted light corresponding to Rluc8 lumines-
cence or pGFP2-hC� fluorescence was detected at room
temperature using a POLARstar Omega microplate reader
(BMG Labtech, Cary, North Carolina), and the BRET ratio
(pGFP2/Rluc8) was determined in real-time at 2-minute inter-
vals. Additional details are provided in the Supplemental Mate-
rial, Part C.

In vitro PKA activation assay
Recombinant human PKA C�1 catalytic subunit was ex-

pressed and purified as described previously (33). Recombinant
human PKA regulatory subunits (hRI�, hRI�, hRII�, hRII�)
were expressed and purified according to the procedure of Ber-
tinetti et al (34) using Sp-8-AEA-cAMPS agarose. SDS-PAGE
was used to monitor protein expression and purification. Typ-
ically, the recombinant proteins were purified to �95% homo-
geneity. PKA activity was assayed in vitro using the coupled
spectrophotometric assay described by Cook et al (35) in which
260 �M Kemptide (LRRASLG; Biosyntan, Berlin, Germany)
served as a PKA substrate. PKA holoenzyme formation was
carried out for 3 minutes at room temperature in a pH 7.0 assay
mixture comprising 100 mM 3[N-morholino]propanesulfonic
acid, 10 mM MgCl2, 100 �M ATP, 1 mM phosphoenolpyru-
vate, 15 U/mL lactate dehydrogenase, 70 U/mL pyruvate kinase,
200 mM reduced nicotinamide adenine dinucleotide, 5 mM
�-mercaptoethanol with 15 to 50 nM human PKA C�1 subunit
and a 1.2-fold molar excess of cAMP-free RI�, RI�, RII�, or
RII� subunits. Kinase activity was determined after preincubat-
ing the holoenzyme for 3 minutes with increasing amounts of
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cAMP or 6-Bn-cAMP (100 fM to 500 �M) before starting the
reaction with substrate Kemptide. Enzymatic activities were
quantified as U/mg, defined as �mol mg�1min�1. Data points
were determined in duplicate and analyzed using GraphPad
Prism 5.01 (GraphPad Software, Inc, La Jolla, California) by
plotting the normalized enzymatic activities against the loga-
rithm of the cyclic nucleotide concentration.

Analysis of luciferase assay data
The repeatability of findings concerning luciferase assays

was confirmed by performing each experiment a minimum of 3
times. Statistical analyses of these data were performed using the
Student’s paired t test and SigmaStat software (Systat Software,
Inc, Chicago, Illinois). A P value of � .05 was considered to be
statistically significant and is indicated by an asterisk.

Sources of additional reagents
cAMP analogs (see Supplemental Material, Part A, for a

complete list with abbreviations) were from the BIOLOG Life
Science Institute (Bremen, Germany). Exendin-4, forskolin,
IBMX, and H-89 were from Sigma. AR231453 was from Enzo
Life Sciences (Farmingdale, New York). AS1269574 was from
EMD Millipore.

Results

RT-PCR cloning and expression of functional
human GPR119

Human GPR119 (hGPR119) cDNA was derived by
RT-PCR using human islet mRNA from a nondiabetic
anonymous donor (Supplemental Figure 1A). The
hGPR119 cDNA was fully sequenced to confirm its iden-
tity and was ligated into pCMV4 to allow for the expres-
sion of FLAG epitope-tagged hGPR119 in transfected
HEK293 cells and also GLUTag cells. Two days after
transfection, the expression of hGPR119 was confirmed
by Western blot analysis using an anti-FLAG MAB (Sup-
plemental Figure 1, B and C). Luciferase-based assays
were then performed using a cAMP-responsive reporter
(RIP1-CRE-Luc) (20) to demonstrate that hGPR119 was
activated by GPR119 agonist AR231453 in HEK293 cells
transfected with hGPR119 (Supplemental Figure 2A).
Control experiments using an empty vector demonstrated
that AR231453 exerted no stimulatory action at RIP1-
CRE-Luc under conditions in which HEK293 cells were
not transfected with hGPR119 (Supplemental Figure 2A).
This negative finding is consistent with one prior report
that HEK293 cells do not express endogenous GPR119
(8). As expected, AR231453 stimulated RIP1-CRE-Luc
activity in hamster HIT-T15 insulin-secreting cells that
express endogenous GPR119 (Supplemental Figure 2B)
(8), and also in rat INS-1 cells transfected with hGPR119
(Supplemental Figure 2B). In summary, these findings ob-

tained using multiple cell lines demonstrated the function-
ality of hGPR119 derived by RT-PCR.

GPR119 agonist AS1269574 stimulates PG gene
promoter activity

We developed a luciferase-based assay for assessment
of PG gene promoter activity in GLUTag cells (Supple-
mental Material, Part B). In this assay, GLUTag cells were
transfected with a Glu-Luc construct in which luciferase
activity was placed under the control of �2400 bp of the
PG gene promoter (19, 36). The activity of this reporter
was stimulated after a 4-hour exposure of GLUTag cells
to the cAMP-elevating agents forskolin and IBMX (Fig-
ure 1A), and this stimulation was suppressed under con-
ditions in which GLUTag cells were treated with PKA
inhibitor H-89 (37) (Figure 1A). By screening commer-
cially available GPR119 agonists, we found that �2400
Glu-Luc activity in GLUTag cells was stimulated most
strongly by GPR119 agonist AS1269574 (38), an effect
reduced by H-89 (Figure 1B). This action of AS1269574
was expected because GLUTag cells express endogenous
GPR119 (see Figure 6A) (2). Because the basal and ago-
nist-stimulated activities of �2400 Glu-Luc were reduced
by H-89, these initial findings provided evidence for a
PKA-mediated action of GPR119 to stimulate PG gene
expression.

Constitutive stimulation of PG gene promoter
activity by GPR119

Transfection of GLUTag cells with mouse GPR119
(mGPR119) or hGPR119 increased basal �2400 Glu-
Luc activity, and under these conditions, AS1269574 pro-
duced an additional stimulatory effect that was H-89 sen-
sitive (Figure 1, C and D). Such findings indicated that
GPR119 signaled in a constitutive and ligand-indepen-
dent manner to stimulate PG gene promoter activity. This
possibility was evaluated in greater detail using GLUTag
cells transfected with increasing amounts of mGPR119 or
hGPR119 plasmid DNA. This analysis revealed a “dose-
dependent” action of mGPR119 and hGPR119 to in-
crease the activities of Glu-Luc reporters incorporating
�1100 bp (Figure 2, A and C) or �2400 bp (Figure 2, B
and D) of the PG gene promoter. When comparing
mGPR119 and hGPR119 in this assay, a stronger consti-
tutive stimulation was measurable with mGPR119 (Fig-
ure 2, A–D). Importantly, GPR119 acted in a PG gene
promoter-specific manner because hGPR119 failed to el-
evate basal levels of luciferase in GLUTag cells transfected
with a pSK-Luc reporter in which the cDNA for luciferase
was not fused to the PG gene promoter.

Because GPR119 stimulated Glu-Luc activity in the
absence of added agonist, it was of interest to ascertain
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whether GLUTag cells secreted an autocrine factor that
activated GPR119, thereby up-regulating PG gene pro-
moter activity. This possibility was tested using a bioassay
in which conditioned culture medium from GLUTag cells
was screened for the presence of a GPR119 agonist. To
this end, HEK293 cells were treated with conditioned
medium after cotransfection with hGPR119 and RIP1-
CRE-Luc. This analysis demonstrated that for HEK293
cells expressing hGPR119, the activity of RIP1-CRE-Luc
was unaltered after treatment of cells with conditioned
medium obtained from GLUTag cells (Figure 3A). Similar
findings were obtained using INS-1 cells transfected with
hGPR119 and RIP1-CRE-Luc (Figure 3B), or HIT-T15
cells transfected with RIP1-CRE-Luc only (Figure 3C).
Such findings indicated that an autocrine GPR119 ago-
nist was not secreted from GLUTag cells under the exper-
imental conditions described here.

Despite such findings, it might be argued that our bio-
assay using conditioned medium lacked appropriate sen-

sitivity. This is unlikely to be the case because GPR119
agonist AR231453 stimulated an increase of RIP1-CRE-
Luc activity in the HEK293, INS-1, and HIT-T15 cells
described above (Figure 3, A–C). Furthermore, the sensi-
tivity of this bioassay was validated by demonstrating the
expected finding that conditioned medium of GLUTag
cells contained secreted GLP-1, as verified in assays of
HEK293 cells transfected with the human GLP-1 receptor
(Figure 3D). Thus, under conditions in which GLUTag
cells were transfected with hGPR119 (Figure 2, C and D),
there existed a constitutive and apparently ligand-inde-
pendent action of hGPR119 to stimulate �1100 and
�2400 Glu-Luc activity. This constitutive action of
hGPR119 was independent of the extracellular glucose
concentration when comparing 5 mM vs 25 mM glucose
(Supplemental Figure 3).

PKA links GPR119 to PG gene promoter activity
Because GPR119 agonists are cAMP-elevating agents

in GLUTag cells (8), we evaluated whether human

A

D

C

B

Figure 1. H-89-sensitive stimulation of �2400 Glu-Luc activity by forskolin and AS1269574 in GLUTag cells. A, treatment of GLUTag cells for 4
hours with forskolin (Fsk, 2 �M) and IBMX (100 �M) led to increased �2400 Glu-Luc activity, an effect reduced by H-89 (10 �M). B, a 4-hour
exposure to GPR119 agonist AS1269574 (1 �M) stimulated �2400 Glu-Luc activity in an H-89-sensitive manner. C, transfection of GLUTag cells
with mouse GPR119 (mGPR119) increased basal �2400 Glu-Luc activity in the absence of AS1269574, an effect reduced by H-89. Addition of
AS12369574 (3 �M) to cells transfected with mGPR119 led to an additional increase of �2400 Glu-Luc activity, and this action of AS12369574
was also H-89 sensitive. D, same as for (C) except that GLUTag cells were transfected with human GPR119 (hGPR119). Abbreviations: EV, empty
vector; RLUs, relative light units. *, P � .05 here and in subsequent figures. Values are 0.5 ng/well for mGPR119 and hGPR119 plasmids.
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GPR119 acted via PKA to stimulate Glu-Luc activity in
the absence of an added receptor agonist. It was demon-
strated that the constitutive action of human GPR119 to
stimulate �2400 Glu-Luc activity was reduced after
cotransfection of GLUTag cells with a DN “triple mu-
tant” G�s protein (22) that uncouples GPCRs from cAMP
production (Figure 4A). Moreover, the stimulatory action
of hGPR119 at �2400 Glu-Luc was reduced (Figure 4B)
after cotransfection with a DN PKA regulatory subunit
that prevents activation of endogenous PKA by cAMP
(23). Conversely, for cells not expressing hGPR119,
�2400 Glu-Luc activity was stimulated after overexpres-
sion of a PKA catalytic subunit (Figure 4C).

It was also possible to demonstrate that for GLUTag
cells expressing hGPR119, the activity of �2400 Glu-Luc
was reduced after cotransfection with a DN A-CREB that
blocks CREB-dependent activation of gene transcription
(Figure 4D) (21). Furthermore, the stimulatory action of
hGPR119 at �2400 Glu-Luc was reduced but not elimi-
nated when the CRE of the PG gene promoter was mu-
tated to reduce its affinity for CREB. Thus, for a �302-bp
PG gene promoter luciferase construct incorporating a

WT CRE (19), the fold-stimulation in response to
hGPR119 was 7.9 � 0.2 (mean � SD, n � 3 assays). If the
CRE was mutated to impair the binding of CREB (19), the
fold-stimulation was reduced to 5.7 � 0.3. Thus, the pro-
glucagonotropic action of hGPR119 was mediated, at
least in part, by a cAMP signal transduction mechanism
comprising G�s, PKA, CREB, and the CRE of the PG
promoter.

PG gene promoter activity is unaffected by
selective Epac activators

Prior studies of GLUTag cells provided evidence for a
PKA-independent cAMP signaling mechanism, one that
uses Epac2 to stimulate PG gene expression (39–41).
Epac2 is expressed in GLUTag cells (Figure 5A), but our
luciferase assays revealed that �2400 Glu-Luc activity
was not stimulated by cAMP analogs that incorporate a
2�-O-methyl substitution on the ribose moiety, a modifi-
cation that allows selective activation of Epac proteins
(42, 43). For example, 8-pMeOPT-2�-O-Me-cAMP (30–
100 �M) was without effect at �2400 Glu-Luc (Figure
5B), as was also the case for a phosphodiesterase-resistant

A C

B D

Figure 2. Constitutive ligand-independent stimulation of Glu-Luc activity by mouse GPR119 and human GPR119 in GLUTag cells. (A, B) GLUTag
cells were cotransfected with mouse GPR119 (mGPR119) and either �1100 Glu-Luc (A) or �2400 Glu-Luc (B). The amount of mouse GPR119
plasmid or control empty vector (EV) added to the transfection mixture within each well of a 96-well plate is indicated on the x-axis (ng/well).
(C, D) The same experiment as for (A) and (B) except that GLUTag cells were instead transfected with human GPR119 (hGPR119).
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Sp-8-pCPT-2�-O-Me-cAMPS analog that has improved
stability against hydrolysis (Figure 5B). In marked con-
trast, cAMP analogs that activate both PKA and Epac did
stimulate �2400 Glu-Luc activity. Such analogs included
8-pCPT-2�-OH-cAMP and Sp-8-pCPT-2�-OH-cAMPS
(Figure 5B). In summary, our findings do not support
prior studies in which it was proposed that Epac2 medi-
ates the stimulatory action of cAMP at the PG gene pro-
moter (39–41, 44, 45).

One potential criticism of our analysis using Epac-se-
lective cAMP analogs is that these compounds might not
enter GLUTag cells. Therefore, we tested Epac-selective
cAMP analogs that are highly membrane permeable by
virtue of their substitution with an acetoxymethyl ester
(AM-ester) moiety. Such analogs include 8-pCPT-2�-O-
Me-cAMP-AM and 8-Br-2�-O-Me-cAMP-AM, each of
which is a “prodrug” activated by cytosolic esterases that
remove the AM-ester moiety (46). In assays using
GLUTag cells transfected with �2400 Glu-Luc, these
Epac-selective AM-esters also failed to exert stimulatory
effects when tested at concentrations of 3 or 10 �M (Fig-
ure 5B). In contrast, control Rap1 activation assays dem-
onstrated the expected finding that the Epac2 effector
Rap1 GTPase was activated by 8-pCPT-2�-O-Me-
cAMP-AM in GLUTag cells (Figure 5C).

PG mRNA content is increased by hGPR119 but not
CA Epac2

Because luciferase-based measurements of PG gene
promoter activity do not necessarily reflect corresponding
changes in levels of PG mRNA, real-time QPCR was per-
formed to determine the PG mRNA content of GLUTag
cells transfected with hGPR119. Using a primer set that
amplified endogenous PG mRNA (Figure 6A), this anal-
ysis revealed that levels of PG mRNA were elevated in
GLUTag cells transfected with hGPR119 (Figure 6B).
This action of hGPR119 was proportional to the amount
of receptor plasmid present in the transfection reagent,
and it did not require the addition of a GPR119 agonist.
Thus, these findings obtained in the QPCR assay paral-
leled findings obtained using the �1100 and �2400 Glu-
Luc reporters in which a constitutive and apparently li-
gand-independent action of hGPR119 to stimulate PG
gene promoter activity was observed.

Next, we evaluated a potential role for Epac2 in the
control of PG mRNA content. Experiments were per-
formed in which the PG mRNA content was measured
after adenoviral transduction of GLUTag cells with WT,
DN, or CA Epac2. This analysis revealed that basal levels
of PG mRNA were not significantly altered in cells trans-
duced with WT Epac2, whereas for DN Epac2 a small

A
C

DB

Figure 3. Conditioned DMEM from GLUTag cells does not contain a GPR119 agonist. A, HEK293 cells transfected with human GPR119
(hGPR119) and RIP1-CRE-Luc were exposed for 4 hours to unconditioned medium (UCM) or conditioned medium (CM) obtained from GLUTag cell
cultures. As a positive control, the responsiveness of RIP1-CRE-Luc was validated under conditions in which these cells were treated for 4 hours
with AR231453 (300 nM) or forskolin (Fsk, 2 �M) and IBMX (100 �M). B, same as (A) except that these assays were performed using INS-1 cells
transfected with human GPR119 and RIP1-CRE-Luc. C, same as (A) except that these assays were performed using HIT-T15 cells that express
endogenous GPR119, and that were transfected with RIP1-CRE-Luc only. D, same as (A) except that these assays were performed using GLP-1
receptor (GLP-1R) agonist Exendin-4 (10 nM) and HEK293 cells transfected with the human GLP-1R and RIP1-CRE-Luc. Note that (D) demonstrates
the presence of GLP-1 in the conditioned DMEM of GLUTag cells.
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reduction was measured (Figure 6C). However, CA
Epac2 also reduced levels of PG mRNA (Figure 6C). In
marked contrast, control Rap1 activation assays using
GLUTag cells demonstrated that levels of active Rap1
were increased by CA Epac2, whereas they were de-
creased by DN Epac2 (Figure 6D). Thus, the Rap1 acti-
vation assay faithfully reported the catalytic activities of
DN and CA Epac2, whereas the QPCR assay for PG
mRNA did not. Such findings seem to indicate that the
overexpression of mutant forms of Epac2 leads to non-
physiological “squelching” of PG gene expression.

6-Bn-cAMP-AM is a powerful stimulator of PG
gene expression

We confirmed a prior finding (39) that the Epac-selec-
tive cAMP analog 8-pMeOPT-2�-O-Me-cAMP (100 �M)
stimulated a small but statistically significant increase of
PG mRNA content in GLUTag cells (Figure 7A). How-
ever, levels of PG mRNA were increased to a greater
extent after treatment of GLUTag cells with the AM-ester
of a cAMP analog designated as 6-Bn-cAMP-AM (Figure
7A). Similarly, 6-Bn-cAMP-AM was the strongest stimu-
lator of PG gene promoter activity when comparing the
efficacies of various cAMP analogs that activate PKA
(Figure 7B). Because N6-substituted cAMP analogs are
commonly used as selective activators of PKA (43), we
evaluated the properties of the N6-benzyladenine-con-

taining analog in greater detail. By performing in vitro
PKA activation assays to determine cyclic nucleotide ac-
tivation constants (Table 1; Supplemental Figure 4, A–D),
it was found that 6-Bn-cAMP had a higher selectivity for
the RII� and RII� isoforms of PKA regulatory subunits,
as compared with the RI� and RI� isoforms. Collectively,
these findings provided the first indication that 6-Bn-
cAMP-AM might constitute a novel pharmacological tool
with which to explore the putative roles of RII� and RII�
in the control of PG gene expression.

6-Bn-cAMP-AM acts independently of Epac2 to
stimulate PG gene promoter activity

Because 6-Bn-cAMP-AM was a powerful stimulator of
PG gene promoter activity, and because PG gene pro-
moter activity was not stimulated by selective activators
of Epac proteins, it might be concluded that 6-Bn-
cAMP-AM acted at PKA and not at Epac2 to exert its
effects in the assays reported here. However, this conclu-
sion does not take into account the possibility that dual
activation of PKA and Epac2 by 6-Bn-cAMP-AM might
synergistically up-regulate PG gene promoter activity.
Thus, we evaluated the capacity of 6-Bn-cAMP-AM to
activate Epac2. Surprisingly, we found that the non-AM
ester of 6-Bn-cAMP activated recombinant Epac2, as
measured in a solution-based in vitro Rap1 activation
assay using fluorescent mant-GDP (Supplemental Figure

A C

DB

Figure 4. Molecular analysis of human GPR119 (hGPR119) signal transduction in GLUTag cells. (A, B) The constitutive action of human GPR119
to activate �2400 Glu-Luc was dose-dependently blocked when GLUTag cells were transfected with a DN G�s protein (A) or a DN PKA regulatory
subunit (DN PKAR) (B). C, �2400 Glu-Luc was activated in GLUTag cells transfected with a PKA catalytic subunit (PKAcat). D, the constitutive action
of human GPR119 at �2400 Glu-Luc was blocked in GLUTag cells transfected with a DN A-CREB.
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5A). By performing FRET assays using HEK293 cells
transfected with biosensors that report Epac2 or PKA
activation (29), we independently confirmed that 6-Bn-
cAMP-AM activated both Epac2 and PKA (Supplemental
Figure 5, B and C). With these findings in mind, we eval-
uated whether the action of 6-Bn-cAMP-AM at �2400
Glu-Luc might be blocked by a pharmacological inhibitor
of Epac2 activation. To this end, we used ESI-05, a mol-
ecule that inhibits Epac2 activation while having no effect
at Epac1 or PKA (29). Our analysis revealed that ESI-05
(10 �M) reduced basal �2400 Glu-Luc activity, yet when
findings were expressed as the fold-stimulation of lu-
ciferase activity, ESI-05 failed to inhibit the stimulatory
action of 6-Bn-cAMP-AM (Figure 7C). Importantly, the
efficacy of ESI-05 was confirmed in a control experiment,
whereby it was demonstrated that 10 �M ESI-05 blocked
activation of the Epac2 FRET reporter by 6-Bn-
cAMP-AM (Supplemental Figure 6, A and B).

Next, it was demonstrated that the stimulatory action
of 6-Bn-cAMP-AM at �2400 Glu-Luc was blocked by

Rp-8-Br-cAMPS-pAB (Figure 7C). This highly mem-
brane-permeable “prodrug” derivative of Rp-8-Br-
cAMPS acts as a cAMP antagonist to competitively in-
hibit PKA activation by endogenous cAMP (47, 48).
Thus, unlike findings obtained with ESI-05, Rp-8-Br-
cAMPS-pAB nearly abrogated the action of 6-Bn-
cAMP-AM at �2400 Glu-Luc (Figure 7C). It may be
concluded that 6-Bn-cAMP-AM up-regulated PG gene
promoter activity in a PKA-mediated manner, and that
this action of 6-Bn-cAMP-AM was not contingent on
concomitant Epac2 activation. Finally, we noted that
basal �2400 Glu-Luc activity was reduced not only by
H-89 (Figure 1, A and B), but also by Rp-8-Br-cAMPS-
pAB (Figure 7C) and ESI-05 (Figure 7C). Such findings
are expected if basal PG gene promoter activity is dually
regulated by PKA and Epac2.

6-Bn-cAMP-AM activates RII� and RII� PKA
regulatory subunits in GLUTag cells

Taken as a whole, these findings obtained using
�2400 Glu-Luc and 6-Bn-cAMP-AM indicated that it

A

B

C1

C2

Figure 5. Epac-selective cAMP analogs fail to activate the PG gene promoter. A, expression of endogenous 110 kDa Epac2 in GLUTag cells was
confirmed by Western blot analysis using an anti-Epac2 5B1 MAB. Epac2 immunoreactivity was also detected in a lysate from WT mouse brain but
not a negative control lysate from an Epac2 knockout (KO) mouse brain (72). B, �2400 Glu-Luc activity was not stimulated after a 4-hour
exposure of GLUTag cells to the non-AM esters (left) or AM-esters (right) of Epac-selective cAMP analogs. As a positive control, the responsiveness
of �2400 Glu-Luc was confirmed using GLUTag cells treated with non-AM esters of cAMP analogs that activate PKA (middle). C, the efficacy of
Epac-selective cAMP analog 8-pCPT-2�-O-Me-cAMP-AM was validated in a pull-down Rap1 activation assay using lysates of GLUTag cells
transfected with FLAG-Rap1. Levels of active Rap1-GTP (C1) and total Rap1 (C2) were determined by Western blot analysis using an anti-FLAG
MAB.

1276 Chepurny et al GPR119 and Proglucagon Gene Expression Mol Endocrinol, August 2013, 27(8):1267–1282



was PKA and not Epac2 that participated in the stimula-
tory control of PG gene promoter activity by cAMP-ele-
vating agents. However, these findings did not reveal
which PKA regulatory subunit isoform mediated the ac-
tion of cAMP, nor did they rule out a role for Epac1 in the
process. To address these issues, GLUTag cells were
transfected with BRET biosensors based on PKA regula-
tory and catalytic subunits, as well as Epac1. In these
live-cell, multiwell, plate-reader assays, a reduction of the
BRET signal reflects: 1) activation of the respective PKA
holoenzyme due to cAMP-dependent dissociation of the
catalytic and regulatory subunits (31), or 2) a conforma-
tional change in Epac1 due to binding of cAMP (32) (for
additional details, see Supplemental Material, Part C and
also Materials and Methods).

Our BRET analysis revealed that 6-Bn-cAMP-AM was
a selective activator of PKA RII� and RII� isoforms ex-
pressed by transient transfection in GLUTag cells (Figure
8, A and B). In fact, when tested at a concentration of 10
�M, 6-Bn-cAMP-AM had a greatly reduced capacity to
activate the RI� and RI� isoforms of PKA regulatory
subunits (Figure 8, C and D). Moreover, 6-Bn-cAMP-AM

did not activate the Epac1 BRET sensor (data not shown).
Thus, these findings obtained using the BRET assay indi-
cated that endogenous RII� and/or RII� regulatory sub-
units of PKA played an especially important role in the
control of PG gene promoter activity in GLUTag cells.
Using antisera that were confirmed to be selective for
recombinant PKA regulatory subunit isoforms (Figure
8E), we performed Western blot analyses using GLUTag
cell lysates to demonstrate that these cells expressed en-
dogenous RII� and RII� in addition to RI� and RI� (Fig-
ure 8F).

Discussion

PG gene expression is under the control of GPR119
This study is the first to report that a GPR119 agonist

has the capacity to stimulate PG gene expression, as dem-
onstrated using GLUTag cells treated with AS1269574.
Surprisingly, we also report a constitutive and apparently
ligand-independent action of GPR119 to stimulate PG
gene expression. Thus, in the absence of added GPR119

A C

DB

Figure 6. Human GPR119 (hGPR119) but not CA Epac2 increases levels of PG mRNA. A, RT-PCR for endogenous GPR119 and PG (pro GCG)
using total RNA from GLUTag cells. B, QPCR analysis revealed that levels of PG mRNA were increased in GLUTag cells transfected with human
GPR119. C, QPCR analysis demonstrated that levels of PG mRNA were not increased after transduction of GLUTag cells with a CA Epac2. For
comparison, GLUTag cells were also transduced with WT or DN Epac2. D, a control Rap1 activation assay using transduced GLUTag cells
expressing FLAG-Rap1 confirmed that CA Epac2 increased levels of active Rap1-GTP, whereas DN Epac2 exerted an opposite effect. For (B) and
(C), the y-axes indicate the ��Ct values in the QPCR reactions using HPRT mRNA as a reference standard. A more negative �Ct value signifies
higher levels of PG mRNA.
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agonist, PG gene promoter activity and PG mRNA con-
tent are found to be increased in GLUTag cells transfected
with GPR119. Collectively, these findings are consistent
with recent receptor mutagenesis studies that report key

structural features of GPR119 that allow it to be activated
by GPR119 agonists, while also stimulating cAMP pro-
duction independently of agonist binding (49, 50). Be-
cause a knockout of GPR119 expression in mice leads to
a reduction in the ability of orally administered glucose to
stimulate L-cell GLP-1 secretion (51, 52), these agonist-
induced and constitutive actions of GPR119 might play a
role in determining how much GLP-1 is available for re-
lease. Thus, a rationale exists for future studies that will
determine whether or not an up- or down-regulation of
GPR119 expression influences intestinal GLP-1 produc-
tion in the L-cells.

GPR119 signals via PKA and bZIP transcription
factors to stimulate PG gene expression

We find that PKA inhibitor H-89 reduces the action of
GPR119 agonist AS1269574 to stimulate PG gene pro-
moter activity, whereas constitutive up-regulation of PG

A B

C

Figure 7. 6-Bn-cAMP-AM stimulates PG gene expression. A, levels of PG mRNA were increased in GLUTag cells treated for 4 hours with 100 �M
of the Epac-selective cAMP analog 8-pMeOPT-2�-O-Me-cAMP. A stronger stimulation was measured when cells were treated with 6-Bn-cAMP-AM
(10 �M). B, the activity of �2400 Glu-Luc was stimulated by AM-esters of cAMP analogs that have the capacity to activate PKA. These included
Db-cAMP-AM and 8-pCPT-2�-OH-cAMP-AM. However, no such stimulation was measured using a negative control phosphate-acetoxymethyl ester
(Phos.-AM3) or a negative control 6-Bn-adenosine that is a metabolite of 6-Bn-cAMP-AM. C, the action of 6-Bn-cAMP-AM to stimulate �2400
Glu-Luc was blocked by Rp-8-Br-cAMPS-pAB, a competitive antagonist of PKA activation. In contrast, a specific inhibitor of Epac2 activation (ESI-
05) failed to block the action of 6-Bn-cAMP-AM.

Table 1. PKA Holoenzyme Activation Constants for
cAMP and 6-Bn-cAMP

Kact (nM)

RI� RI� RII� RII�
cAMPa 83 39 88 162
cAMPb 90–200c 25–35d 90–120e 400–900f

6-Bn-cAMPa 161 101 33 82

a Activation constants that were determined in the present study.
b Activation constants reported elsewhere in prior studies.
c References 61–67.
d References 66, 68.
e References 66, 67, 69, 70.
f References 66, 67, 71.
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gene promoter activity by GPR119 is reduced by 1) a DN
G�s that uncouples GPCRs from cAMP production (22),
or 2) a DN PKA regulatory subunit that fails to bind
cAMP and that traps PKA catalytic subunits in holoen-
zyme complexes that are not cAMP responsive (23). We
also find that a DN A-CREB completely blocks the con-
stitutive action of GPR119 to stimulate PG gene promoter
activity. Because A-CREB sequesters basic region-leucine
zipper (bZIP) transcription factors by dimerizing with
them to prevent their binding to DNA promoter elements
(21), and because bZIPs are PKA substrates, it could be
that GPR119 signals exclusively through a bZIP such as
CREB to transactivate PG gene expression. This outcome
is surprising given that evidence exists for PKA-mediated
but bZIP-independent actions of cAMP to up-regulate PG
gene expression in GLUTag cells. For example, PKA sig-
nals through �-catenin and TCF7L2 to up-regulate PG
gene promoter activity (45). To what extent A-CREB an-
tagonizes such alternative bZIP-independent signaling

pathways remains to be determined. However, a CREB-
independent action of GPR119 might exist because inac-
tivating mutations introduced into the CRE of the PG
gene promoter only modestly reduce the constitutive ac-
tion of GPR119 to up-regulate Glu-Luc activity.

PG gene expression is under the control of RII�
and RII� PKA subunits

PG gene promoter activity in GLUTag cells is stimu-
lated by 6-Bn-cAMP-AM, a cAMP analog that preferen-
tially activates RII�/� but not RI�/� isoforms of PKA
regulatory subunits expressed in GLUTag cells. Because
this action of 6-Bn-cAMP-AM is not reproduced by
cAMP analogs that are selective activators of Epac pro-
teins, and because this action of 6-Bn-cAMP-AM is
blocked by an inhibitor of PKA activation (Rp-8-Br-
cAMPS-pAB), the available evidence indicates that
GPR119 signals through RII� and/or RII� to up-regulate
PG gene promoter activity. Proof that this is the case will

A B C D

E F

Figure 8. 6-Bn-cAMP-AM is a selective activator of RII� and RII� PKA regulatory subunits. A–D, GLUTag cells were transfected with BRET sensors
that report cAMP-dependent activation of reconstituted PKA holoenzymes in situ (see Supplemental Material, Part C). The BRET sensors contained
RII� (A), RII� (B), RI� (C), or RI� (D) regulatory subunit isoforms of PKA. 6-Bn-cAMP-AM (10 �M) added at time 0 selectively activated RII� (A) and
RII� (B), but PBS was without significant effect. Note that no significant stimulation of RI� or RI� was measured in response to 6-Bn-cAMP-AM (C,
D). E, Purified recombinant PKA regulatory subunits (25 ng/lane) were subjected to Western blot analysis to validate the specificity of isoform-
specific antiregulatory subunit antisera (�-RI�, �-RI�, �-RII�, �-RII�). For this analysis, each immunoblot contained RI�, RI�, RII�, and RII� PKA
regulatory subunit isoforms resolved by SDS-PAGE and transferred to the blot in the indicated lanes. For each blot, a single antiregulatory subunit
antiserum was tested. F, for untransfected GLUTag cells, Western blot analysis revealed that the isoform-specific PKA regulatory subunit antisera
detected endogenous RI�, RI�, RII�, and RII� immunoreactivity (arrow) in whole-cell lysates.
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require additional studies using knockdowns or knock-
outs of each of the 4 PKA regulatory subunits. Further-
more, the possible involvement of A-kinase anchoring
proteins as RII interacting proteins should be explored in
view of the fact that A-kinase anchoring proteins partic-
ipate in the control of endocrine cell functions (53, 54).

Does Epac2 participate in the control of PG gene
expression?

An unanticipated outcome of the present study is that
Epac-selective cAMP analogs failed to stimulate PG gene
promoter activity in GLUTag cells. This finding is surpris-
ing in view of prior reports that Epac2 participates in the
stimulatory control of PG gene expression by cAMP in
GLUTag cells (39–41). However, these prior studies are
based on the use of forskolin and IBMX, rather than
Epac-selective cAMP analogs such as 8-pCPT-2�-O-Me-
cAMP-AM. Although one prior study of GLUTag cells
documents an ability of DN Epac2 to diminish the stim-
ulatory actions of forskolin and IBMX at the PG gene
promoter (40), this effect of DN Epac2 is not dose-depen-
dent nor is it reported that a CA Epac2 exerts an opposite
effect (40). Because our analysis using DN and CA Epac2
indicates that these mutant forms of Epac2 act nonphysi-
ologically to squelch PG gene promoter activity in
GLUTag cells (Figure 6C), the findings of this prior study
are drawn into question.

Another prior study reports an increase of PG mRNA
content in GLUTag cells treated with Epac activator
8-pMeOPT-2�-O-Me-cAMP (39). Although we confirm
this finding (Figure 7A), we find that PG gene promoter
activity is not stimulated by 8-pMeOPT-2�-O-Me-cAMP
(Figure 5B). Thus, 8-pMeOPT-2�-O-Me-cAMP might
raise levels of PG mRNA by slowing mRNA degradation
rather than by stimulating PG gene transcription. Future
studies in which PG mRNA turnover is quantified under
conditions of Epac2 activation seem warranted. Finally,
we report that Epac2 might participate in the control of
basal PG gene promoter activity since �2400 Glu-Luc
activity is dose-dependently reduced under conditions in
which GLUTag cells are treated with the specific Epac2
inhibitor ESI-05 (Figure 7C). However, because the phar-
macological properties of ESI-05 are not yet fully defined
(29), this effect of ESI-05 needs to be investigated in
greater detail.

Conclusion
Recent advances in cyclic nucleotide research were ex-
ploited in the present study so as to reveal an unlikely role
for Epac2 in the control of PG gene promoter activity by
hGPR119. New pharmacological tools for this analysis
included ESI-05, Rp-8-Br-cAMPS-pAB, and 6-Bn-cAMP-

AM. Through the use of live-cell BRET assays in combi-
nation with biosensors that report PKA activation, we
came to the conclusion that it is the RII� and RII� sub-
units of PKA that mediate the action of cAMP to stimulate
PG gene promoter activity. Although our QPCR assays
also revealed a potential role for Epac2 in the control of
PG mRNA stability, this concept remains to be substan-
tiated. An interesting parallel exists when considering
findings presented here as they relate to prior studies of
GLP-1 secretion. In such studies it was demonstrated that
GPR119 agonists stimulate GLUTag cell GLP-1 secretion
(55), and that this occurs in a glucose-independent man-
ner (56). Remarkably, we found that human GPR119
also acted in a glucose-independent manner to constitu-
tively stimulate PG gene promoter activity in GLUTag
cells. Thus, unlike the glucose-dependent action of
GPR119 agonists to stimulate pancreatic �-cell insulin
secretion (56), it could be that L-cell glucose metabolism
is not a prerequisite for proglucagonotropic actions of
GPR119. Future challenges are to more clearly define the
signaling properties of GPR119 that are under agonist
control rather than constitutive control. In particular, it
remains to be established whether the G protein coupling
of GPR119 is identical when assessing its ability to signal
in an agonist-stimulated vs constitutive manner, or in a
manner that targets GLP-1 secretion as opposed to PG
gene expression. These matters are topics of interest be-
cause new evidence indicates that GPR119 signals not
only through G�s proteins, but also through the G protein
�-gustducin (57–60).
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A. List of Abbreviations for cAMP Analogs and AM-esters 

AM, acetoxymethyl ester; 6-Bn-adenosine, N6-Benzyladenosine; 6-Bn-cAMP, N6-Benzyladenosine-

3’,5’-cyclic monophosphate; 6-Bn-cAMP-AM, N6-Benzyladenosine-3’,5’-cyclic monophosphate, 

acetoxymethyl ester; 6-Bnz-cAMP, N6-Benzoyladenosine-3’,5’-cyclic monophosphate; 

Db-cAMP-AM, N6,2’-O-Dibutyryladenosine-3’,5’-cyclic monophosphate, acetoxymethyl ester; 

8-Br-2’-O-Me-cAMP-AM, 8-Bromo-2’-O-methyladenosine-3’,5’-cyclic monophosphate, 

acetoxymethyl ester; 8-pCPT-2’-O-Me-cAMP-AM, 8-(4-Clorophenylthio)-2’-O-methyladenosine-

3’,5’-cyclic monophosphate, acetoxymethyl ester; Sp-8-pCPT-2’-O-Me-cAMPS, 

8-(4-Clorophenylthio)-2’-O-methyladenosine-3’,5’-cyclic monophosphorothioate, Sp-isomer; 

8-pCPT-2’-OH-cAMP, 8-(4-Clorophenylthio)adenosine-3’,5’-cyclic monophosphate; 8-pCPT-

2’-OH-cAMP-AM, 8-(4-Clorophenylthio)adenosine-3’,5’-cyclic monophosphate, acetoxymethyl 

ester; Sp-8-pCPT-2’-OH-cAMPS, 8-(4-Clorophenylthio)adenosine-3’,5’-cyclic monophosphorothioate, 

Sp-isomer; 8-pMeOPT-2’-O-Me-cAMP, 8-(4-Methoxyphenylthio)-2’-O-methyladenosine-3’,5’-

cyclic monophosphate; Sp-8-AEA-cAMPS, 8-(2-Aminoethylamino)adenosine-3’,5’-cyclic 

monophosphorothioate, Sp-isomer; Rp-8-Br-cAMPS, 8-Bromoadenosine-3’,5’-cyclic 

monophosphorothioate, Rp-isomer; Rp-8-Br-cAMPS-pAB, 8-Bromoadenosine-3’,5’-cyclic 

monophosphorothioate, Rp-isomer, 4-acetoxybenzyl ester; Phosphate AM3, Phosphate 

tris(acetoxymethyl)ester. 

 
B. Glu-Luc luciferase assay for use with GLUTag cells 

Monolayers of GLUTag cells (ca. 105 cells/well of a 96-well plate) were prepared on 

day 1 for overnight culture in DMEM containing FBS. On the morning of day 2 the 

cells were transfected for 4 hr in serum-free DMEM containing Lipofectamine, Plus 

Reagent, and 200 ng/well of Glu-Luc reporter plasmid. The transfection mixture was then 
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replaced with DMEM containing FBS and the cells were maintained in culture for an 

additional 28 hr. On day 3 the medium was replaced with serum-free DMEM containing 0.1% 

bovine serum albumin so that serum starvation could be performed for 16 hr overnight. 

On day 4 the medium was replaced with fresh serum-free DMEM containing test substances in a 

total volume of 100 µl/well. After treatment of cells for 4 hr, the medium was removed and the 

cells were lysed in Passive Lysis Buffer (Promega). Samples of the lysates were added to white 

96-well plates (Costar) and the luminescence reaction was initiated by addition of Luciferase 

Assay Reagent (Promega). A Flexstation 3 microplate reader under the control of SoftMaxPro 

software was used in the top reading endpoint mode for quantification of relative light units 

(RLUs). 

 
C. BRET assay for use with GLUTag cells 

GLUTag cells were transfected with BRET sensors that report cAMP-dependent 

activation of reconstituted PKA holoenzymes in situ. In this assay, the PKA catalytic 

subunit Cα1 is fused to a variant of green fluorescent protein (GFP), whereas the regulatory 

subunit is fused to a variant of Renilla luciferase. By exposing GLUTag cells to the luciferase 

substrate coelenterazine, luminescence is induced with consequent energy transfer that excites 

GFP, thereby generating fluorescence. The BRET signal is quantified as the ratio of the 

fluorescence emission at 515 nm (acceptor) and the luminescence emission at 410 nm (donor). 

Binding of cAMP to the PKA regulatory subunit induces dissociation of the holoenzyme, and the 

resultant decrease of energy transfer is measured as a decrease of this ratio. 
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D. Supplemental Figure Legends 

 
Figure S1. A, human islet template mRNA was used in an RT-PCR reaction to amplify 

the full-length 1,008 bp hGPR119 cDNA. Abbreviations: RT, reverse transcriptase; MWM, 

molecular weight markers. B, hGPR119 cDNA was ligated into pFLAG-CMV4 and was 

introduced into HEK293 cells by transient transfection. Two days post-transfection, lysates 

of cells were prepared for Western blot analysis using an anti-FLAG monoclonal antibody 

in order to detect the 37 kDa FLAG epitope-tagged hGPR119 protein. C, comparison of 

GPR119 immunoreactivity, as detected by Western blot analysis using whole-cell lysates 

of GLUTag cells transfected with mGPR119 or hGPR119. 

 
Figure S2. A, RIP1-CRE-Luc was activated by AR231453 (300 nM) in HEK293 cells 

transfected with hGPR119, but not in cells transfected with a negative control empty vector 

(EV). B, AR231453 (300 nM) activated RIP1-CRE-Luc in HIT-T15 cells expressing 

endogenous GPR119, or in INS-1 cells transfected with hGPR119. 

 
Figure S3. A,B, -2400 Glu-Luc activity was stimulated in a glucose-independent manner 

after a 4 hr exposure of GLUTag cells to DMEM containing 25 mM glucose (A, 25G) 

or 5 mM glucose (B, 5G). For these assays, GLUTag cells were transfected with an 

empty vector (EV) control plasmid or hGPR119 plasmid in quantities of 0.5, 1.0, or 2.0 

ng plasmid/well. C, for untransfected GLUTag cells, a 4 hr exposure to forskolin 

(Fsk, 2 µM) and IBMX (100 µM) stimulated -2400 Glu-Luc in a glucose-independent 

manner. 
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Figure S4. A-D, purified recombinant PKA regulatory and Cα1 catalytic subunits were 

reconstituted to form holoenzymes. Coupled spectrophotometric activation assays were then 

performed by adding increasing concentrations of 6-Bn-cAMP or cAMP to the assay 

mixture containing holoenzymes. To obtain the apparent PKA activation constants 

(Kact values, as listed in Table 1), the normalized activity of the Cα1 catalytic subunit 

was plotted vs. the logarithm of the 6-Bn-cAMP () or cAMP () concentrations. These 

data were fitted according to a sigmoid dose-response algorithm. Each data point represents 

the mean + S.D. of at least two measurements. Note that 6-Bn-cAMP activated holoenzymes 

containing RIIα and RIIβ with greater potency than cAMP itself. 

 
Figure S5. A, an in vitro Rap1 activation assay was performed using fluorescent mant-GDP 

in combination with purified recombinant Rap1 and Epac2. In this assay, Rap1 is activated by the 

cAMP-bound form of Epac2, and resultant dissociation of mant-GDP from Rap1 leads to a 

decrease of mant-GDP fluorescence. The non-AM ester of 6-Bn-cAMP containing the 

N6-benzyl moiety signaled through Epac2 in order to activate Rap1. However, the PKA-

selective cAMP analog 6-Bnz-cAMP containing the N6-benzoyl moiety was less effective. 

B, HEK293 cells were stably transfected with a FRET-based biosensor incorporating 

full-length (FL) Epac2. This HEK293 cell clone is EPAC2-C1. Kinetic measurements of FRET 

were performed using a Flexstation 3 microplate reader in a 96-well format using monolayers 

of these cells. Activation of Epac2 by cAMP results in a decrease of FRET measured as an 

increase of the 485/535 nm emission ratio. Epac2 was activated by 6-Bn-cAMP-AM and 

this effect was not antagonized after a 15 min pretreatment of cells with PKA inhibitor H-89. 

C, HEK293 cells were stably transfected with the FRET-based A-kinase activity 

reporter AKAR3. This HEK293 cell clone is AKAR3-C12. Kinetic measurements of FRET 
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were performed as described for panel B. In this assay, activation of PKA by cAMP leads to 

phosphorylation of AKAR3 and a resultant increase of FRET that is measured as a decrease of 

the 485/535 nm emission ratio. AKAR3 was activated by 6-Bn-cAMP-AM and this 

effect was antagonized by a 15 min pretreatment of cells with the PKA inhibitor H-89. 

 
Figure S6. A, 6-Bn-cAMP-AM exerted a dose-dependent action to activate Epac2, as 

measured in a FRET assay using HEK293 cell clone EPAC2-C1. B, the Epac2-specific 

inhibitor ESI-05 blocked the action of 6-Bn-cAMP-AM to activate the Epac2 biosensor 

in HEK293 cell clone EPAC2-C1. 
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